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While human-to-human transmission of Ebola virus is thought to occur primarily through 

direct contact with infected patients or their bodily fluids, short-range aerosol 

transmission remains a possibility, particularly in health-care settings. Previous studies 

have demonstrated that the infectious dose of Ebola virus is low when inhaled by 

nonhuman primates. However, difficulty quantifying low concentrations of infectious 

Ebola virus in air samples complicates studies assessing the potential public health hazard 

associated with aerosols containing the virus. In light of this problem, the aim of the 

present study was to improve sampling and quantification methods for low 

concentrations of Ebola virus in aerosols. Five low-flow aerosol samplers were assessed 

for physical and biological sampling efficiencies with aerosols of Ebola virus, with the 

results demonstrating that gelatin filters were the most efficient sampling method overall 

and provided improvements in ease-of-use and safety in a biocontainment environment 
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when compared with liquid impingers. Additionally, a microtitration assay using a 

fluorescent reporter cell line was found to have equivalent sensitivity to several other 

methods for quantifying viral titers.  This method could be automated, which improved 

throughput and minimized subjectivity. Unlike other assays, this assay is also specific, 

enabling viral infection to be distinguished from other sources of cellular pathology, and 

facilitated recovery of gelatin filters in smaller liquid volumes than would otherwise be 

possible due to assay interference from high gelatin concentrations. This resulted in a 

more concentrated sample and an increased likelihood of detecting infectious virus in 

dilute samples. The combined sampling and assay improvements identified in this study 

resulted in an improvement in sensitivity of approximately ten-fold relative to other 

published methods for quantifying Ebola virus aerosols, and lowered limits of both 

quantification and detection. These improved methods can be utilized to improve future 

studies examining the disease presentation and medical countermeasure efficacy in 

inhalational animal models of Ebola virus disease, detection or high-confidence non-

detection of infectious virus in the air surrounding infected patients and/or animal 

models, and assessment of the environmental fate of the virus in aerosols. 
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CHAPTER ONE: STATEMENT OF THE PROBLEM 

Ebola virus (EBOV), etiologic agent of Ebola virus disease (EVD), is a pathogen of 

concern in both the public health and biodefense communities and is classified as a Tier 1 

Select Agent. While natural transmission of EBOV during outbreaks is thought to occur 

primarily through direct contact with contaminated fomites or infected patients (Chowell 

and Nishiura 2014; Mate et al. 2015), some patients have become infected during 

outbreaks with no such direct contact (Roels et al. 1999).  Similarly, in laboratory 

settings, caged animals have been unintentionally infected without direct contact with 

infected subjects (Jaax et al. 1995).  Therefore, while it may not be the principal route of 

infection, it is possible that aerosol transmission of EBOV may account for a subset of 

infections in natural outbreaks of the disease. Aerosol exposure is also a risk in health 

care settings, as procedures ranging from intubation to doffing of contaminated PPE have 

been demonstrated to generate aerosols with the potential to spread disease from patient 

to clinician (Judson and Munster 2019; Tran et al. 2012). 

Previous studies have also demonstrated that the lethal dose of EBOV by inhalation is 

low (Reed et al. 2011), and that the virus can remain infective in aerosols for over an 

hour (Piercy et al. 2010; Smither et al. 2011), providing additional support for the 

feasibility of aerosol transmission of EBOV.  However, assessment of this possibility is 

complicated by the difficulty of quantifying low levels of infectious virus in aerosols, 

whether in laboratory or clinical settings, where the virus may be present but at levels 

undetectable with traditional methods. For example, inhaled doses of EBOV as low as 6 
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pfu have been shown to be lethal in nonhuman primate models of disease (Reed et al. 

2011), but it has not been possible to determine the lower end of the dose-response curve 

due to the difficulty of quantifying virus below this level.  This problem also affects 

studies examining the environmental persistence of aerosols containing EBOV, where 

accurate determination of decay rates is dependent on quantification of increasingly low 

levels of virus over time.   
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CHAPTER TWO: SPECIFIC AIMS 

Detection and quantification or high-confidence non-detection of infectious EBOV in 

low-concentration aerosols in field sampling and laboratory studies is important for 

accurately assessing the risk of aerosol transmission of EBOV. However, traditional 

methods for collecting and assaying EBOV aerosol samples are limited in their 

sensitivity, their accuracy near their limit of detection, and their throughput potential. 

While aerosol samplers vary in their physical collection efficiency and ability to preserve 

microbial integrity, previous studies examining the inhalational infectivity and 

environmental persistence of aerosolized EBOV have almost exclusively relied on liquid 

impingers to collect samples, as comparative data with other devices does not exist. 

Additionally, although a specific plaque assay protocol has been developed and 

recommended for use in U.S. government sponsored filovirus research (Shurtleff et al. 

2012), other assay methods have been demonstrated to be more sensitive for quantifying 

low titers of infectious EBOV (Smither et al. 2013).  Finally, combining an optimal 

aerosol sampler and improved assay with recently developed technologies for 

concentrating liquid samples may lead to further improvement in the ability to detect and 

quantify EBOV in dilute aerosols. In light of these factors, the present study will be 

conducted to optimize EBOV aerosol sampling and quantification methods to inform and 

facilitate future investigations into the possibility of aerosol transmission of EVD. This 

study has the following specific aims: 

Aim 1: Assay optimization:  
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While many laboratories utilize the plaque assay to determine titers of infectious EBOV, 

a microtitration end-point dilution assay has been demonstrated to be more sensitive than 

the plaque assay for EBOV quantification in one study (Smither et al. 2013), and a 

recently developed fluorescent reporter cell line may further improve this sensitivity 

(Kainulainen et al. 2017).  The aim of this portion of the study will be to determine 

whether a microtitration assay using the Ebola reporter cell line can be integrated with 

automated assay plating and read-out approaches to yield a more sensitive and higher-

throughput method of quantifying low-titer EBOV in dilute samples. 

Aim 2: Aerosol sampler comparison:  

Following optimization of the assay procedure, a system for assessment of aerosol 

sampling devices will be developed, characterized, and utilized to compare the 

performance of common laboratory aerosol samplers for quantifying concentrations of 

aerosolized EBOV. Specific metrics will include assessment of the physical collection 

efficiency of each sampler and assessment of the ability of each sampler to preserve the 

infectivity of collected virus over the course of the collection period. The results obtained 

with EBOV will be compared to a second microorganism, specifically Burkholderia 

pseudomallei, to determine whether any performance differences observed between 

samplers are absolute, or relative to the microorganism present.    B. pseudomallei is a 

vegetative bacterium known to transmit by the airborne route in some cases, and it is 

possible that its sensitivity to sampler stresses may differ from that of an enveloped virus.   

Aim 3: Sample Concentration:  

Most laboratory aerosol samplers collect into or are recovered in liquid volumes of 

approximately 10-20 mL, but plating this entire volume to detect and/or quantify very 
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low concentrations of infectious EBOV is not compatible with high-throughput sample 

processing. However, several commercially available products have been developed that 

may provide a means of concentrating samples into a reduced volume to maximize the 

likelihood of detecting infectious virus with a minimum number of assays. This portion 

of the study will evaluate several such methods, including Nanotrap particles and the 

Innovaprep Concentrating Pipette Select (CP-Select), to identify a method that is 

compatible with high-throughput processing of EBOV aerosol samples and that can 

increase titers of infectious materials present in samples to levels above the limit of 

quantification of an assay. 

Aim 4: Integration of developed methodology into established laboratory 

procedures:  

The final portion of the study will involve integration of the preferred sampling, 

concentration, and assay procedures identified in each previous component of the study 

into a combined analysis pathway. This pathway will be compared to methods commonly 

used in previously published EBOV inhalation studies, specifically the use of an All-

Glass Impinger (AGI), no concentration step, and quantification of collected virus with 

the plaque assay developed by the Filovirus Animal Non-Clinical Group (FANG) 

(Shurtleff et al. 2012).  Furthermore, if the pathway developed in this study is 

demonstrated to represent an improvement over these traditional methods, it will be 

utilized in a study of the aerosol persistence of the Makona variant of EBOV 

(EBOV/Mak) to determine whether there is any difference between the aerosol stability 

of that virus and other filoviruses that may have contributed to the spread of EVD during 

the 2013-2016 EVD outbreak.   
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CHAPTER THREE: THE USE OF AN EBOLA VIRUS REPORTER CELL LINE 
IN A SEMI-AUTOMATED MICROTITRATION ASSAY   

Abstract 

A variety of methods have been developed for quantification of infectious Ebola virus in 

clinical or laboratory samples, but existing methods often require extensive operator 

involvement, manual assay scoring, or the use of custom reagents. In this study, we 

utilize a recently developed Ebola-specific reporter cell line that expresses ZsGreen in 

response to Ebola virus infection, in conjunction with semi-automated processing and 

quantification techniques, to develop an unbiased, high-throughput microtitration assay 

for quantification of infectious Ebola virus in vitro. This assay was found to have 

equivalent sensitivity to a standardized plaque assay for quantifying viral titers. However, 

the new assay could be implemented with fewer reagents and processing steps, reduced 

subjectivity, and higher throughput. This assay may be useful for a variety of 

applications, particularly studies that require the detection or quantification of infectious 

Ebola virus in large numbers of samples.  

Introduction 

Selection or development of an assay for virus quantification often requires balancing a 

range of competing goals, including specificity, sensitivity, and throughput. Small 

differences between methods, such as the brand of reagent or cell passage, can have 

significant effects on the titer reported for a particular sample (Shurtleff et al. 2012). 

Factors such as cell line, incubator temperature, overlay, vital stain and/or antibody, and 

what day post-infection the assay is evaluated can all affect an assay’s outcome, ease-of-

use, and cost. The options in these categories may be severely limited for some viruses, 



 

7 
 

and indeed some viruses have been identified for which, as of yet, no methods have been 

developed to quantify infectious virus concentrations. Ebola virus (EBOV), however, is 

one for which many quantification methods have been developed and implemented since 

its identification in 1976.   

While the specific details of EBOV assay methods used in a study are often not reported 

(Connolly et al. 1999; Geisbert et al. 2000; Gibb et al. 2001), a plaque assay involving the 

use of a Vero or Vero-derived cell line, an agarose overlay, and a neutral red stain is 

commonly described in the literature. However, infection procedures, well size, inoculum 

and overlay volumes, agarose and stain concentration, and other parameters may vary 

(Steele et al. 2001; Bray et al. 1998; Smith et al. 2010; Bosio et al. 2003; Huggins, 

Zhang, and Bray 1999; Gupta et al. 2001). Plaque assays involving other cell lines, 

overlays, and stains have also been reported (Mire et al. 2015; Moe, Lambert, and Lupton 

1981; Alfson et al. 2015; Ekins et al. 2018; Honko et al. 2017), along with immuno-

staining focus-forming unit assays (Moe, Lambert, and Lupton 1981; Towner et al. 2004; 

Gupta et al. 2004; Marzi, Reinheckel, and Feldmann 2012), and culture independent 

methods (Rossi et al. 2015). End-point dilution assays have also been used for EBOV 

quantification, whether performed in animal models (Bowen, Baskerville, et al. 1978; 

Bowen, Platt, et al. 1978; Emond et al. 1977; Ryabchikova et al. 1996; Ryabchikova, 

Kolesnikova, and Luchko 1999) or cell monolayers (i.e., microtitration assays) (Filone, 

Miller, and Wahl-Jensen 2017; Lever et al. 2012; Piercy et al. 2010; Schuit et al. 2016; 

Smither et al. 2013; Reynard and Volchkov 2015), and protocols for their use vary 

significantly as well.   
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Differences in assay methodologies complicate efforts to compare results between 

institutions and across studies, particularly as differences in assay sensitivities may lead 

to different estimates of doses delivered in animal model studies, potentially affecting 

subsequent conclusions regarding the efficacy of vaccines and therapeutics. Recognizing 

this, the Filovirus Animal Non-Clinical Group (FANG), an international, interagency 

group working to harmonize approaches to filovirus laboratory research, supported the 

development and standardization of a particular plaque assay protocol for EBOV 

quantification (Shurtleff et al. 2012). This assay protocol has been demonstrated to be 

reliable and precise, and has been implemented in many studies at a variety of 

institutions. However, there may be study-specific demands that preclude the use of the 

FANG plaque assay, including the need for higher throughput and lower limits of 

detection in situations where samples may contain components contributing to 

background assay interference.   

For such applications, a microtitration assay may be a useful alternative. Smither et al. 

reported that a microtitration assay can be more sensitive than a plaque assay similar to 

the FANG plaque assay (Smither et al. 2013), and microtitration assays can be 

implemented in a semi-automated manner using dilution-plating robots to improve both 

throughput and assay precision (Filone, Miller, and Wahl-Jensen 2017).  Standard 

microtitration assays for EBOV are non-specific endpoint assays, which normally rely on 

manual scoring of wells positive for viral infection based on the presence of cytopathic 

effects (CPE) or the uptake of a vital stain. This process is subjective and subject to inter-

operator variability, particularly in cases where cytotoxic effects (CTE) due to the 

presence of other materials in the suspension may confound scoring of CPE. Recently, 
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Kainulainen et al. reported the development of an EBOV reporter cell line for detection 

and quantification of EBOV in clinical samples (Kainulainen et al. 2017). The reporter 

cell line uses an EBOV minigenome construct (Groseth et al. 2005) with a ZsGreen 

(ZSG) reporter cassette integrated into the genome of Vero E6 cells.  In these cells, the 

negative sense transcript of the reporter gene is constitutively expressed under a CMV 

promoter, but is not translated until a cell is infected with EBOV and the virus’ RNA-

dependent RNA polymerase transcribes the positive-sense mRNA from the negative-

sense transcript. Using these cells, Kainulainen et al. developed a microtitration assay 

based on enumeration of fluorescent foci in infected monolayers with equivalent 

sensitivity to an immunostain-based assay (Kainulainen et al. 2017). The goal of the 

present study was to capitalize on the specificity and sensitivity afforded by this EBOV 

reporter cell line, while increasing the throughput of the assay to facilitate its 

implementation in subsequent studies. In the present study, this assay was modified by 

automating the dilution and readout components of the assay, and the results compared 

with that of the FANG plaque assay for quantification of the Makona variant of Ebola 

virus (EBOV/Mak). 

Methods 

Cells 

Vero E6 cells (ATCC Vero C1008) were used for production of virus stocks, and Vero 

E6 cells (BEI Resources Cat NR-596) were used for plaque assays. Cells were 

maintained in complete growth media (gMEM) consisting of Minimum Essential 

Medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM 
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Glutamax, 0.1 mM non-essential amino acids solution, 1 mM sodium pyruvate and 1% 

antibiotic-antimycotic solution.   

A Vero E6 EBOV reporter cell line, Vero-piggy-EboZ ZSG min 5’ mg clone B8 (referred 

to as Vero-Ebola-reporter hereafter), was kindly provided by Dr. Markus Kainulainen 

(Centers for Disease Control and Prevention, Atlanta, GA). These cells produce a robust 

green fluorescence signal in response to EBOV infection due to the presence of an 

integrated EBOV minigenome construct that contains a codon-optimized sequence for the 

Zoanthus sp. fluorescent protein, ZSG (Kainulainen et al. 2017). Cells were maintained in 

DMEM (Life Technologies) supplemented with gMEM, exempting 2mM Glutamax and 

with the addition of 30 µg/mL of puromycin (Life Technologies) for positive selection of 

cells containing the integrated minigenome. Since standard culture media has relatively 

high background fluorescence at the same wavelengths of light produced by ZSG, 

Fluorobrite DMEM (Life Technologies), a medium with low background fluorescence, 

was used when the Vero-Ebola-reporter cells were plated for microtitration assays. When 

used, Fluorobrite DMEM was supplemented with 10% heat-inactivated fetal bovine 

serum, 1 mM sodium pyruvate, and 1% antibiotic-antimycotic solution (referred to 

hereafter as FB DMEM).   

Viruses 

A passage one stock of Ebola virus/H. sapiens-tc/GIN/2014/Makona-C07 was obtained 

from Dr. Heinz Feldmann, Rocky Mountain Laboratory (RML)/NIAID/NIH. This was 

passaged twice in Vero E6 cells to generate a passage 3 stock that was used for all 

experiments in the present study. A passage 9 stock of Marburg virus/H.sapiens-

tc/DEU/1967/Hesse-Popp (MARV/ Popp) was obtained from the UK’s Defence Science 
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and Technology Laboratory (Dstl). This was passaged twice in Vero E6 cells to generate 

a passage 11 stock that was used for all experiments in the present study.   

Plaque Assays 

A plaque assay developed by FANG and described by Shurtleff et al. (Shurtleff et al. 

2012; Shurtleff et al. 2016) was used to determine titers of infectious virus in a sub-set of 

tests. Briefly, Vero E6 cells in 6 well plates were infected with 200 µL of inoculum using 

three wells per dilution, overlaid with an overlay containing a final concentration of 0.5 

% SeaKem ME Agarose in 2X EMEM supplemented with 10% FBS, 1% sodium 

pyruvate, and 1% antibiotic-antimycotic solution, and incubated at 37 °C with 5% CO2 

for seven days. A secondary overlay containing 4% Neutral Red (Gibco, custom 

USAMRIID formulation) was then applied and plaques were counted following an 

additional 24 hours of incubation at 37 °C.   

Microtitration Assays 

Microtitration assays were performed using confluent monolayers of Vero-Ebola-reporter 

cells in black-walled, clear-bottomed plates. For each assay, media was removed from a 

row of wells and the sample to be assayed and negative control were loaded on the plate 

as shown in Figure 1. Serial ten-fold dilutions of both sample and negative control were 

performed using a Precision Microplate Pipetting System (BioTek), and plates were 

incubated at 37 °C with 5% CO2 until read. High titer samples were evaluated across 

dilutions from 100 to 10-9, requiring a full 96 well plate. Lower titer samples required 

fewer dilutions and could be evaluated across a half plate, thereby doubling the 

throughput of the assay. Manual reads of microtitrations on Vero-Ebola-reporter cells 

were performed using either brightfield microscopy on a Nikon Eclipse TS100 
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microscope for observation of CPE or fluorescence microscopy on a Nikon Eclipse TI-U 

microscope for observation of ZSG fluorescence. For the present study, representative 

images were captured from one microtitration plate at 1 and 14 dpi using a CellInsight 

CX5 High Content Screening Platform. Wells were scored positive for viral infection if 

either CPE was observed in a well or if one or more cells displaying ZSG expression 

were observed in that well. Fluorescence was also read with a SpectraMax Paradigm 

Plate reader (Molecular Devices) equipped with a TUNE cartridge (excitation 485 nm, 

emission 521 nm) and associated software (Softmax Pro v. 6.3). Two read modes were 

tested with each plate: EndPoint, which measures fluorescence from a single, centrally 

located spot in each well, and WellScan, in which fluorescence was measured in multiple 

locations across each well. In the present study, WellScan mode was set to acquire data 

from 32 separate locations across each well. For WellScan plate reader data, a well was 

scored positive if the mean of all measured fluorescence values was greater than four 

standard deviations above the mean of the fluorescence values for negative control wells 

of all plates on the same day; for EndPoint reads the same threshold was used but was 

based on the single read per well. This threshold was chosen as a level that minimized 

both false positives and false negatives based on manual evaluation of ZSG expression 

using fluorescence microscopy. For all microtitration assays, TCID50 values were 

calculated for each plate and each read method according to the method of Spearman and 

Karber (Kärber 1931; Spearman 1908).  
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Figure 1. Microtitration plate maps.  
Undiluted sample and negative control wells are indicated in dark red and dark blue, respectively. Diluted sample and 
negative control wells are indicated in light red and light blue, respectively. Wells around the outside of the plate (grey) 
were plated with cells and filled with media, but were not used for virus quantification since cytotoxicity resulting from 
evaporation of media was evident in those wells by 14 dpi. High titer samples were evaluated across dilutions from 100 
to 10-9 as depicted in (A). Lower titer samples required fewer dilutions and could be evaluated using half the plate, as 
indicated in (B).   

 

Testing a Microtitration Assay for EBOV/Mak using Vero-Ebola-reporter Cells  

The ZSG reporter construct in the Vero-Ebola-reporter cells has been shown to be 

activated by several different ebolaviruses, but was reported to not be activated by 

Marburg virus (Kainulainen et al. 2017).  To confirm this, a preliminary experiment was 

conducted in which stocks of both EBOV/Mak and MARV/Popp were assayed by 

microtitration using two plates of Vero-Ebola-reporter cells per virus. Plates were read at 

7, 10, and 14 days post-infection by standard bright-field microscopy, fluorescence 

microscopy, and by the plate reader in WellScan mode.   

To determine the optimal day post-infection to score ZSG-based microtitration assays, 

four replicate assays of diluted stocks of EBOV/Mak were performed using Vero-Ebola-

reporter cells and read on days 1, 2, 3, 4, 8, 10, and 14 post-infection. Plates were read 
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manually for both CPE and fluorescence by two individual operators on each read day, 

and by the automated plate reader in both EndPoint and WellScan modes.   

To compare a microtitration assay with Vero-Ebola-reporter cells against standard 

methods, a stock of EBOV/Mak was diluted in FB DMEM and assayed by plaque assay 

following the FANG protocol and by microtitration on Vero-Ebola-reporter cells, with 

six replicates per assay on each of three separate days. Differences in inoculum volume 

have been shown to affect EBOV plaque assay results (Shurtleff et al. 2012), and the 

principle of minimizing the ratio of inoculum volume to monolayer surface area in order 

to maximize the potential for virus-cell interactions has the potential to affect 

microtitration assays as well. Therefore, on each day, six microtitration assays were 

performed using 100 µL inoculum per well and six with 200 µL per well, for 18 total 

replicates per well volume. Microtitration plates were evaluated by plate reader EndPoint 

analysis and by manual brightfield and fluorescence microscopy. 

To determine whether titers determined by microtitration on Vero-Ebola-reporter cells 

were affected by the passage number of the cells, a stock of EBOV/Mak was repeatedly 

assayed over the course of several months using Vero-Ebola-reporter cells at passages 

from 3 to 27, with plates read by plate reader EndPoint analysis.   

Conversion between TCID50 and PFU 

The viral titer reported by the microtitration assay is in units of median tissue culture 

infectious dose, or TCID50. These units reflect the number of infectious units in a 

particular volume and dilution (i.e., the dose) which result in a 50% likelihood that a 

monolayer of cells in a well will be infected by the virus. Therefore, one TCID50 is 

present if there is a 50% chance that a well at that dilution becomes infected when the 
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inoculum is applied. However, if the viral suspension is well-mixed, there is a probability 

that some wells at the TCID50 dilution will receive and be infected by more than one 

infectious unit (i.e., a virus or cluster of viruses that would result in a single plaque in a 

plaque assay, or one PFU). This probability is assumed to follow the Poisson distribution, 

which predicts that 50% infection will be observed when the ratio of wells to infectious 

units is 1 to 0.69 (Bryan 1957). Titers measured by microtitration assay should be 

numerically higher than titers measured by plaque assay by this proportion, assuming 

they are equally sensitive for detecting virus. Therefore, the total number of infectious 

units or PFU in a suspension whose titer is quantified in TCID50 may be approximated by 

multiplying the titer in TCID50 by 0.69; one corollary to this is that assays which produce 

the same result after being adjusted by this factor may be considered to have equivalent 

sensitivity. For tests in the present study comparing TCID50 and plaque assay results, all 

TCID50 data were converted to infectious units (IU) using this proportion, though it 

should be noted that others have proposed the Euler-Mascheroni constant as a better 

conversion factor (Govindarajulu 2001; Wulff, Tzatzaris, and Young 2012).  

Statistical Analyses 

EBOV/Mak titers (log TCID50/mL) determined on Day 14 post-infection (dpi) by 

multiple read methods in the time-course microtitration experiment were compared using 

a one-way ANOVA for repeated measures. The results of the assay comparison tests 

expressed in IU/mL were compared using a one-way ANOVA with Tukey’s multiple 

comparisons post-test, and linear regression was used to determine whether there was an 

effect of cell passage on virus titers (expressed as Log TCID50/mL). All statistical tests 

were performed using GraphPad Prism v.8.3.0.  
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Results 

A recently developed, Ebola virus-specific reporter cell line allows for both specific and 

sensitive detection of infectious Ebola virus in vitro. In these cells (ZSG cells), ZsGreen 

is expressed in response to Ebola virus infection (Kainulainen et al. 2017), but was 

reported to be not expressed in response to Marburg virus infection. Preliminary tests 

were conducted with MARV/Popp in parallel with EBOV/Mak in parallel microtitrations 

on Vero-Ebola-reporter to confirm this, with microtitration assay plates read by three 

different methods (Figure 2). For EBOV/Mak, the three read methods resulted in 

calculations of identical titers by Day 10. For MARV/Popp, fluorescence above 

background threshold levels was not detectable with the plate reader. However, manual 

observation of MARV/Popp plates by fluorescence microscopy did identify some cells 

expressing the ZSG reporter with approximately equivalent intensity to cells infected by 

EBOV/Mak. By Day 14, manual reads could identify cells expressing the reporter in 

nearly all CPE-positive wells in the MARV/Popp plates. This resulted in nearly 

equivalent titers determined by this method as compared with standard brightfield CPE 

scoring, although there were not enough positive cells in any well to raise the overall 

fluorescence of the well above the background threshold to score positive by plate reader 

analysis.   

 



 

17 
 

 

Figure 2. MARV/Popp and EBOV/Mak titers determined by microtitration assay on Vero-Ebola-reporter Cells. 
Microtitrations were performed in duplicate for both EBOV/Mak (A) and MARV/Popp (B) and read on days 7, 10, and 
14 post-infection by manual evaluation of CPE (patterned bars), manual evaluation of ZS Green expression (grey bars), 
and automated evaluation of ZS Green fluorescence using a SpectraMax Paradigm plate reader in WellScan mode 
(black bars). EBOV/Mak titers determined at each time point were nearly equivalent for all read methods. MARV/Popp 
titers determined by manual evaluation of ZS Green fluorescence were equivalent to titers determined by CPE 
evaluation by 14 dpi, but the overall fluorescent signal from the well was insufficient at all-time points to result in any 
wells scoring positive by plate reader.   

 

To determine the optimal read day for a ZSG-based microtitration assay, four replicate 

assays of diluted stocks of EBOV/Mak were performed using Vero-Ebola-reporter cells 

and read on days 1, 2, 3, 4, 8, 10, and 14 post-infection.  Plates were read manually for 

both CPE and fluorescence by two individual readers on each read day, and by the 

automated plate reader in both EndPoint and WellScan modes. Manual assessment of 

ZSG fluorescence provided the earliest indication of the presence of infectious 

EBOV/Mak, with reporter fluorescence visible as early as 1 dpi in some instances (Figure 

3). However, titers calculated from these early observations were highly variable (Table 

1). Evidence of infection in cell monolayers by plate reader analysis and manual 

observation of CPE lagged behind manual observation of ZSG fluorescence, but by Day 

8 post-infection, the titers determined by all read methods began to converge. The highest 
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titers were observed on Day 14 post-infection for all read methods, with no statistical 

difference between the mean titers determined by any read method on that day 

(P=0.1883). Observations beyond day 14 post-infection were not performed, both 

because titers appeared to have reached a plateau and because previous experience 

demonstrated that beyond that time point it becomes more difficult to distinguish CPE 

from natural cell death due to the age of the monolayer.   
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Figure 3. Vero-Ebola-reporter cell infection by EBOV/Mak is evident by 1 dpi.  
The same well is shown using brightfield microscopy and fluorescence microscopy at 1 dpi (A and B, respectively) and 
14 dpi (C and D, respectively). At 1 dpi, no CPE is evident, but virus infection can be detected by ZSG expression. At 
14 dpi, virus infection is evident by both methods.  

 

Table 1. Titers of diluted EBOV/Mak stock determined by microtitration assay on Vero E6 cells using multiple 
read methods.  
Four replicate microtitration assays were read on days 1, 2, 3, 4, 8, 10, and 14 post-infection. Data are presented as the 
mean ± standard deviation of the log10-transformed TCID50 values. Manual observation of ZSG fluorescence provided 
the earliest evidence of viral infection in a monolayer, although titers determined at early time points were more 
variable than at later time points. On day 14 post-infection, there was no difference between read method in the mean 
virus titers (P=0.1883) 
 

Day 
Post- 

Infection 

Automated Reads Manual Reads 

EndPoint 
Mode 

WellScan 
Mode 

CPE Fluorescence 
Reader 1 Reader 2 Reader 1 Reader 2 

1 0.23 ± 0.12 0.18 ± 0.03 0.18 ± 0.03 0.18 ± 0.03 0.26 ± 0.13 0.21 ± 0.12 
2 0.23 ± 0.12 0.18 ± 0.03 0.18 ± 0.03 0.18 ± 0.03 1.41 ± 0.93 1.61 ± 1.05 
3 0.23 ± 0.12 0.23 ± 0.12 0.18 ± 0.03 0.18 ± 0.03 2.01 ± 1.25 2.01 ± 1.25 
4 0.68 ± 0.37 1.22 ± 0.02 1.5 ± 0.85 ND 1.56 ± 0.72 ND 
8 2.72 ± 0.26 3.12 ± 0.21 3.12 ± 0.36 ND 3.48 ± 0.11 ND 
10 3.22 ± 0.34 3.22 ± 0.34 3.32 ± 0.36 3.22 ± 0.45 3.58 ± 0.09 3.53 ± 0.13 
14 3.37 ± 0.27 3.47 ± 0.2 3.57 ± 0.12 3.42 ± 0.29 3.63 ± 0.02 3.63 ± 0.02 

 

To score wells as positive or negative for viral infection for automated plate reads of 

Vero-Ebola-reporter microtitrations, a threshold was set as four standard deviations 

above the mean of the fluorescence of the negative control wells of all plates processed 

on the same day. To illustrate this, fluorescence values are shown in Figure 4 from twelve 

replicate microtitrations across six plates from one representative day of testing. There 

was relatively little variability in the fluorescence values of the negative control wells 

(Figure 4A), which are used to set the threshold for scoring sample wells positive or 

negative for viral infection. In the sample wells (Figure 4B), there is a distinct separation 

between RFU values that are above the threshold and those that are below.   
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Figure 4. Scoring of Vero-Ebola-reporter cell monolayers in a microtitration assay for EBOV/Mak using plate 
reader results.  
A diluted sample of EBOV/Mak was assayed by microtitration using six plates (10 wells per dilution per plate) 
and read at 14 dpi with a Spectramax Paradigm plate reader. Fluorescence values for negative control wells 
(n=60 total) are shown in (A), with the threshold for scoring a sample well as positive for viral infection set as 
four standard deviations above the mean negative control fluorescence value and indicated as a dotted line on 
both (A) and (B). Fluorescence values for sample wells (n=60 at each dilution) are shown in (B), with values 
considered to be positive for viral infection indicated in black and values considered negative indicated in white.   

 

The sensitivity of a Vero-Ebola-reporter cell microtitration assay was compared with that 

of the FANG plaque assay by assaying a diluted stock of EBOV/Mak by both methods. 

The results of these comparison tests are shown in Figure 5, with all TCID50 values 

converted to IU. There was no difference between titers determined by plaque assay and 

those determined by any read method in microtitrations with 100 µL inoculum/well 

(adjusted P>0.9999 for all comparisons), although these data were significantly higher 

than titers determined by all read methods in microtitrations with 200 µL inoculum/well 

(adjusted P<0.0001 for all comparisons). There was no difference between read methods 

for microtitrations with 200 µL/well (adjusted P≥0.9997 for all comparisons).  
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Figure 5. Viral titers measured by Plaque assay and Microtitration assays.  
All titers are the result of 18 assay replicates evenly distributed across three separate days of testing. 
Microtitration assays were conducted using two well volumes and scored by multiple methods, as indicated in 
the figure. All titers have been converted to IU to facilitate comparisons between PFU and TCID50 data. Titers 
determined by plaque assay and microtitration on Vero-Ebola-reporter cells with 100 µL/well by any read 
method were not significantly different from each other, while titers determined by microtitration on Vero-
Ebola-reporter cells with 200 µL/well by all read methods were significantly lower than all other titers.  

 

Shurtleff et al. have reported that the FANG plaque assay sensitivity is affected by 

cell passage number (Shurtleff et al. 2012).  To assess the impact of Vero-Ebola-

reporter cell passage number on the fluorescent microtitration assay, samples of 

the same stock of EBOV/Mak were stored at 80 °C and assayed periodically 

(n=46) by microtitration on Vero-Ebola-reporter cells in passages varying from 3 

to 27 (Figure 6). While one assay result from cells at passage 27 was lower by 

approximately one log TCID50/mL than the mean of the titers determined with 
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earlier cell passages, the slope of the relationship between log-transformed virus 

titer and cell passage was not significantly different than zero (P=0.1237), 

suggesting that cell passage did not affect the assay results across the range of 

passages evaluated.  The standard deviation of all 46 assay results was 0.30 log 

TCID50/mL. 

 

 

Figure 6. Effect of cell passage on virus titer determination.  
The same stock of EBOV/Mak was assayed by microtitration on Vero-Ebola-reporter cells at passages from 3 to 
27, with titers evaluated using a Spectramax Paradigm plate reader in EndPoint Mode.  The slope of a linear 
regression line fit to the data was not significantly different than zero, indicating that the assay results were not 
affected by cell passage. Shown on the graph are the linear regression best-fit line and associated 95% 
confidence intervals.   

 

Discussion 

In the present study, a semi-automated microtitration assay was developed for 

quantification of EBOV/Mak using an EBOV reporter cell line originally developed by 

Kainulainen et al. (Kainulainen et al. 2017). By automating the dilution and read-out 

steps of the assay, operator involvement and subjectivity were minimized and throughput 

was improved. By 14 days post-infection, any of three methods could be used to 
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determine titers of infectious virus on these cells with equivalent sensitivity: manual CPE 

observation, manual ZSG fluorescence observation, or automated measurement of ZSG 

fluorescence. This assay was compared with a plaque assay developed by the FANG for 

quantification of filovirus virus titers. When the microtitration assay results were adjusted 

for the difference in units between TCID50 and PFU, the titers determined by the 

microtitration assay on Vero-Ebola-reporter cells were equivalent to those determined by 

the FANG plaque assay.   

In our hands, setting up one microtitration assay plate takes approximately two minutes 

of manual involvement, followed by four minutes of dilution performed by the Precision 

Microplate Pipetting System. Readout of the assay with the plate reader was performed in 

approximately two minutes, for a total of eight minutes to complete one EBOV assay by 

this method. While the total time required for setup, dilution, and reading of a plaque 

assay using the FANG protocol is similar, additional operator involvement is required for 

preparing the overlays and for rocking the plates during the hour of adsorption. 

Additionally, a wait time at room temperature of approximately twenty minutes per 

overlay is needed to allow the overlay to solidify, and an additional entry into the BSL-4 

laboratory is necessary to apply the secondary overlay. While the time required to 

perform these procedures will differ at other institutions, the use of the Vero-Ebola-

reporter based microtitration assay has resulted in a substantial increase in efficiency at 

our institute, allowing for higher throughput and reduced potential for interpersonal 

variability in the interpretation of results. 

In the present study, EBOV/Mak-based minigenome expression was observed following 

MARV/Popp infection of Vero-Ebola-reporter cells. This observation is consistent with 
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previous reports of the rescue of filovirus genomes and minigenome systems using 

heterologous support plasmids or proteins (Groseth et al. 2005; Theriault et al. 2004). The 

reason that Kainulainen et al. did not observe ZSG expression in the same cell line in 

response to infection by Marburg virus/R.aegyptiacus-tc/UGA/2007/Kitaka-371Bat-

811277 is not known, but may be due to slight differences in the binding efficiency of the 

viral replication complex of the two Marburg viruses with the EBOV/Mak promoter 

sequence in the minigenome construct. In the present study, reporter expression in 

response to MARV/Popp was coincident with CPE but only occurred sporadically within 

infected monolayers. While fluorescing MARV-infected cells could be used to identify 

infected monolayers by fluorescence microscopy in the present study, their overall 

fluorescence intensity within a well was not of sufficient magnitude to facilitate 

automated identification of infected monolayers using a plate reader, making their utility 

in a semi-automated assay negligible for determining MARV/Popp titers in samples. For 

this method to be useful for MARV, a cell line with a MARV-specific leader/trailer 

minigenome would need to be developed. 

While EBOV/Mak infection could be detected by observation of ZSG fluorescence as 

early as 1 dpi in some instances, titers determined by microtitration assay continued to 

increase through 14 dpi by all read methods tested. Titers were not evaluated beyond 14 

dpi, both because they had appeared to reach a plateau and because even uninfected cell 

monolayers older than 14 dpi begin to appear unhealthy. Use of the SpectraMax 

Paradigm’s WellScan mode for measuring fluorescence is nominally more sensitive than 

the EndPoint mode, although the former requires approximately ten minutes to read a 

single plate, compared with approximately 30 seconds for the latter. However, use of the 



 

25 
 

plate reader in EndPoint mode resulted in determination of titers that were nearly 

equivalent to those determined using WellScan mode. Therefore, the EndPoint mode was 

considered an acceptable compromise of sensitivity and speed and was used in all 

subsequent tests. While these modes and settings are specific to the particular model of 

plate reader used in the present study, it is likely that similar results could be obtained 

using other makes and models of plate reader.    

In the present study, titers calculated from microtitration plates with 100 µL virus 

inoculum per well were higher than titers from plates with 200 µL per well. It is possible 

that use of a larger well volume does not permit as much of the virus in that well to reach 

and infect the monolayer at the bottom, either because the virions do not settle through 

the larger volume of liquid or because they adhere to the additional vertical surface area 

of the well walls. It is possible that the sensitivity of the assay could be improved further 

by the use of well volumes lower than 100 µL, leading to a lower ratio of inoculum 

volume to monolayer surface area and increasing the chance of virus-cell interactions, but 

further experiments would be necessary to confirm this, as well as to determine the 

mechanism responsible for this outcome.  

Smither et al. directly compared a microtitration assay to a plaque assay similar to that 

recommended by the FANG for determination of EBOV titers, and their results 

demonstrated that titers determined by microtitration were approximately ten-fold higher 

than titers determined by plaque assay (Smither et al. 2013).  If the TCID50 data reported 

by Smither et al. are normalized to infectious units equivalent to those of a plaque assay, 

they are still approximately 6.5-fold higher than the paired PFU data, suggesting that 

their microtitration assay was more sensitive than the plaque assay. In the present study, 
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there was no apparent difference in assay sensitivity once titers in units of TCID50/mL 

determined by microtitration were converted to IU/mL for direct comparison to the 

plaque assay results. The reason that an increase similar to that reported by Smither et al. 

was not observed is not known, though lineage-specific differences in the sensitivity of 

Vero E6 cells to EBOV infection have been reported (Shurtleff et al. 2012) and the 

lineages used in the present study are different than either of those used by Smither et al.  

Furthermore, Smither et al. performed their assay comparisons with a GFP-expressing 

EBOV derived from Ebola virus Mayinga (Smither et al. 2013; Towner et al. 2005), 

whereas the tests in the present study were performed with EBOV/Mak, and it is possible 

that the assays involved have different sensitivities for the two viruses. The sensitivity 

and accuracy of a virus assay is relative to the particular methods used, and absent direct 

bridging data, it is often unclear how titers determined using one method relate to 

another. 

In the present study, a microtitration assay using an EBOV reporter cell line with 100 µL 

of virus inoculum per well was tested and found to result in determinations of 

EBOV/Mak viral titers equivalent to those determined using the FANG plaque assay. 

However, both the dilutions and read-out of the microtitration assay could be done in a 

semi-automated manner, improving assay throughput and reducing the potential for inter-

operator variability. While the assay developed in the present study required the use of 

low-fluorescence cell culture medium, it required no additional processing steps such as 

immunostaining or application of a vital stain or cell integrity indicator. Additionally, this 

assay is based on direct and specific detection of infection by the target virus, rather than 

an interpretation of cell death or morphology that may be confounded by interferents or 
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non-target viruses in the sample.  It therefore has the potential to reduce reagent cost and 

operator time relative to other methods, with the added benefit that it can be used to 

detect and quantify EBOV titers in a specific manner in clinical or animal model tissue 

samples (Kainulainen et al. 2017). 
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CHAPTER FOUR: COMPARISON OF THE PERFORMANCE OF AEROSOL 
SAMPLING DEVICES WITH AEROSOLS CONTAINING EBOLA VIRUS 

Abstract 

Previous laboratory studies of Ebola virus aerosols have used a variety of different 

sampling devices to collect viral material for analysis. However, sampling devices vary in 

their ability to collect aerosol particles and preserve the infectivity of collected viruses. If 

not accounted for, this variability has the potential to bias study outcomes and confound 

comparisons between studies in which different samplers are used. In the present study, 

five laboratory-scale aerosol samplers were assessed for their ability to collect and 

preserve the infectivity of Ebola virus at low and high relative humidities. Relative 

humidity did not affect physical collection efficiencies, but infectivity was preserved 

better at high relative humidity for most samplers. Overall, 25 mm gelatin filters were 

identified as the optimal sampler among those tested based on their physical and 

biological efficiency, ease of use, lack of glass components, and ability to be recovered in 

small volumes to produce a more concentrated final sample. Tests demonstrated that 25 

mm gelatin filters recovered in 2.5-mL media and assayed by microtitration using an 

Ebola reporter cell line resulted in an approximately 10-fold improvement in sensitivity 

compared to other published methods. The data provided by this study will be useful to 

facilitate comparisons between different studies utilizing aerosolized Ebola virus and to 

inform sampler selection in future studies. 

Introduction 

Human-to-human transmission of Ebola virus (EBOV) is thought to occur primarily 

through direct contact with body fluids of infected patients (Chowell and Nishiura 2014; 
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Mate et al. 2015). While there is little epidemiological evidence that transmission via 

aerosols contributes to the spread of the virus during outbreaks, some human EVD cases 

are documented with no such instances of close contact (Roels et al. 1999). While these 

cases may simply reflect incomplete case documentation, it is also possible that they 

reflect a subset of transmission events mediated by small droplets or aerosols. EBOV 

RNA has been detected in air samples in biocontainment laboratories housing infected 

nonhuman primates (Harbourt et al. 2017), and laboratory animals have become infected 

with EBOV after being housed in the same facility as infected animals but with no direct 

contact, suggesting the possibility of aerosol transmission (Jaax et al. 1995; Weingartl et 

al. 2012). Additionally, laboratory studies have shown that the virus can remain 

infectious in aerosols for over an hour (Belanov et al. 1996; Piercy et al. 2010; Schuit et 

al. 2016), and that low doses of aerosolized virus can produce lethal infection in 

nonhuman primates. While it is unknown if EBOV-containing aerosols can be generated 

from the respiratory tract of infected patients, certain medical interventions, and even 

routine actions such as flushing toilets, have the potential to generate virus-containing 

aerosols that may spread disease from infected to uninfected individuals (Davies et al. 

2009; Judson and Munster 2019; Alsved et al. 2020; Johnson et al. 2013). The incomplete 

epidemiological record, combined with the documented transmission and prolonged 

survival in aerosols in laboratory settings, suggest that aerosol transmission may be 

feasible under some circumstances. Furthermore, the high rates of morbidity and 

mortality associated with human cases of EVD have contributed to concerns that this 

virus could be used as an agent of bioterrorism, with historical precedents for attempted 

weaponization of both EBOV and the closely related Marburg virus (MARV) (Alibek 
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2008; Borio et al. 2002; Cenciarelli et al. 2015). A bioterrorism incident involving EBOV 

has the potential for infection via inhalation outside of natural transmission pathways.  

However, assessment of the possibility of EBOV aerosol transmission and its associated 

risk is complicated by the difficulty of quantifying low levels of infectious virus in 

aerosols, whether in laboratory or clinical settings, due to limitations of commonly used 

assay methodologies. While inhaled doses of both MARV and EBOV as low as two 

plaque forming units (PFU) have been shown to be lethal in nonhuman primate models of 

disease (Alves et al. 2010; Reed et al. 2011), it has not been possible to determine the 

complete dose-response relationship for either virus due to the inability to quantify lower 

levels of infectious virus using standard methods. This problem also has ramifications for 

studies examining the decay of EBOV infectivity in aerosols (Fischer et al. 2016; Piercy 

et al. 2010; Smither et al. 2011), especially under environmental conditions where the 

decay is rapid and accurate determination of decay rates depends on quantifying of 

increasingly low levels of virus. 

Studies of biological aerosols depend upon the use of aerosol samplers to collect particles 

from the air into a suitable medium for assay. However, aerosol samplers can vary widely 

in their abilities to collect and retain aerosol particles and preserve the biological activity 

of a microorganism. This variability may be due to factors affecting the physical 

collection of particles, which are often size dependent, or microorganism-specific 

sensitivities to the stresses imparted by different sampling methodologies, such as 

desiccation on a dry substrate, rapid rehydration in a liquid substrate, or impaction on a 

solid substrate (Dybwad, Skogan, and Blatny 2014; Fabian et al. 2009; May and Harper 

1957; Terzieva et al. 1996). These factors can significantly affect the results of the down-
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stream assays employed in a study, and, if not accounted for, may bias or confound the 

conclusions of a study. For example, Fabian et al. (2009) demonstrated that titers of 

infectious influenza virus in aerosols measured with the SKC Biosampler, which collects 

into a liquid medium, are approximately an order of magnitude higher than titers 

measured for the same aerosol with a cascade impactor, a gelatin filter, or a Teflon filter. 

Thus, in a study with aerosolized influenza virus, the measured concentration of the 

aerosol could differ by nearly ten-fold depending on the sampler type utilized.  

Aerosol sampler selection should also take into account interactions between system 

variables such as relative humidity, the samplers involved, and the specific 

microorganism being sampled. Tseng et al. found that recovery from samplers varied as a 

function of relative humidity for several bacteriophages, in some cases changing which 

sampler would be considered optimal for quantifying virus concentrations (Tseng and Li 

2005). With T7 phage, recovery at 55% relative humidity was highest with gelatin filters 

relative to three other samplers, and improved by approximately an order of magnitude 

when relative humidity was increased to 85%. However, recovery with an all glass 

impinger (AGI) improved by nearly 2.5 orders of magnitude with the same increase in 

relative humidity, making the AGI a better sampler for T7 under higher relative humidity 

conditions. In the same study, Φ6 phage displayed no such dependence on relative 

humidity. Other studies have demonstrated similar interactions between microorganisms, 

aerosol samplers, and the conditions under which they are operated (Dybwad, Skogan, 

and Blatny 2014; Henningson and Ahlberg 1994; May and Harper 1957). Such 

differences may confound comparisons between studies and have the potential to affect 

risk or hazard assessments which incorporate such data.  In the context of a biological 



 

32 
 

threat agent, such differences could have ramifications for hazard assessment, 

development of response protocols, and decisions regarding the development of 

countermeasures.   

Previous studies examining the inhalational infectivity and persistence of aerosolized 

filoviruses have relied on liquid impingers to collect samples (Alves et al. 2010; Fischer 

et al. 2016; Piercy et al. 2010; Reed et al. 2011; Smither et al. 2015; Twenhafel et al. 

2015). However, the efficiency of impingers relative to other samplers is variable and 

dependent on many of the aforementioned factors (Verreault, Moineau, and Duchaine 

2008). Therefore, it is important to characterize the performance of potential sampling 

devices with the specific microorganism involved in a study to maximize sampling 

efficiency and to provide data that can be utilized to bridge to the results of studies 

utilizing different sampling devices. To date, no study directly comparing the 

performance of laboratory aerosol samplers with any filovirus has been published. 

Furthermore, no assessment on the effect of relative humidity on aerosol sampler 

performance for filoviruses has been reported. Therefore, the present study was 

conducted to compare the ability of several different common laboratory aerosol 

samplers to collect and preserve the infectivity of aerosolized EBOV at both low and high 

relative humidity levels. Data from the present study will be useful to inform the design 

of future EBOV aerosol studies, and to facilitate comparisons between previous studies 

that have used different types of aerosol samplers.   
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Methods 

Virus 

A passage one stock of Ebola virus/H. sapiens-tc/GIN/2014/Makona C07 (EBOV/Mak) 

in cell culture supernatant was kindly provided by Dr. Heinz Feldmann, Rocky Mountain 

Laboratory (RML)/NIAID/NIH.  This material was passaged twice in Vero E6 cells to 

generate a passage 3 stock that was used for all testing in this study. 

Cells and viral assays   

Vero E6 cells (Chlorocebus sabaeus kidney; ATCC Vero C1008) were used to passage 

virus and production of virus stocks. In some experiments, a plaque assay developed by 

the Filovirus Animal Non-Clinical Group (FANG) and described by Shurtleff et al. 

(Shurtleff et al. 2012; Shurtleff et al. 2016) was used to quantify infectious EBOV in a 

subset of samples. For these plaque assays, a different lineage of Vero E6 cells (BEI 

Resources Cat NR-596) was used as recommended by Shurtleff et al. (Shurtleff et al. 

2012). Both lineages were maintained in complete growth media (gMEM) consisting of 

Minimum Essential Medium (MEM; Life Technologies) supplemented with 10% heat-

inactivated fetal bovine serum (FBS; Atlanta Biologicals), 2 mM Glutamax (Life 

Technologies), 0.1 mM non-essential amino acids solution(NEAA; Life Technologies), 

1mM sodium pyruvate (Life Technologies) and 1% antibiotic-antimycotic solution (Life 

Technologies).   

Plaque assays were conducted in six well plates as described previously (Shurtleff et al. 

2012; Shurtleff et al. 2016). For this plaque assay protocol, it is recommended that virus 

titers be calculated using data from assay wells containing 10-150 plaques to ensure a 

robust correlation between the assay results and the actual virus titer within the sample. 
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However, in the present study, no lower bound on the countable plaques was set in order 

to assess the linearity and lower limit of detection of this method of virus quantification. 

As a result, virus titers were calculated using as few as one plaque in three undiluted 

plaque assay wells for some samples.   

In most experiments, viral titers were measured by microtitration assay using a Vero E6 

Ebola reporter cell line, Vero-piggy-EboZ ZSG min 5’ mg clone B8 (referred to as Vero-

Ebola-reporter hereafter), kindly provided by Dr. Markus Kainulainen (Centers for 

Disease Control and Prevention, Atlanta, GA). These cells express a Zs-Green reporter 

following infection by ebolaviruses and can be used for detection and quantitation of 

infectious EBOV in samples. Cells were maintained in DMEM (Life Technologies) 

supplemented as with gMEM, exempting 2mM Glutamax and with the addition of 30 

µg/mL of puromycin (Life Technologies) for positive selection of cells containing the 

integrated reporter construct. Cells plated for microtitration assays were supplied with 

Fluorobrite DMEM (Life Technologies), a medium with low background fluorescence.  

When used, Fluorobrite DMEM was supplemented with 10% heat-inactivated FBS, 1mM 

sodium pyruvate, and 1% antibiotic-antimycotic solution (FB DMEM).   

Microtitration assays were conducted by serially diluting samples on Vero-Ebola-reporter 

cells in black-walled 96 well plates using a dilution plating robot (BioTek Precision 

Microplate Pipetting System) with 100 µL of liquid per well. Plates were read with a 

Spectramax Paradigm plate reader following 14 days of incubation at 37 °C and 5% CO2. 

A sample well was considered positive for virus infection if its fluorescence value was 

above a threshold of four standard deviations above the mean fluorescence of the 

negative control wells. In some tests, plates were also read manually by brightfield and 
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fluorescence microscopy, with wells scored positive for virus infection when the 

monolayer exhibited viral cytopathic effects (CPE) or at least one cell expressing Zs-

Green, respectively. The median tissue culture infectious dose (TCID50) was calculated 

for each plate according to the method of Karber and Spearman (Finney 1964).   

Comparison of low-flow aerosol samplers for collection of EBOV aerosols 

Five aerosol samplers commonly utilized in laboratory studies were compared in the 

present study: AGIs (Ace Glass Inc. Model 7541),  Biosamplers (SKC Inc., PN: 225-

9595), Midget Impingers (SKC Inc., PN: 225-36-1), 25mm Gelatin Filters (Sartorius 

Stedim Biotech GmbH, PN:12602-25-ALK) in delrin filter holders (Pall Corp., PN 

1109), and the NIOSH BC251 Personal Bioaerosol Cyclone Sampler, kindly provided by 

Dr. William Lindsley of the CDC/NIOSH. AGIs were selected as they have been 

commonly utilized to quantify aerosol concentrations in many studies examining either 

inhalational virulence or aerosol persistence (Alves et al. 2010; Fischer et al. 2016; Lin et 

al. 2000; Reed et al. 2011). Biosamplers are a cyclonic impinger specifically designed for 

collecting biological aerosols. While no comparative data exists for their performance 

with filoviruses, studies with other microorganisms have suggested that their 

performance is superior to that of other impingers (Burton, Grinshpun, and Reponen 

2007; Fabian et al. 2009; Kesavan, Schepers, and McFarland 2010). Midget impingers 

are more compact than AGIs and have been used to quantify filovirus concentrations in a 

previous filovirus aerosol persistence study (Piercy et al. 2010).  In contrast to both AGIs 

and Biosamplers, midget impingers do not require critical airflow during sampling.  This 

lowers the velocity of collected particles and has the potential to reduce shear and 

impaction forces, potentially allowing for gentler collection of bioaerosols. Although 
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similarly lacking comparative data with filoviruses, gelatin filters have been used for 

sampling virus aerosols in both field and laboratory bioaerosol studies (Tseng and Li 

2005; Verreault et al. 2011; Zuo et al. 2013). Gelatin filters also contain no glass 

components, which is a significant safety consideration in the BSL-4 biocontainment 

environment required for work with filoviruses. The NIOSH BC251 was developed as an 

aerosol sampler for field and clinical settings and has been used successfully in several 

such applications (Bertran et al. 2017; Lindsley et al. 2010). It also contains no glass, and 

has an added functionality of fractionating the collected particles into three size ranges. 

Finally, an Aerodynamic Particle Sizer (APS; TSI Inc. Model 3321) equipped with a 1:20 

diluter (TSI, Inc., Model 3302A) was used to monitor the aerosol concentration and size 

distribution throughout the course of each experiment. 

For EBOV sampler comparison tests, impinger samplers were loaded with FB DMEM 

prepared as described above, except without the addition of FBS, as the presence of FBS 

in an impinger can lead to significant foam production during operation. AGIs and 

midget impingers were each loaded with 10 mL, and Biosamplers were loaded with 20 

mL. Impingers were weighed before and after sampling to assess evaporative losses and 

allow a more accurate estimation of the concentration of virus in each impinger post-

sampling. For consistency across samplers, the gelatin filters and the stages of the BC251 

sampler were also recovered using gMEM without FBS. The first two stages of the 

BC251 consist of a 15 mL conical tube and a 1.5 mL conical tube. Material collected on 

these stages was recovered by adding 5 mL and 1 mL of recovery media, respectively. 

The tube was then capped, inverted, and vortexed for ten seconds to re-suspend collected 

material. The third stage of the BC251 was loaded with a 37 mm gelatin filter (Sartorius 
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Stedim Biotech GmbH, PN:225-955112602-37-ALK). These filters, as well as the 25 mm 

gelatin filters used as independent samplers, were recovered in 10 mL of media unless 

otherwise specified. Filters were recovered by placing the filter into the recovery medium 

and warming briefly at 37 °C to dissolve the filter. For all sample types, FBS was added 

back to a final concentration of 10% after collection or sample recovery, but prior to 

plating for EBOV infectivity analysis.   

A test system was constructed to facilitate simultaneous sampling of an aerosol 

environment by up to six low-flow aerosol samplers at humidity levels ranging from 15-

75% RH (Figure 7). The six sampling devices already described were attached around the 

circumference of the chamber. Aerosols were generated with an air-assist nozzle (PN: 

IAZA5200415K, The Lee Co.) operated at 13-14 L/min and supplied at 0.1 mL/min with 

suspensions of either 100 nm fluorescent PSL microspheres (ThermoFisher Scientific, 

PNG0100B) in gMEM or EBOV/Mak in gMEM. PSL microspheres were used as a non-

labile tracer to assess the physical efficiency of the sampling devices independent of their 

effect on viral infectivity. Aerosols were generated with target mass median aerodynamic 

diameters (MMADs) between 1-2 µm, as EBOV animal model challenge studies 

frequently report either aerosols in this range and/or use the Collison nebulizer, an 

aerosol generator known to produce aerosols in this range (Pratt et al. 2010; Reed et al. 

2011; Johnson et al. 1995; Herbert et al. 2013; Smither et al. 2015; Lever et al. 2012; 

Twenhafel et al. 2013). For each test, aerosol was generated for one minute prior to 

initiation of sampling to allow the chamber concentration to reach a steady state. 

Following this equilibration period, flow to the aerosol samplers was engaged and the 

devices simultaneously sampled the generated aerosol for four minutes.  Both virus and 
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tracer tests were conducted at room temperature and at target relative humidity levels of 

either 20% or 70% to assess the effect of relative humidity on the performance of the 

samplers.  Temperature and relative humidity were measured with a Vaisala HM40 probe 

near the sampling chamber outlet and recorded at the mid-point of each test.   

 

 
Figure 7.  Depiction of the EBOV aerosol sampler characterization system.   
Relative humidity-conditioned air (A) was directed around the nozzle spray plume, which was supplied with dry 
compressed air (B) and liquid (C). A HEPA-filtered passive inlet (D) allowed for dissipation of any pressure 
buildup due to slight differences in the supply and exhaust airflows. The generated aerosol (E, in cut-away view) 
was carried through a 10.2 cm diameter stainless steel duct (F) before being directed by a 3.8 cm diameter 90-
degree bend into the sampling chamber. Perforated stainless steel plates (G) at the top and bottom of the 
chamber facilitated even distribution of the air stream throughout the chamber volume. The aerosol was 
sampled at ports located around the circumference of the chamber (H, and H inset). Aerosol samplers were 
positioned as follows: (1) Gelatin filter, (2) AGI, (3) Midget impinger, (4) BC251, (5) Biosampler, and (6) APS 
with 1:20 diluter (H inset). A Vaisala HM40 probe (I) measured the temperature and relative humidity of the air 
stream before it was exhausted from the chamber through a HEPA filter (J). 

 

In a separate set of tests, the samplers were replaced with gelatin filters operated at the 

same flow rate as the samplers themselves. The filters in this configuration were used to 

collect aerosols of 100 nm PSL microspheres to assess the impact of differences in 

sampler airflow at each port on the measured aerosol concentration. Gelatin filters were 
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selected for this purpose as they have been shown previously to collect with near 100% 

physical efficiency in the size range being generated (Burton, Grinshpun, and Reponen 

2007). Tests were also conducted with aerosols containing EBOV/Mak and sampled with 

gelatin filters operating at a range of flows to determine if concentrations of EBOV/Mak 

measured with gelatin filters were affected by airflow, and, potentially, desiccation 

resulting from higher airflow rates.   

The manufacturer-recommended liquid recovery volume for the 25 mm gelatin filters 

used in the present study is 10 mL. It is possible to dissolve the filters in smaller volumes 

and thereby obtain a more concentrated sample, which may be useful for detection and 

quantification of infectious virus in dilute aerosols. However, it was not known whether 

the resulting higher concentrations of gelatin would adversely affect either the virus or 

cells used for viral assays. To assess this, aliquots of virus in FB DMEM were prepared 

in volumes of 2.5, 5.0, and 10.0 mL, each containing 100 µl of a 1:1000 dilution of 

EBOV/Mak stock. A single gelatin filter was added to each tube, warmed briefly at 37 °C 

to dissolve, and the contents assayed by microtitration using the Vero-Ebola-reporter 

cells. Volume-matched negative controls with virus but without gelatin were also 

prepared and assayed. Assay plates were read by plate reader and fluorescence 

microscopy for evaluation of Zs-Green expression and by brightfield microscopy for 

virus-induced CPE and gelatin filter-induced cytotoxic effects (CTE). Nine replicate tests 

evenly distributed over 3 days were conducted with each sample type. In animal model 

inhalation challenge studies, EBOV aerosol concentrations are often quantified using an 

AGI for aerosol sampling and a plaque assay to quantify infectious virus in samples 

(Twenhafel et al. 2013; Reed et al. 2011; Johnson et al. 1995; Geisbert et al. 2008; 
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Herbert et al. 2013; Duy et al. 2016). To determine whether improvements in sensitivity 

could be obtained using alternate methods, a series of tests were conducted to compare 

the AGI / plaque assay combination with an alternate method consisting of a gelatin filter 

recovered in 2.5 mL and assayed with a microtitration assay using the Vero-Ebola-

reporter cells. These tests were conducted in the same test system used for the aerosol 

sampler comparison experiments but used only three of the six sampling ports. To assess 

system uniformity in this configuration, an APS and two gelatin filters operating at 6 

L/min were positioned at sampling positions 1, 3, and 5 on the sampling chamber (Figure 

7). 100nm PSL microspheres in FB DMEM were aerosolized into the chamber and 

sampled with gelatin filters in six replicate tests to determine if aerosol concentrations 

were biased by sampling port location. Following this uniformity assessment, a set of 

tests were conducted with EBOV/Mak aerosols. For these tests, dilutions of virus stock in 

0.5-Log increments ranging from 10-2.5 to 10-5 were prepared in FB DMEM and used to 

generate aerosols in the test system.  An APS, AGI, and gelatin filter were positioned at 

locations 1, 3, and 5 on the sampling chamber (Figure 7). AGIs containing 10mL of 

gMEM without FBS were operated at 6 L/min. Gelatin filters were operated at 6 to 8 

L/min and were recovered in in 2.5 mL FB DMEM. Following each test, gelatin filter 

samples were assayed by microtitration on Vero-Ebola-reporter cells, and the contents of 

the AGI were assayed by plaque assay. To account for the difference between the units of 

the two virus assays so that results could be directly compared, microtitration results in 

units of TCID50 were converted to Infectious Units (IU) by multiplying TCID50 values by 

0.69 as described previously (Schuit, Dunning, et al. 2020). Each PFU was assumed to be 

equivalent to one IU. A limit of quantitation (LOQ) for each combination of sampler and 
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assay was determined based on the nominal flow rate of the sampler and the smallest 

amount of virus detected by the assay that could be used to calculate a titer. For 

microtitrations, this was detection of one positive well in an assay plate. For plaque 

assays, two LOQ thresholds were used: detection of one plaque in three wells (the 

minimum needed to calculate a titer in PFU), and 10 plaques per well at the 100 dilution, 

the minimum threshold recommended for the FANG plaque assay. 

Data analysis 

For each test, the aerosol concentration of either virus or fluorescent tracer measured by 

each sampler (Ca,measured) was calculated according to Equation 1. The aerosol 

concentration expected based on the output of the nozzle and system airflow (Ca,expected) 

was calculated according to Equation 2. For each sampler comparison test, the ratio of the 

measured aerosol concentration for each sampler to the expected aerosol concentration, 

representing the total efficiency of the test system (ηsys), was calculated according to 

Equation 3.  

 

 
Equation 1.  Calculation of Measured Aerosol Concentration (Ca,measured).  
Cs is the concentration of analyte recovered in the sampler, Vs is the total recovery volume of the sampler, Qs is 
the sampler flow, and t is the sample duration.      

 

 
Equation 2.  Calculation of Expected Aerosol Concentration (Ca,expected).   
Cg is the concentration of fluorescence or virus in the suspension being aerosolized, qg is the liquid output rate of 
the air assist nozzle, Qsys is the system airflow.   

 

Ca,measured =  
Cs ∙  Vs
Qs ∙ t

  

Ca,expected =  
Cg ∙ qg
Qsys 
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Equation 3.  Calculation of System Efficiency (ηsys).     
The relative physical efficiency (ηphys) for each sampler was calculated as the ratio of the system efficiency for a 
given sampler with the fluorescent tracer to the system efficiency measured using a gelatin filter flowing at the 
same flow rate as the sampler with the fluorescent tracer (Equation 4). This parameter is a measure of the 
sampler’s ability to collect and retain aerosol particles in the size range generated, regardless of whether they 
contain any biological material.   

 

      
 
Equation 4.  Calculation of Sampler Relative Physical Efficiency (ηphys).  
Sampler relative physical efficiency was calculated as the system efficiency with 100 nm PSL microspheres 
measured with the samplers (ηsys,PSL), normalized for physical losses within the sampler by dividing by the 
system efficiency measured using gelatin filters operating at the same flow rate (ηsys,PSL(filter)). 

 

The relative biological efficiency of each sampler (ηbio), defined as the ability of each 

sampler to preserve the infectivity of collected virus, was expressed as the ratio of the 

system efficiency for a given sampler measured with EBOV to the mean system 

efficiency for that sampler measured with the fluorescent tracer (Equation 5). This term 

normalizes the amount of infectious virus collected by the sampler by its ability to collect 

and retain particles of equivalent size. 

 

 
 

Equation 5.  Calculation of Sampler Biological Efficiency (ηbio).  
Biological sampler efficiency is calculated as the system efficiency measured for the virus (ηsys, Virus) normalized 
for physical losses by dividing by the system efficiency measured for a physical tracer at the same conditions 
(ηsys, PSL). 

 

ηsys(%) =
Ca,measured

Ca,expected
∗ 100 

ηphys(%) =  ηsys,  PSL

ηsys,PSL(filter)
 ∗ 100 

ηbio(%) =  ηsys,  Virus

ηsys,PSL
 ∗ 100 



 

43 
 

Finally, the total efficiency for each sampler (ηtot), incorporating both physical and 

biological efficiencies, was calculated as the product of the biological efficiency and the 

mean physical efficiency value determined for that sampler (Equation 6). Any infectivity 

losses reflected by ηbio and ηtot may be due to inactivation of the virus in the sampler, 

inactivation during the aerosol generation and droplet equilibration process, or both. 

Because the samplers were tested in parallel in the same system, any losses during 

aerosol generation and droplet equilibration represent a constant value across all 

samplers.  However, these terms do not distinguish between the potential sources of viral 

inactivation, and, therefore, should be considered relative measurements.   

 

 
Equation 6.  Calculation of Sampler Total Efficiency (ηTot).  
The total efficiency is calculated as the product of the sampler’s physical and biological efficiencies, or the 
system efficiency measured for the virus (ηsys, Virus) normalized for both physical and biological losses within the 
sampler by dividing by the system efficiency measured using gelatin filters set to identical flow rates 
(ηsys,PSL(filter)). 

 

Data from sampler comparison tests were analyzed by two-way ANOVA tests with 

relative humidity and either sampler type or flow rate as factors, with a Tukey’s multiple-

comparisons post-test to determine the significance of specific comparisons. One-way 

ANOVA was used to compare virus titers in tests of the effect of different gelatin filter 

recovery volumes. A paired t-test was used to compare tracer aerosol concentrations in 

experiments to determine system uniformity. Finally, linear regression analysis was used 

to determine the degree to which EBOV aerosol concentrations measured by the two 

different sampler/assay combinations correlated with the concentration of virus in the 

ηTot(%) = ηphys × ηbio = ηsys,  Virus

ηsys,PSL(filter)
 ∗ 100  
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suspensions used to generate the aerosols. Specific comparisons between concentration 

data at the same dilution were made by t-tests. Because TCID50 data result from an assay 

based on a ten-fold dilution series and tend to be log-normally distributed (Wulff, 

Tzatzaris, and Young 2012), all statistical comparisons of virus titers and virus aerosol 

concentrations were performed on log10-transformed data. For consistency, tracer aerosol 

concentrations were also log10-transformed for statistical comparisons as well.  All 

statistical analyses were performed using GraphPad Prism version 8.3.1.   

Results 

The mean temperature across all tests was 23.0 ± 1.1 °C. For tests with low and high 

relative humidity, the mean values were 17.2 ± 2.0% and 73.5 ± 7.0%, respectively. For 

tests comparing the AGI/plaque assay to the gelatin filter/microtitration assay, the mean 

relative humidity was 13.5 ± 2.5%.  

The mean MMAD values measured with the APS for tests at low relative humidity with 

100 nm PSLs and EBOV/Mak were 1.68 ± 0.01 µm and 1.58 ± 0.06 µm, respectively.  At 

high relative humidity, the mean MMAD values for tests with 100 nm PSLs and 

EBOV/Mak were 1.92 ± 0.04 µm and 1.88 ± 0.07 µm, respectively. This increase in 

MMAD from low to high relative humidity was statistically significant (P<0.0001), but 

there were no significant differences in mean geometric standard deviations (GSD) 

between the different relative humidity levels and aerosol type when compared by two-

way ANOVA.  The mean GSD across all sampler comparison tests was 1.73 ± 0.15. For 

tests comparing the AGI/plaque assay to the gelatin filter/microtitration assay, the mean 

MMAD and GSD values were 1.63 ± 0.03 µm and 1.65 ± 0.02, respectively.   
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Aerosol concentrations of 100 nm PSL microspheres measured with gelatin filters 

operating at a range of airflows equivalent to those of the other samplers are shown in 

Figure 8A. Concentrations were significantly affected by relative humidity, but not 

sampling port location or the interaction between relative humidity and sampling port 

(P<0.0001, 0.0695, and 0.4996, respectively). Aerosol concentrations of either 100 nm 

PSL microspheres or EBOV/Mak measured with each sampler are shown in Figures 8B 

and 8C, respectively. For 100 nm PSL microsphere aerosol concentrations, sampler type 

and the interaction between sampler type and RH were significant factors, but relative 

humidity alone was not significant (P<0.0001, P=0.0017, and P=0.2279, respectively). 

For EBOV/Mak aerosol concentrations, relative humidity, sampler type, and their 

interaction were all significant factors (P=0.0382, P<0.0001, and P=0.0254, respectively). 

The largest difference in mean EBOV/Mak concentrations was observed between the 

gelatin filters and midget impingers at low relative humidity, with a difference of 1.2 Log 

TCID50/L-air.  The differences between tracer aerosol concentrations measured by these 

samplers was only 0.4 Log RFU/L-air.   

 

 
Figure 8.  EBOV/Mak and tracer aerosol concentrations.   
(A) Samples were collected using gelatin filters set to flow at rates matching those of the other samplers to 
normalize for physical collection efficiecy at each port and allow evaluation of the uniformity of aerosol within 
the chamber. Two separate ports had filters flowing at 1.0 L/min, as both the midget impinger and the gelatin 
filter were operated at that flow rate during subsequent sampler comparison tests. Aerosol concentrations of 
100nm PSL microspheres (B) and EBOV/Mak (C) measured with the various samplers were significantly 
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affected by sampler type and the interaction between RH and sampler.  However, RH as an independent factor 
was only significant for EBOV/Mak concentrations. Data from low relative humidity tests are shown in white, 
and data from high relative humidity tests are shown in grey.  MI = midget impinger, BC251 = total collected 
across all stages of the NIOSH BC251, AGI = Model 5461 All Glass Impinger, GF = 25mm gelatin filter.  
Sampler flow rates, in L/min, are shown in parentheses below each sampler type. Data are presented as the 
mean ± standard deviation of 6-7 replicate tests.   

 

The physical, biological, and total efficiencies determined for the samplers tested in the 

present study are presented in Figure 9. Sampler type was a significant factor for all 

efficiencies (P<0.0204 for all analyses), but relative humidity was only significant for 

biological and total efficiency (P=0.0065 and P=0.0039, respectively). There were no 

significant differences between the biological and total efficiencies of any of the samplers 

in tests at high relative humidity (P>0.0816 for all comparisons using Tukey’s multiple 

comparisons post-test). At low relative humidity, the biological efficiency of the gelatin 

filters for EBOV/Mak was 5.7 ± 3.3%, approximately twice as high as those of the 

Biosampler (2.7 ± 1.1%) and the AGI (2.2 ± 0.7%), four times higher than the BC251 

(1.5 ± 1.3%), and seven times higher than the midget impinger (0.8 ± 0.3%). 

Comparisons between the total efficiency values of the samplers for low relative 

humidity tests followed the same pattern as the biological efficiency values. However, for 

both data sets, the only significant differences between samplers at low relative humidity 

were between the midget impinger and the AGI, Biosampler, and gelatin filter (P<0.0368 

for all comparisons) and between the gelatin filter and the BC251 (P<0.0232 for both 

comparisons).  
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Figure 9.  Sampler efficiencies determined with EBOV/Mak and fluorescent tracer.   
Relative physical efficiency values measured for all samplers are shown in (A), relative biological efficiency 
values are shown in (B), and total efficiency values are shown in (C).  MI = midget impinger, BC251 = total 
collected across all stages of the NIOSH BC251, AGI = Model 5461 All Glass Impinger, GF = 25mm gelatin 
filter. Data from tests at low relative humidity are shown in white, and data from tests at high relative humidity 
are shown in grey.  Data are presented as the mean ± standard deviation of 6-7 replicate tests.  

 

The results of tests using gelatin filters operating at different flow rates to sample 

EBOV/Mak aerosols are presented in Figure 10, with the data presented as both the total 

virus in each sample (Figure 10A) and the resulting aerosol concentrations, which factor 

in the amount of air sampled by the filter (Figure 10B). The total amount of virus in a 

sample was significantly affected by the airflow rate of the filter (P<0.0001), but neither 

relative humidity nor the interaction between relative humidity and flow rate were 

significant factors (P=0.4680 and P=0.1992). Since relative humidity was not a 

significant factor, data at the different humidity levels were pooled and a Tukey’s 

multiple comparisons post-test used to assess the effect of flow rate on virus 

concentrations. Viral titers in the samples (Figure 10A) increased by a significant amount 

as airflow rate increased from 1 L/min to 6 L/min, but there was no significant increase in 

virus titer between 6 L/min and 12.5 L/min. When these titers were normalized for 

sampler airflow by calculating aerosol concentrations of infectious virus (Figure 10B), 

the aerosol concentrations from 12.5 L/min filters were lower than those of 6.0 L/min 

filters, but this difference did not reach statistical significance (P=0.0788). Neither 
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relative humidity nor airflow rate significantly affected EBOV aerosol concentrations 

across the range of airflows tested. 

 

 
Figure 10. EBOV/Mak in samples from gelatin filters with varied airflow rates.  
Data from low and high RH tests are shown in white and grey, respectively. The virus titers for each sample set 
are shown in (A), and the airflow normalized aerosol concentrations are shown in (B). Data are presented as the 
mean ± standard deviation of 4 replicate tests.   

 

In tests examining whether gelatin filters could be recovered in volumes less than the 

manufacturer-recommended 10 mL, significant CTE was observed under brightfield 

microscopy in all undiluted assay wells for gelatin filters dissolved in 2.5 mL of FB 

DMEM. This CTE was observed in negative control wells containing dissolved gelatin 

filters but no virus, and was indistinguishable from viral CPE in sample wells that 

contained virus.  Mild CTE, distinguishable from CPE, was observed in undiluted wells 

for gelatin filters dissolved in 5.0 mL. However, both manual observation by fluorescent 

microscopy and plate reader analysis of Zs-Green fluorescence enabled identification of 

infected wells for all recovery volumes. By one-way ANOVA, there were no differences 

in the total amount of virus present between samples with different gelatin filter recovery 
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volumes (P=0.6836 and P=0.8231 for automated and manual reads, respectively), 

indicating that the tested gelatin filter concentrations did not inhibit viral infection or Zs-

Green expression. 

In tests to determine system uniformity when only an APS and two samplers were 

sampling from the chamber, 100 nm fluorescent PSL concentrations measured at each 

port were not significantly different from each other by paired t-test (p=0.7315). This 

indicated that the aerosol concentration was uniform within the chamber, and that any 

differences in concentration measured by samplers placed at those ports would be a 

function of either physical or biological losses within the sampler, unbiased by the 

position of the sampler within the test system.   

Results from subsequent tests in which EBOV/Mak aerosols were quantified by two 

different sampling and assay combinations are shown in Figure 11. The gelatin 

filter/microtitration combination was able to detect and quantify infectious virus in all but 

one test, and there was a strong correlation between measured aerosol concentrations and 

the titer of the virus suspensions used for aerosol generation across all tested dilutions.  

Linear regression analysis of these data returned a slope of 0.97 with an R2 of 0.98.  The 

AGI/plaque assay combination was able to detect infectious virus in some tests at all 

dilutions of input virus stock. However, in four tests, it failed to detect any infectious 

virus at all, and the mean aerosol concentrations for input dilutions of 10-3.5 to 10-5 

differed by only 0.1 log IU/L-air despite the 1.5 log difference in input virus 

concentrations. Linear regression analysis of aerosol concentrations determined by the 

AGI/plaque assay combination across all input dilutions returned a slope of 0.55 with an 

R2=0.75.  This relationship was improved by restricting analysis to input concentrations 
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of 10-3.5 to 10-2.5, where there appeared to be a linear response of measured aerosol 

concentrations to input titer. For these three dilutions, there was a corresponding linear 

regression slope of 1.3 with an R2=0.92.   

Across all dilutions of the virus stock used for aerosol generation, the aerosol 

concentrations measured by the gelatin filter/microtitration assay combination were on 

average 0.6 log IU/L-air greater than those measured by the AGI/plaque assay 

combination. However, this difference was 0.9 log IU/L-air when comparing only across 

input dilutions of 10-2.5 to 10-3.5, where there was a better correlation between input titer 

and the aerosol concentration measured by the AGI/plaque assay combination. Notably, 

for all but one of 28 tests, EBOV aerosol concentrations determined with the AGI/plaque 

assay pathway had to be calculated based on fewer than ten plaques counts per well, the 

limit recommended for the FANG plaque assay (Shurtleff et al. 2012), as even in 

undiluted assay wells there were insufficient plaques to meet this threshold. 
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Figure 11. EBOV/Mak aerosol concentrations determined by two sampling and assay pathways.  
Overall, the gelatin filter/microtitration combination was more sensitive and had a wider range over which it 
had a linear relationship with the titers of the diluted stock material than the AGI/plaque assay combination. 
EBOV/Mak was aerosolized from virus stock dilutions ranging from 10-2.5 to 10-5. Aerosol concentrations 
determined with gelatin filters flowing at 6-8 L/min, recovered in 2.5 mL FB DMEM, and assayed by 
microtitration on Vero-Ebola-reporter cells are shown in black in (A). Aerosol concentrations determined using 
AGIs and a plaque assay are shown in grey in (B); for these tests, there were fewer than the recommended ten 
plaques per well in the undiluted sample wells for all but one test. Viral concentrations are presented in 
infectious unit equivalents to facilitate comparison between different assays.  Dotted lines indicate the LOQ for 
each sampling/assay combination.   

 

Discussion 

The efficiency with which an aerosol sampler collects and preserves the infectivity of a 

virus has the potential to bias aerosol concentration data and complicate comparisons 

between studies in which different samplers are used. Data comparing the performance of 

different sampling devices can be used to inform sampler selection in future studies and 

serve as a bridge between studies that utilize different methods. To-date, no such data 

have been reported for filoviruses, including EBOV. Therefore, the present study was 

conducted to evaluate the relative performance of five commonly used aerosol sampling 

devices for sampling aerosols containing EBOV. The results demonstrate that sampler 

performance with EBOV/Mak was affected by relative humidity, with high relative 

humidity leading to better total efficiency values across all samplers. Furthermore, at high 

relative humidity, all of the samplers had statistically indistinguishable total efficiencies 

for EBOV/Mak, suggesting that any of the tested samplers for EBOV/Mak could be used 

to estimate EBOV/Mak concentrations with equivalent sensitivity under similar 

conditions. Differences in sampler performance were identified in tests at low relative 

humidity, with the AGI, Biosampler, and 25 mm gelatin filters performing significantly 

better than the midget impinger and BC251. Unlike the AGI, Biosampler, or midget 

impinger, gelatin filters do not contain any glass components, making them a safer choice 
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than a glass impinger in biocontainment applications. Additionally, gelatin filters can be 

operated across a range of airflow rates and can be installed in any orientation, making 

them a versatile choice for a variety of sampling applications. Finally, gelatin filters can 

be recovered in small liquid volumes, leading to a more concentrated aerosol sample and 

an increased likelihood of detecting infectious virus in dilute air samples. Based on these 

factors, gelatin filters were identified as a preferred sampling device for EBOV aerosols 

and used for direct comparison tests against traditional EBOV sampling and assay 

methods. Combining gelatin filters and a microtitration assay using a fluorescent reporter 

cell line for sampling and quantifying EBOV/Mak resulted in an improvement in 

sensitivity of nearly ten-fold relative to the more common AGI and plaque assay 

methodology used to quantify EBOV in aerosols in previous studies. While the gelatin 

filter was identified as a preferred sampler in the present study, it should also be noted 

that other samplers may still be preferable for certain applications, such as size-

fractionated collection by the BC251 in clinical or field sampling settings.   

All sampling data in the present study were generated from tests of a single duration, and 

it is possible that different sampling durations could produce different results. For 

example, longer test durations could result in desiccation of the virus on the surface of the 

filter. The virus concentration increased with higher airflow rates from 1 to 6 L/min but 

not between 6 and 12.5 L/min, which suggests that desiccation of EBOV/Mak may be 

occurring at the higher flow rates. It is also possible that longer test durations could affect 

results from the liquid impingers, either by longer exposure to mechanical agitation or 

osmotic shifts in the collection media as liquid evaporates. Other factors not tested in the 

present study, but that have the potential to affect sampler results, include the 
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composition of the collection medium in impingers and the particle size of the test 

aerosols.   

Tracer tests with gelatin filters operating at sampler flow rates demonstrated that the six-

port sampler characterization system delivered uniform concentrations of aerosol 

particles to all sampling ports, and that the different airflows at each sampling port did 

not bias the concentrations of aerosol within the chamber. When comparing tracer 

concentrations measured with a given sampler at different relative humidity levels, tracer 

concentrations were higher at low relative humidity than at high relative humidity.   The 

mean MMAD of aerosols in low RH tests was smaller by approximately 0.2 µm than the 

mean MMAD in high RH tests, likely a result of the particles retaining more moisture in 

higher RH conditions. It is possible that the humidity-dependent difference in aerosol 

concentration may result from this difference in particle size, as larger particles are more 

likely to be lost to bends and settle faster than smaller particles  (Hinds 1999).  

Although relative humidity affected the physical transmission of particles through the test 

system, it did not significantly affect the relative physical efficiency of the samplers 

themselves. However, relative humidity did significantly affect sampler biological 

efficiencies, with samplers tending to preserve infectivity better at high relative humidity 

by an average of 2.6-fold. Humidity-dependent differences in sampler comparisons 

results have been reported for other viruses, although in contrast to the results of the 

present study, lower humidity is generally found to better for enveloped viruses than 

higher humidity (Tseng and Li 2005; Liu et al. 2012; Kim et al. 2007). However, some 

enveloped viruses have displayed high stability at both low and high relative humidity, 

with a stability minimum at mid-range relative humidity (Schaffer, Soergel, and Straube 
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1976; Yang, Elankumaran, and Marr 2012). The sensitivity of viruses to relative 

humidity differences in aerosols is thought to be dependent on the composition of the 

surrounding particle, its hydration state, and the rate at which particle rehydration occurs 

(Yang and Marr 2012; Marr et al. 2019; Benbough 1971). In the present study, EBOV 

aerosols for both low and high relative humidity tests were generated from the same 

suspension of virus in cell culture medium.  However, the humidity-dependent difference 

in particle size observed in the present study suggests that particles were more hydrated at 

high relative humidity than at low relative humidity, and that this more hydrated state 

enhanced preservation of EBOV infectivity during sampling. This observation is 

consistent with data from a previous study which found that EBOV/Mak retained 

infectivity in surface-deposited droplets for longer periods of time in high relative 

humidity compared with low relative humidity conditions (Schuit et al. 2016).    

Despite performing better at high relative humidity, total efficiency values across all 

samplers were low, with no mean value higher than seven percent. As mentioned 

previously, infectivity losses leading to relative biological and total efficiency values less 

than 100% may be due either to processes occurring in the samplers themselves or to 

inactivation in the aerosol generation or equilibration process.  A relative biological 

efficiency of 100% for a given sampler would imply that all of the virus had survived the 

aerosol generation, equilibration, and sampling processes. In that case, the biological and 

total efficiencies of the other samplers tested in the same system could be considered 

absolute, but in the present study no sampler had a relative biological efficiency of 100%. 

Therefore, while the resulting biological and total efficiencies for EBOV in the present 
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study are useful for making comparisons between the tested samplers, they should be 

considered relative measurements.   

The combination of 25 mm gelatin filters recovered in 2.5 mL of media and a 

microtitration assay using Vero-Ebola-Reporter cells was able to detect and quantify 

aerosol concentrations of infectious EBOV/Mak with nearly ten-fold better sensitivity 

than the combination of the AGI and the FANG plaque assay. These results demonstrate 

the dependence of aerosol concentration on both the sampling device and assay 

methodology utilized, and suggest that studies that use an AGI and plaque assay to 

quantify EBOV in aerosols may underestimate the amount of infectious virus present in 

experimental aerosols.   

While the AGI/plaque assay combination was able to detect infectious virus in some tests 

at the most dilute concentration tested, the concentrations measured in those tests were 

not significantly different than the concentrations measured in tests with aerosols that 

were 1.5 log less concentrated. This is most likely due to the inclusion of plaque assay 

data with no lower bound on the number of countable plaques, with the resulting data 

being more reflective of random chance than a true indication of the amount of virus in 

the sampler. Setting a higher threshold for plaque counts would likely result in more 

reliable data, but the trade-off for doing so would be a higher limit of quantitation. This 

would have the potential to increase the number of circumstances in which it is possible 

to detect but not quantitate infectious virus. For example, in the present study there were 

enough plaques to meet the threshold of 10 plaques per well recommended for the FANG 

plaque assay (Shurtleff et al. 2016)  in only one out of the 28 tests that were conducted. 

While aerosol concentrations could be calculated using these plaque counts, the resulting 
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values did not correlate well with the titer of the virus stock used to generate the aerosols, 

suggesting that the aerosol concentrations determined by this method were not 

representative of the true concentration of infectious EBOV present in the aerosols in 

those tests. This problem could potentially be overcome by plating a greater volume of 

the sample. However, this approach would present an additional logistical burden, 

especially in studies requiring the processing of multiple samples per day for extended 

durations.   

Aerosol sampler comparison data from the present study will be useful to inform sampler 

selection and system design for future studies, and to facilitate comparisons between 

EBOV aerosol studies that utilize different sampling devices. The increased sensitivity of 

the gelatin filter paired with the Vero-Ebola-Reporter microtitration assay could be useful 

for applications where quantitation of very low concentrations of infectious EBOV is 

desired, including studies examining the inhalational infectivity and/or lethality of low 

concentrations of aerosolized EBOV in animal models of disease, detection or high-

confidence non-detection of infective virus in the air surrounding infected patients and/or 

animals, and assessment of the decay of viral infectivity in aerosols. Such studies would 

provide empirical data to corroborate the epidemiology observed in natural outbreak 

settings and its transmission potential both within and outside the endemic region, and 

would also be useful for biodefense hazard assessment and response preparedness 

planning. 
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CHAPTER FIVE: EVALUATION OF FOUR SAMPLING DEVICES FOR 
BURKHOLDERIA PSEUDOMALLEI LABORATORY AEROSOL STUDIES 

Abstract 

Previous field and laboratory studies investigating airborne Burkholderia pseudomallei 

have used a variety of different aerosol samplers to detect and quantify concentrations of 

the bacteria in aerosols. However, the performance of aerosol samplers can vary in their 

ability to preserve the viability of collected microorganisms, depending on the resistance 

of the organisms to impaction, desiccation, or other stresses associated with the sampling 

process. Consequently, sampler selection is critical to maximizing the probability of 

detecting viable microorganisms in collected air samples in field studies and for accurate 

determination of aerosol concentrations in laboratory studies. To inform such decisions, 

the present study assessed the performance of four laboratory aerosol samplers, 

specifically the all-glass impinger (AGI), gelatin filter, midget impinger, and Mercer 

cascade impactor, for collecting aerosols containing B. pseudomallei generated from 

suspensions in two types of culture media. The results suggest that the relative 

performance of the sampling devices is dependent on the suspension medium utilized for 

aerosolization. Performance across the four samplers was similar for aerosols generated 

from suspensions supplemented with 4% glycerol. However, for aerosols generated from 

suspensions without glycerol, use of the filter sampler or an impactor resulted in 

significantly lower estimates of the viable aerosol concentration than those obtained with 

either the AGI or midget impinger. These results demonstrate that sampler selection has 

the potential to affect estimation of doses in inhalational animal models of melioidosis, as 
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well as the likelihood of detection of viable B. pseudomallei in the environment, and will 

be useful to inform design of future laboratory and field studies. 

Introduction 

The gram-negative bacterium B. pseudomallei, the causative agent of the disease 

melioidosis, is a soil saprophyte endemic to Southeast Asia, northern Australia, and other 

tropical regions around the world (Allou et al. 2017). Melioidosis is a significant public 

health concern, with estimates of upwards of 100,000 cases occurring worldwide 

annually (Bhengsri et al. 2013; Chewapreecha et al. 2017; Singh and Mahmood 2017; 

Limmathurotsakul et al. 2016). Direct contact with contaminated soil or water is 

considered to be the primary route of exposure, but there is evidence that aerosol 

transmission also contributes to the spread of melioidosis. While one air sampling study 

in the endemic region found no evidence of B. pseudomallei in air samples(Ong et al. 

2017), culturable B. pseudomallei has been isolated from outdoor air samples collected 

downwind from known environmental reservoirs and upwind of cases of melioidosis with 

respiratory symptoms (Chen et al. 2015; Currie et al. 2015), and B. pseudomallei genetic 

material has been found in air samples during a typhoon season in Taiwan (Chen et al. 

2014). Furthermore, airborne transmission has been demonstrated for other Burkholderia 

species, including B. cepacia and B. cenocepacia, (Clifton and Peckham 2010; Döring et 

al. 1996; Humphreys et al. 1994; Wainwright et al. 2009).  

Studies to assess the hazard posed by an airborne pathogen rely on aerosol sampling 

devices to collect material for subsequent analyses. However, previous studies have 

demonstrated that aerosol samplers differ in their ability to collect and preserve the 

viability of collected microorganisms (Dybwad, Skogan, and Blatny 2014; Fabian et al. 
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2009; May and Harper 1957; Terzieva et al. 1996), complicating comparisons of results 

from studies that have utilized different samplers. Differences in sampler performance 

have the potential to bias study outcomes, including conclusions about the presence or 

absence of the microorganism in naturally occurring aerosols in a field study or 

assessments of the inhalational virulence in animal models of disease. Previous studies of 

aerosols containing Burkholderia spp. have employed a wide variety of sampling devices 

to collect material for analyses. Studies have detected Burkholderia spp. in field studies 

using both high flow air samplers (Brodie et al. 2007; Currie et al. 2015; Hoisington et al. 

2014; Ravva et al. 2012) as well as slower flow devices, specifically impingers and filters 

(Chen et al. 2015; Chen et al. 2014). Laboratory studies examining the effects of inhaled 

B. pseudomallei in animal models of disease have predominantly utilized liquid 

impingers to quantify the concentration of the bacterial aerosols and estimate the dose 

received (Bearss et al. 2017; Dabisch et al. 2012; Gelhaus et al. 2013a; Lever et al. 2009; 

Massey et al. 2014; Smither et al. 2015; Nieves et al. 2011; Rozak et al. 2010; Sivalingam 

et al. 2008; Tan et al. 2008; Thomas et al. 2012; Yeager et al. 2012; Yingst et al. 2014). 

Despite the public health concerns surrounding B. pseudomallei and its potential for 

aerosol transmission, as well as the potential for sampler selection to affect study 

outcomes, only one study was identified that reported data comparing the performance of 

aerosol samplers with this microorganism (Dabisch et al. 2012). That study examined 

common laboratory aerosol samplers and demonstrated that the Mercer cascade impactor, 

gelatin filter, and AGI performed equivalently for quantifying concentrations of 

aerosolized B. pseudomallei (Dabisch et al. 2012). The aim of the present study was to 

extend the findings of this previous study by assessing the performance of additional 
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aerosol samplers commonly utilized in the laboratory for sampling aerosolized B. 

pseudomallei, as well as to assess the effect of the medium in which the microorganism is 

suspended prior to aerosolization on sampler performance. Data on the relative 

performance of aerosol sampling devices produced by this study may be useful to inform 

sampling strategies for future laboratory studies examining the inhalational hazard posed 

by B. pseudomallei, as well as selection of sampling devices for field studies seeking to 

quantify concentrations of naturally occurring outdoor aerosols containing viable B. 

pseudomallei. 

Methods 

Bacteria. B. pseudomallei 1026b was obtained from Battelle Memorial Institute (BMI) in 

Columbus, OH. BMI had obtained the stock directly from the Mahidol Oxford Tropical 

Medicine Research Unit in Bangkok, Thailand. B. pseudomallei 1026b was originally 

isolated in 1993, and has since become a commonly used isolate for animal model 

aerosol challenge studies (Smither et al. 2015; Yingst et al. 2014; Yeager et al. 2012; 

Lafontaine et al. 2013; Jeddeloh et al. 2003; Whitlock et al. 2010).  The day prior to an 

experiment, 200 µL of thawed single use frozen aliquots of B. pseudomallei 1026b were 

used to inoculate 50 ml of LB-Lennox (LB) Broth (Teknova) in a 200 ml baffled flask. 

Cultures were incubated with shaking at 225 rpm for 18 h at 37 °C to produce stationary 

phase bacteria. The suspension containing stationary phase bacteria was diluted 1:10 in 

LB broth or LB broth supplemented with 4% glycerol (LB4G) and stored at room 

temperature for up to two hours until use.  Both LB broth and LB4G, or media with 

similar compositions, are commonly used for culturing B. pseudomallei for aerosol 

experiments (Khakhum et al. 2019; Funnell et al. 2019; Nieves et al. 2011; Ulrich et al. 
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2004; Burtnick et al. 2018; Gelhaus et al. 2013b).  In the present study, aerosol starting 

material suspensions in LB had a mean titer of 8.69 ± 0.08 Log colony forming units 

(CFU)/ml, and suspensions in LB4G had a mean titer of 8.71 ± 0.08 Log CFU/ml.  All 

work with B. pseudomallei was conducted in a Biosafety Level 3 (BSL-3) laboratory.   

Colony counts were used to estimate concentrations of viable B. pseudomallei in aerosol 

starting materials and in aerosol samples. Samples were diluted in phosphate buffered 

saline (PBS; Gibco) containing 0.002% Tween-80 (Millipore Sigma) (PBST), plated in 

triplicate on sheep blood agar (SBA) plates, inverted, and incubated for 44-48 h at 37 °C 

before counting colonies. 

Tracer. Tests to assess physical performance of the aerosol sampling devices utilized a 

non-labile tracer, specifically 1 µm FluoroMax green polystyrene latex (PSL) 

microspheres (PN G0100, ThermoFisher Scientific), suspended in LB or LB4G. Total 

fluorescence in samples was measured using a Glomax Multi Jr fluorescence reader 

(Promega) with excitation and emission wavelengths of 460 nm and 515-570 nm, 

respectively. Results are reported as relative fluorescence units (RFU).    

Aerosol test system and samplers. A test system consisting of an aerosol generator, a 

desiccant dryer, and chamber with multiple sampling ports was constructed and used to 

compare the performance of four devices for sampling B. pseudomallei aerosols (Figure 

12). Aerosols were generated into the system using a 3-jet Collison nebulizer (CH 

Technologies) controlled with a mass flow controller (Alicat Scientific) at an average 

flow of 8.4 ± 0.1 L/min. A desiccant drier (In-Tox Products) was situated downstream of 

the aerosol generator to aid in droplet evaporation and equilibration before the aerosol 

entered the sampling chamber. The sampling chamber was constructed of 10.2 cm 



 

62 
 

diameter stainless steel sanitary pipe with four 1.3 cm sampling ports evenly spaced 

around the circumference of the sampling chamber. Aerosol sampling devices were 

connected to the ports on the sampling chamber with conductive tubing. Perforated 

stainless steel plates located upstream and downstream of the sampling ports facilitated 

uniform distribution of the airflow and aerosol within the sampling chamber. The total 

exhaust airflow of the system consisted of the flows of the individual samplers and 

additional HEPA-filtered vacuum pump-driven exhaust, and was maintained at an 

average of 19.9 ± 0.2 L/min. A HEPA-filter (TSI Inc.) located immediately upstream of 

the desiccant dryer allowed for passive entry of additional dilution air required to balance 

the supply and exhaust airflows.  

 

 

Figure 12.  Aerosol test system used for B. pseudomallei aerosol sampler evaluation.   
(A) Side view: A Collison nebulizer generated aerosols that passed through a desiccant dryer before entering the 
sampling chamber. The generated aerosol was sampling from four sampling ports spaced evenly around the 
circumference of the sampling chamber; (B) Cross-sectional view at the plane of sampling ports: Samplers were 
connected to the sampling chamber as shown to prevent the need for any additional bends in the sampling inlets. 
Clockwise from top: gelatin filter in Delrin holder, AGI, midget impinger, and Mercer cascade impactor.  

 

The performance of four types of laboratory aerosol samplers were evaluated in this 

study:  All Glass Impingers (AGI; Model 7541; Ace Glass Inc.), midget impingers (PN: 
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225-36-1; SKC Inc.), 25 mm gelatin filters (PN: 12602-25-ALK; Sartorius Stedim 

Plastics GmbH.) in Delrin filter holders (PN 1109, Pall Corp.), and a Mercer cascade 

impactor (PN MCR-3500, In-Tox Products). AGIs were selected for evaluation, as they 

are a common collection device utilized in many published studies with B. pseudomallei 

(Bearss et al. 2017; Dabisch et al. 2012; Gelhaus et al. 2013a; Lever et al. 2009; Smither 

et al. 2015; Nieves et al. 2011; Thomas et al. 2012; Yeager et al. 2012; Yingst et al. 

2014). Midget impingers were selected as a liquid sampler with the potential for more 

gentle collection than the AGI. Where the AGI accelerates particles to sonic velocity 

through a critical orifice, the midget impinger can be operated at lower flow/velocity. 

Gelatin filters were selected for comparison based on their ease of use and past use in 

studies with aerosolized B. pseudomallei (Currie et al. 2015; Dabisch et al. 2012; Yeager 

et al. 2012). Additionally, gelatin filters do not contain any glass components, which can 

be an important safety consideration in the biocontainment laboratories required for work 

with B. pseudomallei. The Mercer cascade impactor is a compact stainless-steel 

collection device that fractionates aerosol particles based on their aerodynamic size, 

allowing estimation of both the concentration and the particle size distribution of the 

sampled aerosol.   

Midget impingers were loaded with 10 mL PBST and operated at a target airflow of 1 

lpm, regulated with a critical orifice (O’Keefe Controls). AGIs were loaded with 10 mL 

PBST and operated at 6 lpm using the critical orifice intrinsic to the sampler. Prior to use, 

the stainless steel impactor collection discs for the Mercer cascade impactor were coated 

with a thin layer of polyethylene glycol (PEG; MilliporeSigma) to aid capture of aerosol 

particles. The impactor was operated at 3.5 lpm, and material collected on impactor discs 
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during sampling was recovered by placing collection discs into separate tubes containing 

5 ml PBST and briefly vortexing. Gelatin filters were operated at a target flow of 1 lpm, 

regulated with a critical orifice (O’Keefe Controls). Material collected on gelatin filters 

was re-suspended by dissolving each filter in 10 mL of PBST at approximately 37 °C and 

vortexing briefly to facilitate dissolution.   

Assessment of physical and biological collection efficiencies. Tests were conducted 

with fluorescent PSL microspheres to assess the physical performance of the sampling 

devices and separately with B. pseudomallei to assess their ability to preserve bacterial 

viability.  All tests with B. pseudomallei were conducted with the aerosol test system 

installed in a Class III Biosafety Cabinet.  Sampler and system airflows were measured 

prior to each test using a thermal mass flow meter (PN 4043, TSI, Inc.). For each test, a 

single sampler of each type was attached to one of the ports on the sampling chamber 

(Figure 12) and an aerosol containing either B. pseudomallei or 1 µm fluorescent PSL 

microspheres in either LB or LB4G was generated with the Collison nebulizer into the 

test system. Following a ten-second equilibration period after initiation of aerosol 

generation, sampler airflow was engaged and the samplers collected aerosol for ten 

minutes.   

For each test, the aerosol concentration (Caero) of either B. pseudomallei or the PSL tracer 

measured at each port was calculated according to Equation 1.  For each sampler, the B. 

pseudomallei aerosol concentration measured in each test was divided by the mean tracer 

aerosol concentration from the same sampler type to normalize the culturable 

B. pseudomallei aerosol concentration for sampler-specific physical inefficiencies, such 

as low collection efficiency, re-aerosolization from the sampler, or incomplete recovery 



 

65 
 

of collected material from the sampler. This ratio represents a relative measure of the 

ability of a given sampler to preserve the viability of collected B. pseudomallei.   

The median aerodynamic diameter and geometric standard deviation (GSD) of the 

aerosol in each test were calculated using the fluorescence or B. pseudomallei 

concentration data from the Mercer cascade impactor stages using a two point 

interpolation of the cumulative concentration as described previously (Standardization 

2013).  Results are reported as activity median aerodynamic diameters (AMAD) rather 

than mass median aerodynamic diameters (MMAD) as the calculations are based on the 

activity of the material collected on each stage rather than its mass. 

Sample concentrations, aerosol concentrations, and size parameters were calculated using 

Microsoft Excel 2013. Aerosol concentrations were compared using 2-way ANOVA and 

Tukey’s post-test with suspension medium and sampler as factors using GraphPad Prism 

version 6.03 (GraphPad Software). Particle size parameters were compared using 2-way 

ANOVA with suspension medium and analyte as factors. An alpha level of 0.05 was used 

as the criterion for statistical significance. All values are presented as mean ± standard 

deviation. 

Results 

Aerosol concentrations of 1 µm fluorescent microspheres measured with each sampler 

type are shown in Figure 13. Aerosol concentrations varied significantly by sampler type 

(P<0.0001), but neither the suspension medium nor the interaction of sampler and 

suspension medium were significant factors (P=0.3977 and P=0.0961, respectively). 

Concentrations measured by the midget impinger were significantly lower than all other 

samplers, indicating a lower overall physical collection efficiency for this sampler. The 
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concentrations measured by the AGI, Mercer cascade impactor, and gelatin filter were 

similar to each other, although small, but significant, differences were observed between 

the Mercer cascade impactor and the gelatin filter with LB aerosols (P=0.0467) and 

between the AGI and the Mercer cascade impactor with LB4G aerosols (P=0.0028).  

 

 

Figure 13.  Tracer aerosol concentrations.   
Aerosol concentrations varied significantly by sampler type (P<0.0001), but neither the suspension medium nor 
the interaction of sampler and suspension medium were significant factors (P=0.3977 and P=0.0961, 
respectively). Tracer aerosol concentrations measured by midget impingers were lower than all other samplers 
for aerosols of both LB and LB4G, and small but significant differences were present between the Mercer 
cascade impactor and either the gelatin filters, for LB aerosols, or the AGI, for LB4G aerosols. Significant 
differences by Tukey’s multiple comparisons post-test are indicated by an asterisk. MI = midget impinger, AGI 
= All Glass Impinger, MCI = Mercer cascade impactor, GF = gelatin filter.  

 

Aerosol concentrations of B. pseudomallei measured with each sampler type are shown in 

Figure 14. Suspension medium, sampler type, and the interaction between parameters 

were all significant factors when compared using two-way ANOVA (P<0.0025 for all 

comparisons). B. pseudomallei aerosol concentrations were significantly higher when 

aerosolized in LB4G than in LB. No significant differences were observed between the 
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aerosol concentrations measured by any of the samplers for LB4G aerosols. For LB 

aerosols, there was not a significant difference between aerosol concentrations measured 

with the AGI and midget impinger. However, the concentrations measured with the AGI 

and midget impinger were significantly higher than those measured with either the 

Mercer cascade impactor or the gelatin filter (P<0.0205 for all comparisons). 

 

 

Figure 14.  B. pseudomallei aerosol concentrations.  
For aerosols generated from B. pseudomallei suspended in LB, the Mercer cascade impactor and gelatin filter 
measured significantly lower aerosol concentrations than the AGI and midget impingers. However, for aerosols 
generated from B. pseudomallei suspended in LB4G, all four samplers performed equivalently. Significant 
differences by Tukey’s multiple comparisons post-test are indicated by an asterisk. MI = midget impinger, AGI 
= All Glass Impinger, MCI = Mercer cascade impactor, GF = gelatin filter.  

 

The ratio of the aerosol concentration of B. pseudomallei to the aerosol concentrations of 

1 µm fluorescent microspheres measured by each sampler was used to normalize for 

physical losses and provide a relative measure of the ability of a given sampler to 

preserve the viability of collected B. pseudomallei. For these ratios, shown in Figure 15, 

both the suspension medium and sampler type were significant factors (P<0.0001 for 
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both), but the interaction between suspension medium and sampler type was not 

(P=0.1813). Ratios for each sampler were higher with aerosols generated from LB4G 

than LB. For both LB and LB4G aerosols, the largest observed difference in ratios 

between samplers was between the Mercer cascade impactor and the midget impinger. 

For LB4G aerosols, this difference was approximately 2-fold, whereas for LB aerosols 

the difference was over 100-fold. 

 

 

Figure 15.  Aerosol concentration ratios.  
The aerosol concentrations of B. pseudomallei measured with each sampler were normalized for the physical 
losses by taking the ratio of B. pseudomallei concentration to tracer aerosol concentration measured for each 
sampler type. The results of 2-way ANOVA demonstrate that both suspension medium and sampler type, but 
not their interaction, were significant factors (P<0.0001, P<0.0001, and P=0.1813, respectively). Significant 
differences by Tukey’s multiple comparisons post-test are indicated by an asterisk. MI = midget impinger, AGI 
= All Glass Impinger, MCI = Mercer cascade impactor, GF = gelatin filter. 

 

Particle size distributions estimated using Mercer cascade impactors are shown in Table 

2. By 2-way ANOVA, the suspension medium had a small but significant effect on the 

AMAD (P=0.0317), but neither the analyte nor the interaction between analyte and 

suspension medium was a significant factor (P=0.8450 and 0.5073, respectively). There 
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was not a significant difference between the GSDs as a function of suspension medium, 

analyte, or their interaction. (P=0.2557, 0.9941, and 0.2035, respectively).  

 

Table 2. Particle size distributions measured by Mercer cascade impactor.  
The suspension medium had a small but significant effect on the AMAD (P=0.0317), but neither the analyte nor 
the interaction between analyte and suspension medium was a significant factor. There was not a significant 
difference between the GSDs as a function of suspension medium, analyte, or their interaction.  
 

Liquid Analyte n AMAD (µm) GSD 

LB 1 µm PSL microspheres 5 1.87 ± 0.37 1.59 ± 0.12 
B. pseudomallei 5 1.92 ± 0.32 1.65 ± 0.17 

LB4G 1 µm PSL microspheres 6 1.59 ± 0.22 1.59 ± 0.07 
B. pseudomallei 6 1.68 ± 0.03 1.53 ± 0.03 

 

Discussion 

Previous studies have provided evidence that aerosol transmission may contribute to the 

spread of melioidosis, although the relative contribution of this pathway to overall 

disease transmission is not known. Accurate measurements of viable airborne B. 

pseudomallei concentrations in field and laboratory studies are important for assessing 

the hazard posed by this transmission pathway. However, such measurements are 

dependent on the ability of an aerosol sampler to collect and preserve the viability of 

bacteria. However, few studies have examined the performance of aerosol sampling 

devices with B. pseudomallei to inform sampler selection or facilitate comparisons 

between studies. The present study examined the performance of four commonly utilized 

laboratory aerosol samplers with aerosols of B. pseudomallei 1026b generated from 

suspensions in media with and without supplemental glycerol. Results demonstrated that 

viable bacterial aerosol concentrations were dependent upon both the type of sampler 
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used and the composition of the suspension medium from which the aerosols were 

generated.  

For B. pseudomallei aerosolized from suspensions in LB broth supplemented with 

glycerol, the aerosol concentrations of viable bacteria measured with an AGI, midget 

impinger, gelatin filter, and Mercer cascade impactor were equivalent. This finding is 

consistent with a previous study which found no differences in the performance of AGIs, 

gelatin filters, and Mercer cascade impactors for measuring aerosol concentrations of B. 

pseudomallei suspended in tryptone broth with 4% glycerol, a formulation similar to the 

glycerol supplemented LB broth used in the present study (Dabisch et al. 2012).  

However, for aerosols generated from suspensions without supplemental glycerol in the 

present study, measured aerosol concentrations of B. pseudomallei were dependent on the 

type of sampler used, with both liquid impingers resulting in significantly higher 

concentrations than either the Mercer cascade impactor or the gelatin filter.  

In addition to tests with B. pseudomallei, tests were also conducted with 1 µm fluorescent 

PSL microspheres as a tracer to assess the relative physical performance of the samplers. 

Differences in tracer aerosol concentrations were observed between the different 

samplers, but measured concentrations were not affected by the type of suspension 

medium. This result was expected given the similarity in particle size distributions for 

aerosols generated from the different media. Comparisons of the ratios of B. 

pseudomallei to tracer aerosol concentrations demonstrated that significant differences 

existed in the ability of the different samplers to preserve the culturablity of collected 

bacteria, and that these differences were dependent on both sampler type and suspension 

medium. Notably, while the lower aerosol concentrations of the physical tracer measured 
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by the midget impinger for both media suggest that it is less physically efficient than the 

other samplers for this particle size distribution, the concentration ratio values suggest 

that it is better at preserving the viability of collected bacteria than the other samplers. 

These differences effectively cancelled each other out, a finding that would not have been 

apparent by only comparing concentrations of viable B. pseudomallei. 

In the present study, liquid impingers were significantly better than the gelatin filter or 

Mercer cascade impactor at preserving the culturability of collected bacteria aerosolized 

from LB broth, suggesting that the microorganism may be sensitive to desiccation post-

collection within the sampler. This effect was not evident when supplemental glycerol 

was present in the initial suspension medium, suggesting that the effects of desiccation 

are dependent on the composition of the aerosol particles. Glycerol is essentially non-

volatile at the conditions tested in the present study, and may have protected the organism 

against desiccation in the gelatin filter and Mercer cascade impactor. These observations 

are consistent with previous studies that have shown both that bacterial survival during 

aerosolization is affected by the composition of the initial suspension medium (Dybwad 

and Skogan 2017; Zhao et al. 2011; Lai, Burge, and First 2004), and that glycerol can 

have protective effects on microorganisms in aerosols (Belanov et al. 1996).  While the 

suspension liquids used in the present study were laboratory media, the observed 

sensitivity to desiccation is consistent with published reports indicating that natural 

substrates which facilitate water retention, such as sputum or clay soils, tend to preserve 

viability of Burkholderia spp. (Döring et al. 1996; Inglis et al. 2004). Additionally, these 

results suggest that for field studies of B. pseudomallei where the composition of aerosol 
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particles is unknown, use of a collection device with a liquid collection medium may 

provide the best chance of detecting viable bacteria.   

B. pseudomallei is known to enter a viable-but-not-culturable (VBNC) state in response 

to certain environmental stressors (Inglis and Sagripanti 2006).  If the process of 

aerosolization and/or sampling had induced a VBNC state in the present study, this 

occurrence would have been indistinguishable from reductions in viability with the 

culture-based assay that was used. However, while the time required for B. pseudomallei 

to transition to a VBNC state has not been well characterized, it has been shown for other 

bacteria to take hours to days (Oliver 2005). B. pseudomallei aerosol tests in the present 

study were only ten minutes in duration, and the dry samplers were recovered into liquid 

aliquots within ten minutes of the completion of each test. It is, therefore unlikely that 

transition to a VBNC state contributed significantly to reductions in aerosol 

concentrations measured by the samplers in this study, although further testing is needed 

to confirm this.  

Data from the present study demonstrate that the composition of the initial suspension 

medium can significantly influence comparisons of sampler performance with B. 

pseudomallei, and suggest that the results of previous studies may not be applicable to all 

cases of B. pseudomallei aerosol collection and analysis. Consideration of such factors is 

important for studies involving this microorganism, including those attempting to 

quantify inhaled doses of B. pseudomallei in animal models of disease. For example, if 

such a study utilized LB broth, as the suspension medium for aerosol generation and a 

Mercer cascade impactor, the estimated inhaled dose would be expected to be 
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underestimated by a factor of approximately 100-fold compared to that estimated if a 

liquid-based impinger was utilized.  

Other parameters that were not evaluated in this study also have the potential to impact 

the performance of sampling devices, including the airflow rate and duration used for 

sampling, the collection medium used for sampling , the temperature and humidity of the 

test system, and differences in bacterial growth phase prior to aerosolization (Griffiths et 

al. 1996; Li 1999; Lin and Li 1998; Terzieva et al. 1996; Wang et al. 2001; Cown, 

Kethley, and Fincher 1957; Henningson et al. 1988).   Furthermore, while relative 

performance for collecting and preserving bacterial viability is an important consideration 

when selecting an aerosol sampling device, other factors should be considered as well, 

including safety, ease-of-use, and durability.  For instance, while the liquid impingers in 

the present study performed better than the gelatin filter and Mercer cascade impactor for 

aerosols generated from LB suspensions, their glass construction may not be sufficiently 

durable for some field applications, and may present a safety hazard in biocontainment 

environments.  Additionally, sampling studies for B. pseudomallei in field or clinical 

settings may benefit from the use of samplers that operate at higher air-flow rates than the 

laboratory-scale samplers assessed in the present study, in order to maximize the 

possibility of detecting the organism.  Based on the results of the present study, it is likely 

that there would be a higher probability of culturing B. pseudomallei from air samples in 

such studies if the sampling device collected directly into a liquid matrix.  However, 

additional laboratory studies with higher-flow air samplers would be required to confirm 

this hypothesis. 
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Results from the present study suggest that any of the four evaluated samplers could be 

used to measure viable bacterial aerosol concentrations with equivalent accuracy in future 

studies involving B. pseudomallei aerosolized from suspensions with supplemental 

glycerol. However, studies without added glycerol in the aerosolization suspension 

medium would obtain more accurate measurements of viable B. pseudomallei aerosol 

concentrations using a liquid impinger instead of a filter or impactor. Additionally, 

collection into liquid may provide the best chance to detect viable B. pseudomallei in 

field or clinical sampling studies where the organism may be present in aerosol particles 

of unknown chemical composition. 



 

75 
 

CHAPTER SIX: EVALUATION OF METHODS FOR CONCENTRATING 
SAMPLES OF INFECTIOUS EBOV/MAK 

Introduction 

Assessment of the potential for aerosol transmission of Ebola virus (EBOV) is 

complicated by the difficulty of quantifying low levels of infectious virus in aerosols, 

where the virus may be present but at levels undetectable with commonly used methods.  

Most laboratory-scale aerosol sampling devices produce a sample with a final liquid 

volume of 10-20 mL, and typically, only a fraction of this volume is plated for detection 

or quantification of infectious virus.  However, for dilute aerosol samples that contain 

only a few infectious units in the entire sample, plating a fraction of the total sample 

increases the probability that the plated aliquot contains either no virus at all or a 

concentration of virus that is unrepresentative of the total sample.   

This effect may be illustrated by a notional scenario involving a study designed to 

determine a median infectious or lethal dose (ID50 or LD50) for EBOV by the aerosol 

route.  Inhaled doses as low as 6 PFU of EBOV have been shown to be lethal in an 

African Green Monkey model (Reed et al. 2011), but to-date no study has determined an 

ID50 or LD50 value for the virus or measured the slope of the associated dose-response 

curve.  To do so, it would be necessary to accurately deliver doses in the single PFU 

range or lower to the study animals.  For a ten-minute exposure of a nonhuman primate 

(NHP) with a 1 L/min minute volume, an aerosol concentration of 0.1 PFU/Lair would 

need to be delivered to the animal to deliver an inhaled dose of 1 PFU.  If this aerosol 

was sampled for the test duration with a sampler flowing at 12.5 L/min and collecting 

into 20 mL of liquid (e.g. the SKC Biosampler), there would be an average of 12.5 PFU 
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total in the 20 mL of collection liquid (0.625 PFU/mL) if the sampler was collecting with 

100% efficiency.  Based on Poisson statistics, plating 1 mL of this sample in a plaque 

assay (five replicate wells, each with 200 µL/well) would result in a 54% probability of 

detecting no plaques at all and a 13% probability of detecting two or more total plaques.  

In the former case, a false-negative result would be obtained; in the latter, the calculated 

dose would be two or more times greater than the actual delivered dose.  

While these outcomes could be mitigated by establishing a robust correlation between the 

concentration of virus in the material being aerosolized for the challenge dose and the 

resulting aerosol concentration (i.e. a standard curve), this would require both extensive 

preliminary testing and extrapolation beyond the region where data were collected.  This 

problem could also be addressed by plating the entire aerosol sample, but this solution 

would likely only be possible in studies where only a few samples per day are being 

processed, as the logistical burdens of processing multiple samples per day in this manner 

on a sustained basis would potentially become prohibitive.  However, if low-titer aerosol 

samples could be concentrated, the time and resource burden associated with plating the 

samples in their entirety would be significantly reduced.  In addition to facilitating low-

dose inhalation challenge studies, this would have the potential to improve environmental 

or clinical sampling studies in EVD outbreak settings and laboratory studies examining 

the decay of EBOV infectivity in aerosols under varied environmental conditions, where 

accurate determination of decay rates is dependent on quantification of increasingly low 

levels of virus over time. 

There are several well-established methods for concentrating viral suspensions, including 

tangential/cross-flow filtration and ultracentrifugation gradient purification.  Despite their 
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demonstrated utility, these methods require relatively large initial liquid volumes, 

extended processing durations, or both.  They are, therefore, not compatible with the 

rapid processing of many separate small aliquots, as would be necessary in a sustained 

clinical sampling or environmental decay study.  However, several novel methods for 

concentrating microbial samples have recently become available as commercial products 

that do have the potential for higher throughput.  These methods include Nanotraps, a 

suspension-based affinity chromatography approach to sample concentration; Amicon 

centrifugal filters; and the Innovaprep Concentrating Pipette Select (CP-Select), a device 

expressly developed for concentrating low-titer samples of biological materials.  The 

present study was conducted to assess whether these methods could be used successfully 

to rapidly concentrate liquid samples of EBOV.  Methods for concentrating samples were 

assessed using suspensions of the Makona variant of EBOV (Ebola virus/H. sapiens-

tc/GIN/2014/Makona-C07) and a fluorescent tracer for assessment of physical processing 

efficiency, as appropriate for the test method.  In addition to testing three commercially 

available concentration methods, the compatibility of EBOV with gelatin filter aerosol 

samplers dissolved in volumes less than those recommended by the manufacturer was 

assessed as a fourth potential method of concentrating aerosol samples.   

Materials and Methods  

Cells and media 

Vero E6 cells (ATCC Vero C1008) were maintained in complete growth medium 

(gMEM) consisting of Minimum Essential Medium (Gibco, PN 11095-098) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS; Atlanta Biologicals, 

PN S12450H), 2 mM Glutamax (Gibco, PN 35-050-061), 0.1 mM non-essential amino 
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acids solution (Gibco, PN 11140-050), 1 mM sodium pyruvate (Gibco, PN 11360-070) 

and 1% antibiotic-antimycotic solution (Gibco, PN 15240-062).  

A Vero E6 Ebola reporter cell line, Vero-piggy-EboZ ZSG min 5’ mg clone B8 (referred 

to as Vero-Ebola-reporter hereafter)(Kainulainen et al. 2017), was kindly provided by Dr. 

Markus Kainulainen (Centers for Disease Control and Prevention, Atlanta, GA).  The 

reporter cells produce a robust green fluorescence signal in response to EBOV infection 

due to the presence of an integrated EBOV minigenome construct that contains a codon-

optimized sequence for the Zoanthus sp. (reef coral) fluorescent protein, zsGreen (ZSG).  

Cells were maintained in DMEM (Gibco, PN 10567022) supplemented as with gMEM, 

exempting 2 mM Glutamax and with the addition of 30 µg/mL of puromycin (Gibco, PN 

A1113803) for positive selection of cells containing the integrated minigenome.  Since 

standard culture media has relatively high background fluorescence at the same 

wavelengths of light produced by ZSG, Fluorobrite DMEM (Gibco, PN A1896702), a 

medium with low background fluorescence, was used when Vero-Ebola-reporter cells 

were plated for microtitration assays.  When used, Fluorobrite DMEM was supplemented 

with 10% heat-inactivated fetal bovine serum, 1 mM sodium pyruvate, and 1% antibiotic-

antimycotic solution (FB DMEM). 

All cells were grown at 37 °C in 5% CO2 and were passaged as needed using TrypLE 

Express Enzyme (Gibco, PN 12563011).  For use in assays, a Viafill touch screen rapid 

reagent dispenser (Integra Biosciences) was used for uniform seeding of cells in 96-well 

clear or black-walled, clear bottom plates for Vero E6 or Vero-Ebola-reporter cells, 

respectively.  Wells were seeded for 100% confluence and use the following day.  
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Tests in the present study were designed to assess the ability of commercially available 

methods to concentrate EBOV aerosol samples, including samples collected by liquid 

impingers.  The use of culture medium containing FBS in liquid impingers can result in 

foaming in the collection jar, leading to both inefficient collection and the physical loss 

of collected material.  To prevent this foaming, FBS is either not used in impingers or an 

antifoam is added to the jar prior to operation.  In the present study, the samples to be 

concentrated were prepared in either gMEM or FB DMEM that did not contain FBS, 

referred to hereafter as either “gMEM (no FBS)” or FB DMEM (no FBS)”, respectively.  

Virus and Tracer 

A passage one stock of Ebola virus/H. sapiens-tc/GIN/2014/Makona-C07 (EBOV/Mak-

C07) was obtained from Dr. Heinz Feldmann, Rocky Mountain Laboratory 

(RML)/NIAID/NIH.  Passage one material was provided as cell culture supernatant and 

was used to prepare master stocks in Vero E6 cells (passage two), which were used to 

generate a passage three working stock that was used for all tests in the present study. 

Stocks were produced by infecting confluent monolayers of Vero E6 cells at a 

multiplicity of infection (MOI) of 0.01 and incubated at 37 °C with 5% CO2 for ten days, 

when > 75% cytopathic effect (CPE) was observed.  Stocks were harvested by gently 

scraping the remaining monolayer into the medium with a cell scraper, centrifuging at 

640 x g for five minutes to remove cellular debris, and freezing in liquid nitrogen storage 

until use. 

Polystyrene Latex (PSL) microspheres (100 nm diameter) embedded with sodium 

fluorescein (ThermoFisher Scientific, PN G100) were used as a tracer of approximately 

the same volume as an EBOV virion (Kuhn et al. 2010) for quantifying the physical 
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efficiency of the tested concentration methods.  When used, PSL microspheres were 

added to either gMEM (no FBS) or FB DMEM (no FBS) at 3-30 µL/mL.  PSL 

microsphere concentrations in each sample were evaluated as fluorescence intensities 

measured with a GloMax Multi Jr. fluorimeter (Promega).   

Microtitration Assays 

Concentration method efficacy evaluation tests were performed in parallel with the 

EBOV assay and sampler characterization tests described in Chapters 1 and 2.  Notably, 

the results of those tests informed the selection of assays used to quantify infectious 

EBOV for each sample concentration method.  Consequently, Amicon filters and 

Nanotraps were evaluated using microtitration assays on standard Vero E6 cells, whereas 

by the time the CP-select and reduced gelatin filter recovery volumes were assessed, a 

microtitration assay using a Vero-Ebola-reporter cell line had been implemented and was 

therefore used when evaluating the latter methods.   

Microtitration assays were performed using confluent monolayers of either Vero E6 cells 

or Vero-Ebola-reporter cells.  For each assay, media was removed from the top row of 

wells and the sample to be assayed and negative control were loaded on the plate.  Outer 

wells of each plate were not used because of cytotoxic effects (CTE) attributed to 

evaporation of media in these wells.  Serial ten-fold dilutions of samples were performed 

using a Precision Microplate Pipetting System (BioTek), and plates were incubated for 

fourteen days at 37 °C with 5% CO2.  Assays were read fourteen days post infection by 

either visual assessment for CPE or using a Spectramax Paradigm Plate reader 

(Molecular Devices) and associated software (Softmax Pro v. 6.3) as described in 
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Chapter 1, for samples assayed on Vero E6 cells and Vero-Ebola-reporter cells, 

respectively.   

Comparison of Methods for Concentrating Liquid Samples of EBOV. 

Three methods of actively concentrating dilute EBOV samples were evaluated in the 

present study: the Innovaprep CP-Select, Amicon centrifugal filters, and Nanotrap 

particles.  Criteria for initial selection of the methods to be tested were: 1) the ability for 

1-2 operators to process several dozen 10-20 mL samples per day, 2) previously 

demonstrated utility with other viruses, and 3) availability.  Concentration methods were 

evaluated with EBOV/Mak and with 100 nm Polystyrene Latex (PSL) microspheres, with 

replicate tests performed across multiple days.  Tests were conducted with the analyte of 

interest suspended in culture medium containing all standard additives except FBS.  After 

processing the samples, FBS was added to a final concentration of 10% in the 

concentrated sample prior to plating on cells.  Gelatin filters (Sartorius Stedim Biotech 

GmbH, PN:12602-25-ALK), one of the aerosol samplers evaluated in the present study, 

are known to increase the viscosity and protein load of liquids in which they are 

dissolved (Jaschhof 1992).  As these parameters had the potential to impact the logistics 

and efficiency of the tested sample concentration methods, all active concentration 

methods were tested on virus samples both with and without dissolved gelatin filters.  

When used, a single 25 mm gelatin filter was added to the virus suspensions per 10 mL 

sample, unless otherwise specified.   

The ability of the tested methods to effectively concentrate samples were evaluated by 

calculating a concentration factor for each test.  The concentration factor is the ratio of 

initial sample concentration to the final (i.e. post-processing) sample concentration (Oh, 
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Han, and Mainelis 2020), where values greater than one are indicative of an increase in 

concentration and values less than one indicate a loss of analyte through the 

concentration process, resulting in a lower concentration than before processing.  All 

methods resulting in mean concentration factors significantly greater than one, as 

determined by a one-sample t-test, were ranked by their mean concentration factor to 

facilitate down-selection to an optimal method.   

CP-Select.  The Innovaprep CP-Select was developed specifically for concentrating 

microbiological samples for analysis.  It functions by passing a liquid sample through a 

membrane filter and recovering material collected on the filter by elution into a smaller 

volume.  The CP-Select uses a wet-foam elution process for removal of collected material 

from the filter substrate, thereby minimizing the total eluate volume (Falman et al. 2019).  

The standard elution fluid for this instrument consists of PBS + 0.075% Tween 20 and 

pressurized with CO2.  However, for this study, custom elution fluid consisting of 

DMEM pressurized with nitrogen was used for the majority of tests to facilitate 

preservation of viral infectivity based on the manufacturer’s recommendation.  Unless 

otherwise specified, all concentration factors reported for the CP-Select were determined 

using DMEM plus nitrogen for elution.    

Several types of filter tips are available for the Innovaprep CP-Select.  Based on 

discussions with the manufacturer, tips with 0.05 µm pore-size filters (“0.05 µm tips”; 

Innovaprep, PN CC08020) and “Ultrafilter” tips (Innovaprep, PN CC08003) were 

selected for assessment in the present study.  Preliminary experiments to assess physical 

recovery from these tips were conducted using 100 nm PSL microspheres in both gMEM 

(no FBS) and dH2O, both with and without dissolved gelatin filters.  For tests with 
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dissolved gelatin filters, either no liquid could be aspirated or no liquid was emitted 

during elution steps, and therefore no subsequent analyses were performed on these 

samples.  For tests without dissolved gelatin filters, 10 mL samples were aspirated 

through the filter tips and eluted using standard elution steps pre-programmed in the 

instrument for each tip type.  Up to three elution steps were attempted for each sample.  

In some tests, a wash step was conducted prior to elution in which 10 mL of either 

gMEM (no FBS) or gMEM (no FBS) with 0.002% Tween 20 was aspirated through the 

tip after sample aspiration but prior to elution.  The elution volume was measured for 

each test with a 1000 µL micropipette to allow calculation of final sample concentrations.   

For tests with EBOV, 10 mL aliquots of EBOV/Mak stocks diluted 1:1000 in FB DMEM 

(no FBS) with or without dissolved gelatin filters were processed with both tip types.  

Three elution steps were conducted for each sample, with resulting eluate pooled for 

volume measurement and assessment of virus titer.  All samples were brought up to 2.25 

mL with additional FB DMEM (no FBS) and 0.25 mL FBS added to bring the final 

concentration of FBS to 10% prior to assaying for virus titers.  Two replicate tests were 

conducted with each combination of sample and tip type, but the instrument stopped 

working before additional replicates could be conducted.  These tests resulted in low 

concentration factors, and based on these preliminary results and fact that the malfunction 

was irreparable, no further work was conducted with the CP-Select.  

Amicon Filters.  Amicon Ultra Centrifugal Filter Units have been used successfully to 

concentrate filoviruses at several institutions (Fischer et al. 2015; Rosenstierne et al. 

2016; Sagripanti, Rom, and Holland 2010; Smither et al. 2018).  They function by 

passing samples through a filter matrix and retaining material larger than a selected 
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molecular weight cutoff behind the filter in the retentate liquid.  Filovirus virions vary 

significantly in size but have been reported to have average molecular weights of 

3.82x105 kD (Kuhn et al. 2010).  Centrifugal filters with 50 and 100 kD cutoff values are 

reported to have been used successfully for concentration of filovirus samples, and based 

on these studies 50 and 100 kD filters (Millipore Sigma, PN UFC905096 and PN 910096, 

respectively) were selected for assessment in the present study.  Preliminary tests using 

100 nm fluorescent PSL microspheres in gMEM (no FBS) with and without dissolved 

gelatin filters were conducted to assess physical recovery from the filters.  Ten mL of 

sample was loaded into each Amicon filter and centrifuged at 4000 x g for 20 minutes or 

until ~1 mL retentate remained in the filter, with additional centrifugation steps added 

based on in-process assessment of progress.  After the first tests were completed, it was 

determined that samples without gelatin filters passed through the Amicon filters much 

quicker than samples with gelatin filters, possibly due to increased viscosity of the 

samples containing dissolved gelatin filters.  Therefore, for subsequent replicates with 

samples lacking a gelatin filter the initial centrifugation duration was reduced to one 

minute.  Following centrifugation, retentate liquid was removed from the Amicon filters 

and measured using a 1000 µL micropipette.  Six replicate tests were conducted for each 

sample type (i.e. 50 or 100 kD MW cutoff and sample with or without gelatin filter).  

For tests with EBOV, 10 mL aliquots of EBOV/Mak stocks diluted 1:100,000 in FB 

DMEM (no FBS) with or without dissolved gelatin filters were centrifuged at 3250 x g.  

A lower g-force was used for these tests, as the rotor in the BSL-4, which could 

accommodate the Amicon tubes, was not capable of achieving the same g-force used in 

the 100 nm PSL tests.  Retentate volumes were periodically assessed throughout the 
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centrifugation process, and samples with retentate volumes of approximately 1.5 mL as 

read on the side of the Amicon filter were removed for analysis.  Spin times were 

variable, but samples containing gelatin filters tended to require longer durations.  In 

general, samples without gelatin filters could be processed within 1-5 minutes of 

centrifugation, while samples with gelatin filters required 20-40 minutes.  Following 

centrifugation, retentate liquid was removed from the Amicon filters and measured using 

a 1000 µL micropipette.  Each sample was then brought up to 2.25 mL by adding FB 

DMEM (no FBS) and 0.25 mL FBS added to bring the final concentration of FBS to 10% 

prior to assaying for virus titer.  Twelve replicates tests, evenly distributed over four 

days, were conducted with each sample type.  In a separate set of tests, three replicate 

tests were conducted with Amicon filters pre-wet by centrifuging PBS through the filter 

prior to use with EBOV.  

Nanotraps.  Nanotrap particles have been successfully used to concentrate virus samples 

for infectivity analyses (Shafagati et al. 2016; Shafagati et al. 2014), and have been used 

by investigators at the United States Army Medical Research Institute for Infectious 

Diseases (USAMRIID) for concentration of filovirus genomic material.  Nanotrap 

particles are nanoparticles composed of cross-linked poly-N-isopropyl acrylamide with 

incorporated affinity baits that can be used to capture biological targets, including virions, 

in liquid suspensions and facilitate concentration of the target.  While Nanotraps are 

commercially available using various types of affinity baits, work at USAMRIID has 

suggested that Cibacron Blue dye is optimal for concentration of filovirus RNA in 

samples [L. Altamura, personal communication, May 9, 2018].  The present study built 
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upon that work to use Nanotraps for recovery of infectious filoviruses, which had not 

been previously reported.   

In addition to standard Cibacron Blue Nanotraps (Ceres Nanosciences, PN CN1010), 

which are processed by centrifugation, the present study also tested a newly developed 

version with a magnetic core (Ceres Nanosciences, PN CN3110).  These Nanotraps are 

processed with a magnetic separation step instead of a centrifugation step.  The use of 

magnetic Nanotraps could speed processing of samples and reduce the movement of 

samples in and out of biological safety cabinets, which is desirable from a biosafety 

perspective when operating in BSL-4 containment.  

Ten mL aliquots of EBOV/Mak stocks diluted 1:1000 in gMEM (no FBS) with or 

without dissolved gelatin filters were prepared for assessment of Nanotrap efficacy.  For 

tests with both standard and magnetic Nanotraps, 200 µL of Nanotrap suspension were 

added to 10 mL sample aliquots with or without dissolved gelatin filters, and tubes were 

then placed on a tube rotator for one hour at room temperature to allow the Nanotraps to 

mix evenly through the sample and bind to their target.  After mixing, standard Nanotrap 

samples were recovered by centrifugation at 16,000 x g for 15 minutes and magnetic 

Nanotraps samples were placed in a magnetic separation rack for two minutes.  

Supernatants were removed by gentle pipetting and pellets were resuspended in 2.5 mL 

gMEM.  Nanotraps depend on chemical/electrostatic affinity between the bait and the 

analyte of interest, and because the PSL microspheres used as a physical tracer for the 

other concentration methods differ significantly in their surface chemistries from 

enveloped virions, no tracer tests were conducted with Nanotraps.   
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Minimizing Gelatin Filters Dissolution Volume. Most previous studies at NBACC that 

have used gelatin filters have recovered the filter in the manufacturer-recommended 

volume of 10 mL of liquid.  Dissolution of filters in smaller volumes would theoretically 

increase the concentration of virus, but would also result in higher concentrations of 

gelatin that could lead to CTE in the cells that may be difficult to differentiate from viral 

CPE.  In the present study, tests were conducted to determine if use of the Vero-Ebola-

reporter cell line could help to identify viral infection in monolayers with CTE and allow 

for gelatin filters to be dissolved in as little as 2.5 mL.  Aliquots of virus in FB DMEM, 

each containing 100 µL of a 1:1000 dilution of EBOV/Mak stock, were prepared in 

volumes of 2.5, 5.0, and 10.0 mL along with matched volume negative controls. A single 

gelatin filter was added to each tube, warmed briefly at 37 °C to dissolve, and the 

contents assayed by microtitration on Vero-Ebola-reporter cells.  Nine replicates tests 

evenly distributed over three days were conducted with each sample type.  

Results 

CP-Select.  As shown in Figure 16, concentration of 100 nm PSL microspheres and 

EBOV/Mak with the CP-Select was ineffective.  The mean physical concentration factors 

for Ultrafilter and 0.05 µm tips were 0.07 and 0.25, respectively.  A similar concentration 

factor of 0.04 was measured in a single test conducted using the standard elution fluid 

and an ultrafilter tip.  Concentration factors measured with EBOV/Mak with no gelatin 

filter in solution were similar, with values of 0.03 and 0.04 for Ultrafilter and 0.05 µm 

tips, respectively.  Inclusion of dissolved gelatin filter in the sample resulted in higher 

mean concentration factors of 1.49 and 0.80, though it should be noted that these values 

are based on two test replicates only.  Further tests could not be conducted due to a 

malfunction of the CP-Select unit.  In several tests, the 0.05 µm tips did not produce any 
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eluate at all.  In those tests where eluate was produced, these volumes were significantly 

lower than eluate volumes produced by Ultrafilter tips (t-test, P<0.0001).  The mean 

volumes ± standard deviations across all tests (n=15) were 0.82 ± 0.32 and 0.047 ± 0.057, 

respectively. 

 

 

Figure 16.  Concentration factors determined with the CP-Select.   
Only use of Ultrafilter tips to concentrate EBOV/Mak in samples containing gelatin filters (GF) resulted in 
concentration factors significantly greater than 1, as indicated by the asterisk.  Very low concentration factors 
were seen in tests with 100nm PSL microspheres, indicating that most of the tracer was lost during processing.  
Some tests with EBOV produced a slight increase in sample concentration, but the device malfunctioned after 
four tests with EBOV/Mak and additional replicates could not be obtained. 

 

Amicon Filters.  Physical recovery of material from Amicon filters was variable, though 

higher recovery efficiencies were observed when centrifugation was terminated with 1-2 

mL retentate remaining.  These values, plotted in Figure 17A, generally followed a trend 

of higher recoveries with larger retentate volumes, with the exception of three test 
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replicates of 100 kD Amicon filters without gelatin filters.  Based on these data, EBOV 

tests were conducted targeting 1.5 mL retentate for completion of centrifugation.  

However, it was not possible to achieve the target retentate volume for all these tests, and 

a similar range of final volumes was obtained.  In those tests, the trend of recovery 

efficiency and volume was less apparent (Figure 17B).  Concentration factors determined 

for each tested combination of sample type and Amicon filter are shown in Figure 18.  

For samples with gelatin filters, both 50 and 100 kD Amicon filters could be used to 

successfully concentrate EBOV/Mak (P<0.0001 and P=0.0030, respectively).  However, 

a significant increase in concentration for samples without dissolved gelatin filters was 

only observed with 50 kD filters (P=0.0251).  Pre-wetting the filters with PBS, though 

only tested with samples containing gelatin filters, did not improve the performance of 

either 50 or 100 kD Amicon filters.  

 

 

Figure 17.  Amicon filter recovery efficiency vs. recovery volume.   
Data are shown for tests with 100 nm PSL microspheres (A) and EBOV/Mak (B).  Data for 50 kD and 100 kD 
filters are shown in red and blue, respectively; data from samples with and without dissolved gelatin filters are 
shown in filled and empty circles, respectively.  In general, lower retentate volumes led to lower recovery 
efficiencies for both 100 nm PSL microspheres and EBOV/Mak.  
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Figure 18.  EBOV/Mak concentration factors with Amicon filters.   
Data for 50 kD and 100 kD filters are shown in red and blue, respectively; data from samples with and without 
dissolved gelatin filters (GF) are shown in filled and empty circles, respectively; data from pre-wet filters are 
indicated by squares and data from non-pre-wet filters are indicated by circles.  Mean concentration factor(s) 
significantly greater than one are indicated by an asterisk.  For samples containing gelatin filters, both 50 kD 
and 100 kD Amicon filters resulted in a concentration increase of approximately 3-fold, but for samples without 
gelatin filters only the 50 kD filters resulted in a significant increase in concentration.  

 

Nanotraps.  Preliminary testing had determined that re-suspended Nanotrap pellets 

placed directly on cells in a microtitration assay resulted in both significant CTE and 

visual obscuration of the monolayer through the 100 and 10-1 dilutions for standard and 

magnetic Nanotraps, respectively (Figure 19A and Figure 20).  To mitigate this and allow 

for assessment of CPE in lower dilutions, Nanotrap microtitration plates were washed 

once with PBS and re-fed with fresh media following one hour of incubation (Figure 

19B).  Eight to nine test replicates with each combination of Nanotrap and sample type 

were conducted over three separate days, with virus titer determined by microtitration on 

Vero E6 cells.  
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Figure 19.  Nanotrap cytotoxicity and monolayer obscuration with 10x objective lens.   
Nanotrap samples without virus were serially diluted on Vero E6 cells in 96 well plates.  As shown in (A), both 
magnetic and standard Nanotraps significantly obscured the monolayer in undiluted wells.  CTE from standard 
Nanotraps was evident in undiluted wells, and CTE from magnetic Nanotraps was evident through the 10-1 
dilution.  Removal of the inoculum after one hour of incubation, followed by a 1x wash with PBS and re-feeding 
with fresh media mitigated these problems, though minor obscuration of the monolayer persisted in the 
undiluted magnetic Nanotrap wells (B).  
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Figure 20.  Nanotrap cytotoxicity and monolayer obscuration with 40x objective lens.   
Nanotrap samples without virus were placed on Vero E6 cells in 96 well plates.  Representative fields of view in 
undiluted wells are shown for negative control wells (A), standard Nanotraps (B) and magnetic Nanotraps (C), 
demonstrating morphological changes in and obscuration of the monolayer following addition of Nanotrap 
samples. 

 

Relative to starting material that had also been re-fed, use of both types of Nanotraps 

resulted in concentration factors greater than 1 in some tests (Figure 21A).  Notably, 

however, control samples with gelatin filters processed in the same manner as standard 

Nanotrap samples resulted in equivalent concentration factors.  Concentration factors for 

controls without gelatin filters were approximately 10-fold lower than those with gelatin 

filters.  Unfortunately, the re-feeding process used to reduce Nanotrap-related CTE also 

reduced the titers measured by microtitration by nearly 100-fold (Figure 22).  Relative to 

starting material that was not re-fed, a situation more analogous to a real-world scenario 

of concentrating an aerosol sample, both types of Nanotraps resulted in concentration 

factors significantly less than 1 (Figure 21B). 
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Figure 21.  EBOV/Mak concentration factors with Cibacron Blue Nanotraps.   
Concentration factors were calculated relative to both re-fed starting material (A) and non-refed starting 
material (B).  Data from no-Nanotrap controls (No NT), standard Nanotraps (Std. NT), and magnetic Nanotraps 
(Mag NT) are shown in green, blue, and brown, respectively.  Data from samples with and without dissolved 
gelatin filters are shown in filled and empty circles, respectively.  Mean concentration factor(s) significantly 
greater than one are indicated by an asterisk; notably, only the plus gelatin filter and no-Nanotrap control had a 
mean concentration factor significantly greater than one P=0.0067), and no methods had improved 
concentrations when compared with starting material that had not undergone the wash/refeed process.   

 

 

Figure 22.  Effect of re-feeding on EBOV/Mak titers.   
Total virus in starting material samples measured by standard microtitration (not re-fed) and by microtitration 
in which the inocula were removed after one hour, followed by a PBS wash of the cells and re-feeding with fresh 
media.  The wash and refeeding was implemented to mitigate the cytotoxicity of standard and magnetic 
Cibacron blue Nanotraps, but it reduced the titers of processed samples by approximately 1.5 Log TCID50.  

 

Minimizing Gelatin Filters Dissolution Volume.  Significant CTE was observed under 

brightfield microscopy in all undiluted wells of negative controls with gelatin filters 

dissolved in 2.5 mL media.  Mild CTE, distinguishable from CPE, was observed in 
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corresponding wells of 5.0 mL negative controls.  However, both manual observation and 

plate reader analysis of ZSG fluorescence enabled identification of infected wells for all 

recovery volumes.  For all recovery volumes, background fluorescence in negative 

control wells was higher in undiluted wells than in diluted wells (Figure 23).  To account 

for this, the threshold for scoring wells as CPE positive or negative in undiluted sample 

wells was based on the undiluted negative control wells in all plates from the same day of 

testing, and the threshold for diluted sample wells was based on diluted negative control 

wells from all plates from the same day.  Concentration factors determined from these 

data are shown in Figure 24.  

 

 

Figure 23. Background fluorescence in negative control wells.  
Gelatin filter recovery volumes of 2.5, 5.0, and 10.0 mL are shown in red, blue, and green, respectively.  Data are 
represented as the mean ± SD of 48 replicates for each combination of recovery volume and dilution.  Because of 
the higher background fluorescence in undiluted negative control wells containing dissolved gelatin filters, the 
threshold for scoring undiluted sample wells as positive for virus infection was set based on the mean and 
standard deviation of all undiluted negative control wells.   
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Figure 24. EBOV/Mak Concentration Factors for Gelatin Filter samples recovered in small volumes. 
Concentration factors were calculated relative to recovery in 10 mL.  Titers could only be determined in 2.5 mL 
samples using ZSG fluorescence, as CTE from the more concentrated gelatin filters precluded determination of 
CPE.  Mild CTE was evident in 5.0 mL samples, but was not significant enough to preclude determination of 
CPE in most cases.  Mean concentration factor(s) significantly greater than one are indicated by an asterisk. 

 

Comparisons between methods. Pairings of sample type and concentration method in 

which the mean concentration factor was significantly greater than one as measured by a 

one-sample t-test were selected for further consideration (Figure 25).  The method with 

the highest concentration factor relative to standard methods was dissolution of gelatin 

filters in 2.5 mL media rather than 10 mL, however it should be noted that this method 

was only possible due to use of the Vero-Ebola-reporter cells.  Additionally, while use of 

the CP-Select with Ultrafilter tips did result in a slight increase in concentration, this 

determination was based on only two test replicates.  
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Figure 25.  Compiled EBOV/Mak concentration factors significantly greater than one.   
Concentration factors are shown ranked from highest to lowest.  GF = Gelatin Filter, Rec. Vol. = Recovery 
Volume, UF Tips = Ultrafilter Tips.  Recovery of gelatin filters in 2.5 mL resulted in the highest concentration 
factor, but assessment of this method was only possible using the Vero-Ebola-reporter cell line.  50 kD Amicon 
filters were the best active concentration method for samples with and without gelatin filters.   

 

Attempting to concentrate samples with Nanotraps is a multi-step procedure, requiring 

approximately 1.5 hours to complete.  This process requires only standard laboratory 

equipment, but the Nanotraps themselves are relatively costly ($200/mL at the time the 

study was conducted, or $40 to process a 10 mL sample with the procedure used in the 

present study).  In contrast, concentration of EBOV samples with Amicon filters could be 

conducted in 15-45 minutes, depending on the composition of the sample and the MW 

cutoff of the filter.  The Amicon filters used in the present study are comparatively 

inexpensive ($1,180/box of 96 filters at the time the study was conducted, or $12.30 to 
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process a 10 mL sample) but do require careful monitoring of the concentration progress 

to ensure a minimum retentate volume is maintained.  The CP-select is simple to use and 

requires only ~5 minutes to process a sample, but both the pipette unit iself and the 

consumables are relatively expensive ($12,800 for the pipette, $1,333.80 for a pack of 60 

tips, and approximately $3.50 per sample for miscelaneous supplies including custom 

elution fluid).  Dissolving gelatin filters in smaller than standard volumes requires no 

additional time or cost for each sample, but differentiating virus infection from the 

resulting CTE required the use of the Vero-Ebola-reporter cell line and a fluorescent 

microscope or plate reader.  In the present study, the equipment to read the reporter 

fluorescence was already on-hand and the Vero-Ebola-reporter cell line was provided at 

no charge by its developer, though the FB-DMEM and black-walled plates required for 

its use in a microtitration assay cost somewhat more than standard materials.  Based on 

these factors, the four methods evaluated for EBOV aerosol sample concentration were 

ranked by their subjective potential for high throughput application and approximate cost 

to process one sample (Table 2).  Ranking of throughput potential was performed 

independently of the results of the Concentration Factor analysis and the functionality of 

the CP-Select.  Cost per sample was evaluated by applying the costs of the materials 

and/or equipment acquired for present study to 1000 samples, and then dividing by 1000 

to determine a cost per sample.  The cost for recovering a gelatin filter in small volumes 

was calculated as the cost increase per assay for the FB-DMEM and black-walled plates, 

required for the use of the Vero-Ebola-reporter cells, over the standard gMEM and clear-

walled plates.  
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Table 3. Ranking of methods for concentrating EBOV aerosol samples by potential for high-throughput 
application and cost per sample.   
High-throughput potential was subjectively evaluated based on the time and level of operator involvement to 
process samples.  Costs in parentheses are the costs to process one sample by that method, assuming the costs 
incurred in the present study would apply to future work and by amortizing new equipment costs (i.e. the CP-
Select) over 1000 samples.  Ranking was performed independently of the evaluation of concentration factors.  
 

Rank Throughput Cost 

1 GF recovery in small volumes GF recovery in small volumes ($3.75) 

2 CP-Select Amicon Filters ($12.29) 

3 Amicon Filters CP-Select ($38.50) 

4 Nanotraps Nanotraps ($40.00) 

 

Discussion 

The present study was conducted to identify a method by which dilute samples of 

infectious EBOV could be concentrated to facilitate high-throughput analysis of 

relatively large sample volumes.  The tested methods were Amicon centrifugal filters, 

Cibacron blue Nanotraps, the Concentrating Pipette Select, and recovery of gelatin filters 

in small volumes.  Several permutations of each method were assessed, with the efficacy 

of each method quantified as a concentration factor and comparisons made by assessment 

of concentration factor, ease of use, and potential for high-throughput use.  Several 

methods successfully increased EBOV sample concentration, with the use of a 50 kD 

Amicon filter resulting in the highest concentration factor for samples not containing a 

dissolved gelatin filter.  For gelatin filter samples, recovering the filter in 2.5 mL rather 

than the manufacturer-recommended 10 mL provided the highest concentration factor 

and was the easiest to implement.  However, this method was only possible in 

conjunction with the use of the Vero-Ebola-reporter cell line to allow for differentiation 

of the effects of virus infection from cytotoxic effects induced by the higher 
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concentration of dissolved gelatin filter.  If these cells were not available, use of 50 kD 

Amicon filters would have been selected for gelatin filter samples as well.  

In the present study, the use of 50 kD Amicon filters resulted in mean concentration 

factors of 3.1 ± 1.1 and 1.9 ± 1.2 for samples with and without gelatin filters, 

respectively.  Notably, Sagripanti et al. reported a 90-fold increase in EBOV titers using 

an Amicon Ultra filter with unspecified molecular weight cut point (Sagripanti, Rom, and 

Holland 2010), a significantly higher increase in concentration than what was observed in 

the present study.  In our tests, the duration of centrifugation for each type of Amicon 

filter, corresponding to a final retentate volume, was set based on preliminary tests that 

indicated that extreme volume reductions resulted in high physical losses of processed 

material.  Tests with fluorescent tracers showed that nearly 100% of material could be 

recovered from 50 kD Amicon filters when retentate volumes were maintained at 1-2 mL.  

Therefore, in tests to compare the utility of Amicon filters for concentrating EBOV/Mak 

samples (Figure 7), centrifugation durations were limited to keep retentate volumes in 

this range.  However, this limited the maximum possible concentration factors to 5-10.  

Higher concentration factors, similar to those reported by Sagripanti et al., could 

theoretically be achieved if physical losses could be prevented when volumes are reduced 

below the thresholds set in the present study.  The physical losses observed in the present 

study may be a result of surface interactions between the virus or tracer and the Amicon 

filter matrix, leading to the suspended material becoming trapped by the filter and no 

longer available for recovery in the retentate.  It is possible that EBOV/Mak 

concentration factors could be improved by addition of a blocking step (e.g. with BSA) 

prior to processing virus samples.  However, such a step would increase the duration of 
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time required to process the samples and this longer time would have to be weighed 

against any potential increase in concentration factor.   

Tests with Nanotraps demonstrated that both standard and magnetic Cibacron blue 

Nanotraps could be used to successfully concentrate dilute samples of EBOV, as 

compared with starting material that was assayed using the same wash/re-feed step as the 

processed samples.  However, the wash/re-feed step that was used to mitigate the 

cytotoxic effects of the concentrated Nanotrap samples reduced the sample titers by more 

than ten-fold, a reduction even greater than the potential four-fold increase in 

concentration that was the maximum possible concentration factor in the tests.  This extra 

step would be unnecessary for samples with high enough virus titers to have a terminal 

assay dilution beyond the dilution(s) at which cytotoxicity was evident.  In such a case, 

both types of Nanotraps used in the present study could be used to concentrate EBOV.  

However, if the samples had enough virus to dilute out beyond the cytotoxicity, there 

would be no need for a concentration step in the first place.  The controls for the 

Nanotrap experiments that contained a gelatin filter and no Nanotraps resulted in 

concentration factors as high as either the standard Nanotraps or the magnetic Nanotraps.  

The reason for this effect is not clear, though it is possible the dissolved gelatin functions 

in a similar manner to the affinity bait, binding the virus and facilitating its collection by 

centrifugation.  Regardless of the mechanism, if alternative methods for quick and 

effective concentration had not been identified in the present study, processing aerosol 

samples in the same manner as these controls would have provided a simple, cheap, and 

relatively quick method to achieve the same goal, particularly as the inclusion of the 

gelatin filter would likely not have required the use of the wash/re-feed step.   
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Nanotraps had the lowest throughput ranking and were the most expensive method per 

sample of those evaluated in the present study; these factors and their unsuccessful 

experimental outcomes led to their exclusion from further tests.  However, the present 

study only tested two different types of Nanotraps, each with a Cibacron Blue affinity 

bait.  The choice to focus on this particular bait was based on previous work with 

Nanotraps and EBOV performed at USAMRIID, but other types of Nanotraps with 

different configurations and affinity baits are available and may prove to be less cytotoxic 

and more useful for concentration of low-titer EBOV samples. 

Attempts to process suspensions of 100 nm PSL microspheres with the CP-Select 

uniformly resulted in concentration factors less than one, corresponding to physical losses 

of over 90% in most tests.  Whether these losses occurred due to a failure of the tip filters 

to capture the microspheres or a failure of the elution process to release them is not 

known.  Furthermore, a full quantitative evaluation of this device was not possible in the 

present study as our unit malfunctioned at the start of tests with EBOV.  Oh et al. recently 

reported the successful use of the CP-select for concentration of physical tracers and 

viable Bacillus subtilis and Pseudomonas fluorescens, demonstrating that the device can 

be used successfully in some instances (Oh, Han, and Mainelis 2020).  In their study, Oh 

et al. used the standard elution fluid typically supplied with the instrument, rather than the 

custom fluid used in the present study.  The use of the non-standard elution fluid in the 

present study was suggested by the manufacturer to facilitate preservation of virus 

infectivity, but it is possible that the surfactant activity of the Tween 20 in the standard 

fluid is important for the release material from the filter matrices, and that its elimination 

resulted in poor recovery in the present study.  However, a low physical concentration 
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factor was also observed in a single test in the present study that used the standard elution 

fluid, an ultrafilter tip, and 100 nm PSL microspheres, suggesting that the elution fluid 

may not have been the cause of the low concentration factors observed with this device in 

the remainder of the experiments.  It is possible that a combination of methods could be 

identified that would enable the CP-Select to function for the present application, but this 

would require further optimization tests beyond the scope of the present study.  

The present study identified 50 kD Amicon filters as the most effective active 

concentration method for both gelatin filter-containing and non-gelatin filter-containing 

EBOV samples.  However, the most effective method overall for obtaining a higher-

concentration EBOV aerosol sample proved to be simply dissolving gelatin filter samples 

in low volumes, rather than performing any of the tested active concentration procedures.  

Additionally, this method was ranked the highest for throughput potential and had the 

lowest processing cost per sample.  Plainly, this method is not applicable to studies in 

which an impinger-type sampler is used.  For studies in which gelatin filters are used, it 

may be possible to achieve even higher concentration factors than those in the present 

study by recovering filters in volumes less than 2.5 mL, the smallest volume tested in the 

present study.  However, reducing the recovery volume too much may result in 

cytotoxicity that precludes detection of infectious virus even with the Vero-Ebola-

reporter cell line, whether by inhibiting virus infection and replication directly or because 

the cells are simply killed before the process of virus infection and replication can occur. 

In the present study, recovering gelatin filter samples in small volumes required the use 

of the Vero-Ebola-reporter cell line to detect and quantify infectious virus due to the 

cytotoxic effects of the higher concentrations of dissolved filter.  It is possible that 
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quantification of virus in these samples could also be performed with a plaque assay 

using non-reporting cell lines, as the cells affected by gelatin filter cytotoxicity may still 

take up a vital dye.  However, depending on the degree to which the gelatin filter 

cytotoxicity results in actual cell death rather than simply morphological changes, there 

could be widespread cleared areas in the monolayers that would hide viral plaques, thus 

precluding the utility of a plaque assay for quantifying virus in these samples.  Finally, 

gelatin filters were tested in the present study because they are simple to use for 

sampling, easy to recover, and have been shown to have favorable performance with 

other viruses.  It is possible that use of another filter type, such as a 

polytetrafluoroethylene (PTFE) membrane filter or glass fiber filter, could be used with 

equivalent collection efficiency but less cytotoxicity, thus allowing for recovery in even 

smaller volumes than those tested in the present study. 

Compatibility with relatively high-throughput applications was one of the criteria for 

selecting the sample concentration methods that were assessed in the present study.  This 

excluded some methods, including ultracentrifugation through a sucrose or Cesium 

chloride gradient, which can take several hours and are not conducive to high-throughput 

sample processing for days or weeks at a time.  It is possible that such methods could be 

used successfully for occasional processing of a few high-value samples.  However, these 

methods typically require the use of relatively large initial volumes (e.g. for 

tangential/cross flow filtration), or the use of a stock of virus that is already of relatively 

high titer compared to the samples considered in the present study to facilitate visual 

identification of the virus-containing band.  These requirements would preclude the use 
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of such methods for the present application of 10-20 mL samples containing only a few 

infectious units in the entire sample. 

The present study identified a method for obtaining an EBOV sample that was 

approximately four times more concentrated than a sample obtained by standard methods.  

While this method required the use of a gelatin filter and the Vero-Ebola-reporter cell 

line, the use of a 50 kD Amicon filter resulted in nearly equivalent concentration 

efficiency and could be used to concentrate either gelatin filter or impinger samples and 

did not require the use of the Vero-Ebola-reporter cell line.  These methods will be useful 

for EBOV aerosol studies in which low concentrations of virus are expected and for 

which high-throughput sample processing is necessary, including air sampling studies in 

outbreak settings and laboratory studies of inhalational virulence or aerosol decay. 



 

105 
 

CHAPTER SEVEN: RE-EVALUATING THE AEROSOL DECAY RATE OF 
EBOLA VIRUS MAKONA 

Abstract 

A previous study on the aerosol decay of Ebola virus Makona, the virus circulating in the 

2013-2016 Ebola virus outbreak, reported a decay rate that was approximately an order of 

magnitude lower than decay rates previously reported for other filoviruses. In the present 

study, we measured the aerosol decay rate of both Ebola virus Makona and Marburg virus 

Popp, finding no difference between the mean decay rates measured for these viruses and 

agreement with previously reported decay rates for other filoviruses measured under 

equivalent environmental conditions. These results suggest there is no difference between 

the aerosol decay rate of Ebola virus Makona and other filoviruses that may have 

contributed to its spread in the 2013-2016 outbreak, and may be useful to inform 

evaluations of Ebola virus transmission during that event.   

Introduction    

Viruses of the family Filoviridae are thought to transmit through human populations 

primarily through direct contact with infected individuals or their bodily fluids, with no 

epidemiological indications that aerosol transmission plays a significant role in the spread 

of the disease (Chowell and Nishiura 2014; Lawrence et al. 2017; Vetter et al. 2016). 

However, laboratory inhalation challenge studies have shown that Marburg virus 

(MARV) and Ebola virus (EBOV) can infect via the aerosol route at low doses in animal 

models of disease (Alves et al. 2010; Reed et al. 2011), and the possibility that filovirus 

aerosols could be generated either accidentally in medical settings or intentionally in a 

bioterrorism incident has prompted research on various aspects of the aerosol hazard 
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associated with both EBOV and MARV.  The rate at which a virus loses infectivity in an 

airborne state (i.e. aerosol decay rate) is one such aspect, as viruses that decay slowly in 

aerosols may have greater potential to spread by that route. Previous studies have 

reported data suggesting that aerosol decay rates do not vary greatly between different 

filoviruses, with estimates for the time required for 90% inactivation in aerosols ranging 

from approximately 20 to 150 minutes based on the results of studies with Reston virus 

(RESTV), Marburg virus Popp (MARV/Popp), and Ebola virus E718 (EBOV/E718) 

aerosolized from suspensions of either cell culture medium or human saliva (Belanov et 

al. 1996; Piercy et al. 2010; Smither et al. 2011).  

Until recently, most known outbreaks of EBOV or MARV were relatively small, usually 

with no more than a few dozen cases (de La Vega, Stein, and Kobinger 2015). However, 

from 2013-2016 the Makona variant of Ebola virus (EBOV/Mak) circulated rapidly 

throughout West Africa, resulting in the largest ever known outbreak of Ebola virus 

disease during that period (Davey Jr et al. 2018; Lawrence et al. 2017). In the only study 

to measure the aerosol decay rate of EBOV/Mak, Fischer et al. reported data that 

suggested the virus decayed very slowly in aerosols, taking over ten hours to experience a 

90% loss of infectivity (Fischer et al. 2016). This time corresponds to a decay rate 

approximately one order of magnitude lower than decay rates previously measured for 

other filoviruses aerosolized from either cell culture medium or human saliva (Belanov et 

al. 1996; Piercy et al. 2010; Smither et al. 2011), suggesting that EBOV/Mak may survive 

longer in aerosols than other filoviruses. However, the same study also reported no 

difference between the decay rate of EBOV/Mak and Ebola virus Mayinga (EBOV/May), 

another isolate from the same outbreak as EBOV/E718, suggesting that it is possible that 
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this discrepancy is attributable to other factors, including methodological differences 

between Fischer et al. and the previous studies. Therefore, the aim of the present study 

was to re-evaluate the aerosol decay rate of EBOV/Mak to determine if its decay rate is 

comparable to those reported for other filoviruses. Tests were also conducted with 

MARV/Popp to provide a point of comparison to three previous filovirus aerosol decay 

studies that have also included an evaluation of MARV/Popp decay (Belanov et al. 1996; 

Piercy et al. 2010; Smither et al. 2011).  

Methods 

Cells 

Vero E6 cells (ATCC C1008) cells were used for propagation of EBOV/Mak and 

MARV/Popp, and for microtitration assays of MARV/Popp samples. Cells were 

maintained in complete growth medium (gMEM) consisting of Minimum Essential 

Medium (MEM; Life Technologies) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS; Atlanta Biologicals), 2 mM Glutamax (Life Technologies), 0.1 mM 

non-essential amino acid solution (NEAA; Life Technologies), 1 mM sodium pyruvate 

(Life Technologies), and 1% antibiotic-antimycotic solution (Life Technologies).   

A Vero E6 EBOV reporter cell line Vero-piggy-EboZ ZSG min 5’ mg clone 

B8(Kainulainen et al. 2017) was kindly provided by the Centers for Disease Control and 

Prevention, Atlanta, GA (Kainulainen et al. 2017). Cells were maintained in DMEM 

(Life Technologies), supplemented as described above, exempting 2 mM Glutamax and 

with the addition of 20 µg/mL of Puromycin (Life Technologies) for positive selection of 

cells containing the minigenome. These cells were used for microtitration assays of 

EBOV/Mak samples as described previously (Schuit, Dunning, et al. 2020). For assays, 
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cells were plated in FluoroBrite DMEM (Life Technologies), supplemented with 10% 

FBS, 1 mM sodium pyruvate, and 1% antibiotic-antimycotic solution (FB-DMEM).   

Viruses 

Ebola virus variant Makona (Ebola virus/H.sapiens-tc/GIN/2014/Makona-CO7) was 

kindly provided by the Rocky Mountain Laboratory (NIAID/NIH), Hamilton, MT. 

Passage one material was provided as cell culture supernatant and passaged twice in Vero 

E6 cells to generate a stock of virus that was used for aerosol tests.   

Marburg virus variant Popp (Marburg virus/H.sapiens-tc/DEU/1967/Hesse-Popp) was 

kindly provided by the United Kingdom Defense Science and Technology Laboratories 

(DSTL), Salisbury, UK.  Passage nine material, of the same lineage as was used by 

Piercy et al. (2010) and Smither et al. (2011) for evaluation of MARV/Popp aerosol 

decay, was provided as cell culture supernatant and passaged twice in Vero E6 cells to 

generate a passage 11 stock of virus that was used for aerosol tests.   

Test Procedure 

Eight replicate tests were conducted with each virus in a rotating drum aerosol chamber 

described previously (Schuit, Ratnesar-Shumate, et al. 2020). In the present study, all 

tests were conducted with the drum operating at 7.5 rpm and at target conditions of 20 °C 

and 50% relative humidity. To load the drum, aerosols were generated into a four-inch 

diameter stainless steel plenum external to the drum with an air-assist nozzle (the Lee 

Co., PN IAZA5200415K) supplied with 13 L/min of dry compressed air and fed with 

virus suspensions at 155 µL/min using a syringe pump. An additional 28 L/min of 

relative humidity-controlled dilution air was supplied through four ports located around 

the nozzle inlet to allow conditioning of the airstream into which the aerosol was 
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generated to values near those in the drum. After target conditions were established in the 

drum, aerosol generation was initiated into the plenum for a period of one minute to 

establish a steady state particle concentration and relative humidity level, with the output 

of the plenum bypassing the drum and directed into a HEPA filter.  After one minute, 20 

L/min of flow was diverted from the plenum through the drum for a period of 10 seconds 

to load the drum. Following the ten-second loading period, the drum was sealed, and 

aerosol generation was stopped. For each test, up to six samples were taken from the 

chamber over a period of up to 30 minutes following loading. The aerosol in the drum 

was allowed to mix for 20 seconds prior to drawing the first sample. At each sampling 

time point, a 10-second sample was collected using an Aerodynamic Particle Sizer (APS; 

Model 3321, TSI Inc.) to measure the size distribution and mass concentration of the 

aerosol in the chamber. This was followed immediately by collection of a 20-second 

sample with a 25 mm gelatin filter (PN 225-9551, SKC Inc.) for infectivity analysis. 

Gelatin filters were housed in Delrin filter holders (PN1109, Pall Corp.) and supplied 

with vacuum flow regulated by a critical flow orifice (PN D-35-SS, O’Keefe Controls 

Co.). Prior to use, the flow through the APS and each filter was measured with a TSI 

model 4043 mass flow meter. The filter samples had a mean flow rate of 6.50 ± 0.13 

L/min across all tests. After sampling, material collected on gelatin filters was recovered 

by dissolving the filter in 10 mL of either gMEM or FB-DMEM for MARV/Popp or 

EBOV/Mak, respectively.   

Data Analysis 

For each test, time-series infectious virus aerosol concentrations and aerosol mass 

concentrations were log10 transformed and linear regression was used to determine the 
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slope of the best-fit line for each. The slopes of these lines are equivalent to the decay 

constant in a one-phase exponential decay equation in log10 space. This method was used 

since the TCID50 assay used to measure virus titers is based on a log10 dilution series and 

the resulting data are log-normally distributed (Wulff, Tzatzaris, and Young 2012). The 

slope calculated from the viral infectivity data, expressed in log10 TCID50 per liter of air 

per minute, represents the total decay rate of particles in the chamber, since losses could 

be due to either physical processes or losses in infectivity of the aerosolized virus. The 

APS measures particle concentration in the chamber but does not discriminate between 

those particles that contain infectious virus and those that do not. Therefore, the slope 

calculated from the APS concentration data, in log10 mg per liter of air per minute, 

represents the physical decay of particles in the chamber. To isolate the decay of virus 

infectivity alone (mInfectivity), in log10 TCID50 per liter of air per minute, the slope of the 

physical decay measured with the APS was subtracted from the slope of the total decay 

measured with filter samples.  

To date, four other studies have reported on the aerosol decay of filoviruses, but these 

studies have used different metrics to quantify the decay rate of infectious virus. Belanov 

et al. report MARV/Popp decay both in terms of percent loss per minute and as a one-

phase exponential decay constant, in units of min-1 (Belanov et al. 1996). Piercy et al. 

(2010) and Smither et al. (2011) report filovirus decay in terms of percent loss per 

minute. Fischer et al. (2016) report decay as the time required to achieve a one Log loss 

in titer, as well as “the slope of the non-linear regression model”, which we interpret as 

the decay constant associated with a one-phase exponential decay curve (i.e., kinfectivity). 

To facilitate comparison of data from the present study to these previous studies, mInfectivity 
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values from the present study were converted to one-phase exponential decay constants in 

natural log space (kInfectivity) by the relationship expressed in Equation 7. Decay data from 

Belanov et al., Smither et al., Piercy et al., Fischer et al., and the present study were 

compared by converting results using the relationships expressed in Equations 8 and 9, 

where decay rate is expressed as % loss/min and time for a 90% loss of infectious virus is 

expressed in minutes.   

 

𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  −ln (10𝑚𝑚𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) 

Equation 7. Calculation of kInfectivity from mInfectivity 

 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝐷𝐷𝑟𝑟𝐷𝐷 = 100 × (1 − 𝐷𝐷−𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) 

Equation 8. Calculation of Decay Rate from kInfectivity value 

 

𝑇𝑇𝑇𝑇𝑇𝑇𝐷𝐷 𝑓𝑓𝑓𝑓𝑟𝑟 90% 𝑇𝑇𝑖𝑖𝑓𝑓𝐷𝐷𝐷𝐷𝑟𝑟𝑇𝑇𝑖𝑖𝑇𝑇𝑟𝑟𝐷𝐷 𝑙𝑙𝑓𝑓𝑙𝑙𝑙𝑙 = ln(10) /𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 

Equation 9. Calculation of Time for 90% Infectivity loss from kInfectivity 

 

kInfectivity values for EBOV/Mak and MARV/Popp from the present study, as well as initial 

and final particle size distribution parameters, were compared with Student’s t-tests 

using GraphPad Prism (v.8.3.1).    Statistical comparisons between results of the present 

and previous studies were not performed, as Fischer et al., Piercy et al., and Smither et 

al. do not include any measure of variability for their decay results. Times for 90% 
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infectivity loss for EBOV/Mak and MARV/Popp in the present study were based on the 

mean kinfectivity value for each data set and therefore a standard deviation is not 

reported; values for all other parameters are reported as the arithmetic mean ± 

standard deviation of the data. 

Results 

Aerosol mass and infectious virus concentrations from representative tests with 

EBOV/Mak and MARV/Popp are shown in Figure 26A and 26B, respectively. Linear 

regression lines were fit to the aerosol mass concentration data with mean R2 and RMSE 

values of 0.98 ± 0.03 and 0.022 ± 0.015, respectively. For regression lines fit to the viral 

aerosol concentration data, the mean R2 and RMSE values were 0.82 ± 0.18 and 0.200 ± 

0.096, respectively. Resulting kinfectivity values are shown in Table 4, along with the results 

of filovirus aerosol decay studies reported by Belanov et al., Piercy et al., Smither et al., 

and Fischer et al. for tests conducted with viral suspensions in either cell culture medium 

or human saliva. Mean kinfectivity values for each virus from the present study were not 

significantly different when compared using a Student’s t-test (P=0.375). Since they were 

not significantly different, data were pooled and a mean kinfectivity value for both viruses of 

0.059 ± 0.035 was calculated using the results of all experiments.   

Across all tests, the average mass median aerodynamic diameters (MMAD) at the initial 

and final sampling time points were 1.53 ± 0.08 µm and 1.40 ± 0.09 µm, respectively. 

The slight difference in the MMAD between the beginning and the end of the tests was 

statistically significant (P<0.0001) and is a result of larger particles in the aerosol size 

distributions settling at faster rates than smaller particles, leading to a small downward 

shift in the distribution’s median. The geometric standard deviation of the size 
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distributions at the initial and final sampling time points were 1.58 ± 0.03 and 1.62 ± 

0.03, respectively. This difference in GSD values, though small, was statistically 

significant (P<0.0001). The temperature and relative humidity across all tests were 21.6 ± 

0.9 °C and 52.7 ± 2.8 % relative humidity.   

 

 

 
 
Figure 26.  Representative infectivity and mass concentration decay data for EBOV/Mak and MARV/Popp.   
Time-series viral aerosol concentrations and aerosol mass concentrations are shown from representative tests 
with EBOV/Mak (A) and MARV/Popp (B) at target conditions of 20 °C and 50% relative humidity. Viral 
aerosol concentrations are shown with white circles and aerosol mass concentrations are shown with black 
circles. There was no significant difference between resulting kinfectivity values for MARV/Popp and EBOV/Mak.   
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Table 4. Aerosol decay data from the present study for MARV/Popp and EBOV/Mak at 20 °C and 50% relative humidity, shown in comparison with filovirus 
aerosol decay data reported in four other studies conducted at similar conditions.  
Mean kInfectivity values for MARV/Popp and EBOV/Mak in the present study were not different by Student’s t-test (P=0.375), and therefore a combined value 
was calculated for both viruses. Values reported in previous studies are indicated by an asterisk; other values in the same row are converted from the reported 
values using the relationships expressed in Equations 1-3 to facilitate comparisons between studies that report decay using different metrics.   
 

Study 
Test Conditions Initial 

Suspension 
Liquid 

Virus Replicates 
(n) kInfectivity (1/min) 

Decay Rate 
(% 

Loss/min) 

Time for 
90% Loss 

(min) 
Temp. 
(°C) 

Relative 
Humidity (%) 

This 
study 21.6 ± 0.9 52.7 ± 2.8 Culture medium 

with 10% FBS 

EBOV/Mak 8 0.0671 ± 0.0408 6.42 ± 3.84 34 
MARV/Popp 8 0.0508 ± 0.0291 4.92 ± 2.75 45 

Combined 16 0.0589 ± 0.0352 5.67 ± 3.32 39 
Fischer  
(2016) 22-23 1 70-80 1 Culture medium 

with 2% FBS 
EBOV/Mak & 
EBOV/May 4 3 per virus *0.0016 2 0.16  1439 

0.0037 0.37 *619 

Piercy  
(2010) 22 ± 3 50-55 Culture medium 

with 2% FBS 

EBOV/E718 3 0.0311 *3.06 74 
MARV/Popp 3 0.0309 *3.04 75 

RESTV 3 0.0156 *1.55 147 
Smither 
(2011) 3,5 22 ± 3 1 50-55 1 Culture medium 

with 2% FBS 
EBOV/E718 5 0.0349 *3.43 66 
MARV/Popp 5 0.0320 *3.15 72 

Belanov 
(1996) 3 

“Room 
temperature” 50-70 Human Saliva MARV/Popp Not reported *0.0500 ± 0.0249 4.88 46 

0.1222 *11.50 19 
1 Both Fischer et al. and Smither et al. report environmental conditions for the beginning of their experiments but do not specify whether those conditions are applicable to 
the remaining duration of the experiments. 
2 Fischer et al. report a “slope of the non-linear regression model,” which is interpreted here as the decay constant associated with a one-phase exponential decay curve.   
3 Both Fischer et al. and Belanov et al. report decay using two different units that are not interchangeable using the relationships expressed in Equations 2 and 3. Therefore, 
both metrics from each study are presented here, along with decay expressed in the other two units (kInfectivity, decay rate, or time for 90% loss, as applicable) as calculated 
using Equations 2 and 3.  
4 While Fisher et al. performed separate tests with both EBOV/Mak and EBOV/May; they report only one set of results for both viruses combined.  
5 Smither et al. compared decay data for EBOV aerosols captured on Zygiella x-notata webs to previously reported data by Piercy et al.  In this table, rows for Smither et 
al. only include the decay data for virus captured on webs, since the Piercy et al. data is already included elsewhere in the table.
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Discussion 

The present study measured the decay of EBOV/Mak and MARV/Popp infectivity in 

small particle aerosols at target conditions of 20 °C and 50% relative humidity. The 

average one-phase decay constant of both viruses was 0.059, equivalent to a decay rate of 

5.72%/min and a time to 90% loss of infectious virus of 39 minutes. These values are 

similar to filovirus aerosol decay values reported previously for EBOV/E718 and 

MARV/Popp in cell culture media and human saliva (Belanov et al. 1996; Smither et al. 

2011; Piercy et al. 2010), but represent a difference in decay rate of approximately one 

order of magnitude relative to the values reported by Fischer et al. (2016) for both 

EBOV/May and EBOV/Mak.  

Piercy et al. (2010) reported decay rates for MARV/Popp, EBOV/E718, and RESTV of 

3.04, 3.06, and 1.55 %/min, respectively. In a study from the same laboratory but using a 

different measurement technique, Smither et al. reported decay rates for MARV/Popp 

and EBOV/E718 of 3.15 and 3.43%/min, respectively. Belanov et al. reported a decay 

constant of 0.05 min-1 and a decay rate of 11.5 %/min for MARV/Popp aerosolized from 

human saliva. These values do not appear to be mathematically consistent with each 

other, as a decay constant of 0.05 is equivalent to a decay rate of 5.1 %/min, but the cause 

of this discrepancy is not clear. Decay rates measured in the present study fall between 

the estimates of Belanov et al. and those of Piercy et al. and Smither et al, and it may be 

that the small differences between the results of these studies are the product of 

methodological differences between institutions rather than true differences in decay 

between isolates. A rotating drum chamber, similar to that described by Goldberg et al. 
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(Goldberg et al. 1958), was used in the present study and those of Piercy et al. and 

Fischer et al. Belanov et al. report using a static aerosol chamber, and Smither et al. aged 

aerosol particles captured on strands of Zygiella x-notata webs. Furthermore, different 

methods were used at each of the institutes involved for quantification of infectious virus 

and estimation of physical particle loss rates. The reason for the larger difference between 

the results of Fisher et al. and the results of Belanov et al., Piercy et al., Smither et al., 

and the present study is not known. However, while none of the previous studies report 

goodness-of-fit statistics for their decay estimates, the aerosol concentrations of 

infectious virus reported by Fischer et al. appear to vary by as much as two Log 

TCID50/L air at some time points. As a result of this variability, the decay values 

calculated by Fischer et al. may have relatively wide confidence intervals associated with 

them, and it is possible that there is consequently no statistical difference between their 

results and those from other studies.    

In the present study, decay rates were determined for EBOV/Mak and MARV/Popp 

aerosolized from cell culture medium and aged at one set of environmental conditions.  

However, previous studies have shown that virus aerosol decay rates can be affected by 

the composition of the particles containing the virus (Benbough 1969; Kormuth et al. 

2018; Zuo et al. 2014). Additionally, environmental conditions have been shown to affect 

aerosol decay rates for a variety of different viruses (Schuit, Ratnesar-Shumate, et al. 

2020; Schuit, Gardner, et al. 2020; Ijaz et al. 1985; Berendt and Dorsey 1971; Harper 

1961; Zhao et al. 2012), but to-date no data on the effect of environmental conditions on 

filovirus aerosol decay rates have been reported. Additional filovirus aerosol decay tests 
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conducted with other suspension matrices and varied environmental conditions are 

needed to develop a thorough understanding of the potential for these viruses to be 

transmitted by the aerosol route, and whether or not that potential would vary in different 

geographic regions and climates.   

Data from the present study suggest that the aerosol decay of EBOV/Mak is similar to 

that of MARV/Popp, confirming the finding of Fischer et al. that the aerosol decay rate of 

EBOV/Mak is consistent with other filoviruses at the conditions tested. However, results 

from the present study provide a measurement of the infectivity decay rate of EBOV/Mak 

that is consistent with all other previously reported filovirus aerosol decay measurements, 

suggesting that this parameter was not a factor contributing to the size of the outbreak 

caused by EBOV/Mak. These data, in conjunction with epidemiological studies, may be 

useful to inform evaluations of the transmission of EBOV/Mak during the 2013-2016 

outbreak, and for hazard assessment of related ebolaviruses in future outbreaks.  
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CHAPTER EIGHT: CONCLUSIONS 

Aerosol transmission is not thought to contribute significantly to the spread of EBOV in 

outbreak settings, but laboratory studies have demonstrated that low doses of the virus 

can cause lethal infections by the inhalational route and that the virus can persist in an 

infectious state for extended durations if it does become aerosolized (Piercy et al. 2010; 

Reed et al. 2011; Smither et al. 2011). The low infectious dose of EBOV means that even 

very low aerosol concentrations of the virus have the potential for catastrophic outcomes. 

Virus-containing aerosols may be unintentionally generated by medical interventions in 

clinical settings (Judson and Munster 2019; Tran et al. 2012), and the potential for EBOV 

to be used as an agent of bioterrorism presents the possibility for an intentional 

aerosolization event (Alibek 2008; Borio et al. 2002; Cenciarelli et al. 2015). However, 

quantifying the risk associated with aerosolized EBOV is complicated by limitations of 

traditional methods for detecting and quantifying low concentrations of infectious virus 

in aerosols. Such methods, exemplified by the AGI aerosol sampler and FANG plaque 

assay, are sufficient for quantifying high-concentration EBOV aerosols, such as those 

used for animal model vaccine challenge studies. However, the limit of detection of these 

methods is not well characterized, and regardless of their sensitivity, there are statistical 

challenges to the accurate quantification of virus concentrations in low-titer samples that 

require either accepting a high degree of uncertainty in assay results or significantly 

reducing study throughput to accommodate assaying a greater volume of a collected 

aerosol sample. In light of these issues, the present study was conducted to identify a 
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pathway for aerosol sampling, liquid sample concentration, and virus assay with 

improved performance relative to traditional methods for quantifying infectious EBOV in 

dilute aerosols. This study was comprised of five sub-parts, which are described in detail 

in chapters 3-7. A brief summary of the main findings of each sub-part are presented 

below:  

1. Refinement of a semi-automated EBOV assay using a reporter cell line:  

A microtitration assay using a Vero-Ebola-reporter cell line was refined and 

compared with a well-characterized plaque assay developed by the FANG. The new 

assay was able to quantify infectious virus with a sensitivity equivalent to the FANG 

plaque assay, but could be implemented in a virus-specific and semi-automated 

manner, leading to higher throughput and reductions in the potential for interpersonal 

variation.  

2. Evaluating laboratory-scale aerosol samplers with EBOV:  

Five low-flow aerosol samplers were assessed for their physical efficiency with small 

particle aerosols and their ability to preserve the infectivity of collected EBOV in low 

and high relative humidity tests. 25 mm gelatin filters were identified as the optimal 

sampler among those tested based on their physical and biological efficiency, ease of 

use, and safety considerations. An experiment comparing the sensitivity of an 

analytical pathway using gelatin filters and the Vero-Ebola-reporter microtitration 

assay with an AGI and FANG Plaque assay for quantifying different concentrations 

of EBOV aerosols demonstrated that the former pathway had a wider dynamic range 

and was approximately 10-fold more sensitive than the latter.     
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3. Evaluating laboratory-scale aerosol samplers with Burkholderia pseudomallei:  

Four low-flow aerosol samplers were assessed for their ability to collect and preserve 

the viability of aerosolized B. pseudomallei when aerosolized from suspensions with 

and without supplemental glycerol. The ability of the different samplers to preserve 

the viability of collected B. pseudomallei was dependent on the composition of the 

aerosolization liquid, with samplers that collected onto dry substrates (gelatin filters 

and a cascade impactor) performing poorly when bacteria were aerosolized from 

suspensions lacking supplemental glycerol. These results differed from the results of 

EBOV testing, in which gelatin filters were among the best samplers for preservation 

of infectivity even with no glycerol present in the aerosolization liquid. This suggests 

that no one aerosol sampling device can be considered optimal for all 

microorganisms, and that sampler selection for a particular study should be based on 

considerations of the characteristics of the organism(s) involved in the study, study 

parameters such as relative humidity and media composition, and empirical sampler 

characterization data. 

4. Evaluating methods to concentrate liquid samples of EBOV/Mak:  

Three commercially available products for concentrating microbiological samples 

were assessed for their utility for concentrating EBOV aerosol samples: Cibacron 

Blue Nanotraps, the Innovaprep CP-Select, and Amicon centrifugal filters. Of these, 

only Amicon filters were able to successfully concentrate EBOV samples in a 

practical manner. Overall, the simplest, cheapest, and most effective method for 

obtaining a more concentrated EBOV aerosol sample proved to be recovery of gelatin 
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filters in smaller than standard volumes. However, this method was only possible 

with the use of the Vero-Ebola-reporter cell line to distinguish the presence of 

infectious virus from cytotoxic effects of concentrated gelatin on cell monolayers.   

5. Quantifying the decay rate of EBOV/Mak infectivity in aerosols:  

The decay rate of EBOV/Mak was assessed in a rotating drum aerosol chamber using 

gelatin filters and the Vero-Ebola-reporter microtitration assay described in Chapter 

4. Decay rates determined in the present study were significantly higher than those 

previously reported for EBOV/Mak (Fischer et al. 2016), but were consistent with 

decay rates previously reported for other filoviruses (Belanov et al. 1996; Piercy et al. 

2010; Smither et al. 2011), suggesting that spread of EBOV/Mak during the 2013-

2016 EVD outbreak was not facilitated by any increase in its aerosol stability relative 

to other filoviruses. 

This study developed an improved analytical pathway for quantifying infectious 

EBOV in dilute aerosols that is safer, quicker, less prone to interpersonal variation, 

and more sensitive by approximately 10-fold than traditional methods. Comparative 

aerosol sampler data were generated with the vegetative bacterium Burkholderia 

psueudomallei, and the improved EBOV quantification pathway was used to measure 

the aerosol infectivity decay rate of EBOV/Mak. The improved EBOV quantification 

pathway identified in this study has utility for several applications, including 

laboratory studies on inhalational virulence and the effects of environmental 

conditions on aerosol persistence, as well as field and clinical studies to determine 

whether EBOV aerosols are present in outbreak settings. These methods have already 
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been implemented in other studies at the National Biodefense Analysis and 

Countermeasures Center, one of which is being conducted to identify the inhalational 

LD50 of EBOV in a nonhuman primate model in partnership with the National 

Institute of Allergy and Infectious Diseases. More broadly, the results of this study 

highlight the utility of using well-characterized procedures in bioaerosol studies and 

basing the selection of a study’s methods on empirical data. This general principle, as 

well as the specific approaches of the present study to methods development, are 

applicable beyond the relatively narrow field of filovirus biodefense research, and 

may be useful for a broad range of bioaerosol studies.   
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