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Abstract

Aerosol droplets or particles produced from infected respiratory secretions have the potential to 

infect another host through inhalation. These respiratory particles can be polydisperse and range 

from 0.05–500 μm in diameter. Animal models of infection are generally established to facilitate 

the potential licensure of candidate prophylactics and/or therapeutics. Consequently, aerosol-based 

animal infection models are needed to properly study and counter airborne infections. Ideally, 

experimental aerosol exposure should reliably result in animal disease that faithfully reproduces 

the modelled human disease. Few studies have been performed to explore the relationship between 

exposure particle size and induced disease course for infectious aerosol particles. The center flow 

tangential aerosol generator (CenTAG™) produces large-particle aerosols capable of safely 

delivering a variety of infectious aerosols to nonhuman primates within a Class III Biological 

Safety Cabinet (BSC) for establishment or refinement of nonhuman primate infectious disease 

models. Here we report the adaptation of this technology to the Animal Biosafety Level 4 

(ABSL-4) environment for the future study of high-consequence viral pathogens and the 

characterization of CenTAG™-created sham (no animal, no virus) aerosols using a variety of viral 

growth media and media supplements.
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Introduction

Aerosol droplets of saliva and other respiratory secretions ranging from 0.05–500 μm in 

diameter can be generated from coughing, sneezing, talking, and exhalation. These droplets, 

or particles, are polydisperse and can carry microorganisms and/or virions (Gralton et al., 

2011, Fennelly et al., 2004). Aerosol infection may occur by inhalation of such particles 

containing pathogens. Naturally occurring aerosol particles containing pathogens are studied 

for prophylactic and therapeutic development. Additionally, aerosol particles containing 

pathogens can be created deliberately, for instance by rogue or bioterrorist organizations in 

attempts to destabilize governments and their associated economies (Leffel and Reed, 2004, 

Egan et al., 2011, Huang et al., 2007). When clinical trials of therapeutic agents against 

infections from hazardous pathogens are not ethical or feasible, well-characterized 

inhalational animal disease models are frequently required to develop medical 

countermeasures in lieu of human efficacy data (Food and Drug Administration, 2014b, 

Food and Drug Administration, 2014a). Similar to conventional exposure (e.g., parenteral) to 

an infectious agent in an animal model of human disease, experimental aerosol exposure 

should reliably result in animal disease that faithfully reproduces the human condition 

(Aebersold, 2012, Food and Drug Administration, 2014b). Nonhuman primate (NHP) 

models are commonly the animal model of choice for studying the infectivity of inhaled 

infectious agents because 1) NHPs are more closely genetically related to humans than to 

laboratory animals of other species and 2) aerosol particles deposit within their respiratory 

tract in a comparable manner (Cheng et al., 2008, Raabe et al., 1988).

Few investigators have examined the cause-and-effect relationship of bioaerosol particle size 

and infectivity in NHPs while studying deposition patterns of specific size ranges, from 1 to 

20 μm. To our knowledge, very minimal work, if any, has been done investigating that 

relationship using viral aerosol particles and comparing deposition patterns. Several studies 

of aerosolized particles containing Bacillus anthracis spores or Francisella tularensis 
demonstrated that the infectivity and associated lethality of inhaled aerosol particles is a 

function of particle size: the 50% lethal dose (LD50) increased with particle size (1–24 μm in 

diameter) (Druett et al., 1953, Day and Berendt, 1972). While some pathogenic small 

particle aerosols may cause more lethal disease in many studies, the disease course may not 

accurately reflect what is documented in humans. However, some pathogenic large-particle 

aerosols may be more infectious due targeting of the nervous system, as observed with 

Venezuelan equine encephalitis virus (Thomas, 2013).

Most investigators studying NHP aerosol exposure models use small, monodisperse 

pathogen-containing particles ranging from 1–3 μm in diameter (May, 1973, Reed et al., 

2011, Barnewall et al., 2012, Reed et al., 2005, Alves et al., 2010, Hartman et al., 2014, 

Nalca et al., 2010, Lee et al., 2013, Zumbrun et al., 2012, Yeager et al., 2012) to study 

disease progression. In general, small aerosol particles (<3 μm in diameter) penetrate to the 
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alveoli of the lungs and may promote more severe disease than large particles (7–10 μm in 

diameter) that deposit within the nasopharyngeal region, (e.g., nose, mouth, pharynx, and 

larynx). Therefore, animal models that employ small-particle aerosol exposure may not 

accurately recapitulate human upper respiratory-tract disease. Large-particle aerosol 

inoculation may provide an alternative method to develop improved animal models of 

human disease. In addition, mucociliary clearance can be studied with large-particle aerosols 

to determine and the impact on disease transmission by respiratory secretions. For reference, 

particles intermediate in size (3–6 μm in diameter) deposit within the tracheobronchial 

region (Cheng et al., 2008).

Through an understanding of regional deposition patterns and subsequent disease course 

within the NHP respiratory tract, the researcher controls the primary site of infection and 

picks the appropriate pathogen-exposure dose to study aerosol infectivity and morbidity/

lethality (Hinds, 1999).

In experimental settings, aerosols are typically produced mechanically, using atomizers and 

nebulizers to generate the aerosol particles containing the pathogen. While the Collison 

nebulizer is a well-established small-particle aerosol generator (May, 1973), spinning-top 

aerosol generators are widely used to create larger particle aerosols (6–15 μm in diameter) 

(Roy et al., 2003, May, 1973, Davies and Cheah, 1984). Generally, these latter aerosol 

generators have a spinning top that is supported and driven by a compressed air source. The 

compressed air suspends the top and keeps it spinning indefinitely at a constant speed set by 

the researcher. A liquid feed needle mounted above the spinning top delivers inoculum or 

media onto the center of the top at a controlled rate. Once the liquid contacts the spinning 

top, the liquid spreads out to the periphery of the top and forms ligaments. These ligaments 

stretch until the surface tension is too great, resulting in the production of aerosol particles 

(BGI., 2005).

Unfortunately, the instability and difficultly with balancing the top at a specific height or 

speed raises significant safety concerns. Especially problematic is the possibility that the 

spinning top generator is jolted or manipulated while aerosolizing an infectious agent. The 

top could disengage, causing physical damage to the generator, the surroundings, or the 

researcher while possibly spreading pathogens. Additionally, the uneven spinning of the top 

would disrupt the principles of operation and cause the produced aerosol particles to become 

polydisperse. Spinning top generators are also not trivial to use inside of Class III Biosafety 

Cabinet (Class III BSC) in which dexterity is limited and biosafety is paramount. However, 

aerosol research is mandated to occur in a biosafety cabinet, preferably a Class III BSC, 

during the study of high-consequence Risk Group 3–4 Pathogens and/or Select Agents 

(Centers for Disease Control and Prevention and National Institutes of Health, 2009). To 

overcome these shortcomings and improve ease of use, shock-proof mounting was 

introduced, and generators were modified or adapted to fit into a biosafety cabinets (Young 

et al., 1974, Melton et al., 1991, Mitchell and Stone, 1982, Gussman, 1981, Ellison, 1967, 

May, 1966).

The Centered flow Tangential Aerosol Generator (CenTAG™) is a type of spinning top 

large-particle aerosol generator specifically designed for biocontainment research using 
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Class III BSCs (CH Technologies USA, 2013). It is based on a principle described in 1949 

(Walton and Prewett, 1949) (Figure. 1). The spinning top is not suspended in air at variable 

levels as in other spinning top generators, but, rather, it is locked into place by a motor shaft. 

This fixed rotor positions the liquid inlet precisely and predictably above the spinning top. 

Shock-proof mountings or additional modifications are not necessary to stabilize the aerosol 

generator. The spinning top rotor speed is controlled electronically via a control panel. A 

syringe pump, which controls the liquid feed rate of the generator, delivers the liquid onto 

the center of the rapidly rotating spinning top through a small nozzle, which produces an 

aerosol by tangential shear force. Increasing liquid flow beyond optimal rates determined by 

the manufacturer will lead to the formation of a roughly annular sheet of liquid, which will 

break up into aerosol droplets ranging in size. The researcher monitors the spinning top 

through evenly spaced polycarbonate observation ports around the CenTAG™ plenum to 

correct liquid feed rates.

At optimal flow rates, transient liquid ligaments radiate from the edge of the top. Once a 

liquid ligament has grown to a critical length, nearly monodisperse main aerosol droplets 

separate from it. Surface tension causes the remainder of the liquid ligament to detach and 

break into polydisperse satellite aerosol droplets, which are much smaller than the primary 

aerosol droplets. The aerosol particles produced range from 5–12 μm in diameter and are 

somewhat polydisperse, having a particle distribution of smaller satellite aerosol particles 

simultaneously produced (Figure 2). The larger aerosol particles are separated from the 

satellite smaller aerosol particles by means of a siphon vacuum constructed around the 

central top, thus pulling the smaller aerosol particles away from the inlet aerosol chamber. 

Compared to earlier aerosol generators, the CenTAG™ provides improved operation and 

maintenance, ease of use within biocontainment, and controls aerosol concentrations in real 

time. In addition, viability of an infectious agent may improve during this aerosol generation 

process due to the diluent used, which increases particle size and reduces desiccation.

Here we describe how to successfully generate and deliver large-particle aerosols using 

CenTAG™ technology. Implementation of this new generator can be used for defining and 

further developing animal models to better recapitulate human disease for known and 

emerging pathogens.

Materials and Methods

Experiments were designed to generate large-aerosol particles from Dulbecco’s Modified 

Eagle Medium (DMEM) (Lonza, Walkersville, MD), Eagle’s Minimum Essential Medium 

(EMEM) (Lonza), Roswell Park Memorial Institute medium (RPMI) (Lonza,), and 

phosphate-buffered saline (PBS), (Life Technologies, Grand Island, NY). These liquids were 

selected as test suspensions because they are commonly used in the laboratory for virion 

stock production in standard tissue culture (media) or for final virion stock resuspension 

(PBS) (Earley and Johnson, 1988). Fetal bovine serum (FBS) was added to the liquid media 

at various concentrations because it is often used to supplement virus growth media and 

virions produced by certain viruses require protein for stability maintenance during 

aerosolization (Barnewall et al., 2012, Reed et al., 2005). Glycerol (Sigma-Aldrich, St. 

Louis, MO) was added to the media to change viscosity and to facilitate generation of larger 
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aerosol particles (Roy et al., 2003). For particle-size and particle-distribution testing 

purposes, virions were not added to any of the liquid media. Previous experiments indicated 

that adding virions to the media did not affect particle size or distribution (Bohannon and 

Lackemeyer, unpublished data). Variable spinning-top speeds, glycerol concentrations, and 

FBS concentrations were the experimental test parameters chosen for comparison with the 

four media.

For our experiments, the CenTAG™ was plumbed directly to the delivery line of a NHP 

head-only aerosol exposure chamber (Figure 3). An aerosol management platform (AeroMP, 

Biaera Technologies, USA) was used to conduct the tests within a Class III BSC. The 

resulting aerosol-particle sizes were measured with an aerodynamic particle sizer (APS, 

model 3321; TSI Inc., Shoreview, MN) spectrometer that provides high-resolution, real-time 

aerodynamic measurements of particles ranging from 0.5 to 20 μm in diameter. APS aerosol 

particles generated were collected, sized, and counted by the APS, and sizes were 

represented as mass median aerodynamic diameter (MMAD) with a geometric standard 

deviation (GSD). Using APS software, we analyzed particle mass, particle distribution, and 

particle concentration. The APS was attached by a sample line and oriented away from the 

head-only exposure chamber for visual purposes only. During aerosol acquisition, the APS 

was plumbed directly to the head-only chamber and near the breathing zone of the animal. A 

longer sample line could have created sharp turns or bends that would have caused the larger 

aerosol particles to impact the sample line and provide false readings.

Results

By exploring variables, such as the spinning top (disk) speed, glycerol concentration, and 

FBS concentration (solely or in combination) with four media, we generated a range of 

large-aerosol-particle sizes and distributions with CenTAG. APS recorded GSDs of ≤1.5 for 

all the particle size ranges tested. The CenTAG™ siphon vacuum eliminated the majority of 

the smaller satellite aerosol particles; however, some satellite aerosol particles escaped the 

siphon vacuum and entered the head-only exposure chamber. For each test parameter, we 

recorded in triplicate the three parameters (MMAD, GSD, particle count) using APS, and 

documented mean values for each data point. Particles sampled by the APS were taken over 

5 minutes to ensure that the steady-state size of the aerosol was consistent and well 

characterized. A representative APS particle mass-weighted diameter distribution (Figure 2) 

was obtained using DMEM in 5% glycerol with a top (disk) rotor speed of 11 100 rpm. The 

resulting MMAD and GSD was 7.64 μm and 1.33, respectively.

The APS measurements revealed a relationship between created particle sizes using the four 

different test liquid media (DMEM, EMEM, RPMI, PBS), the addition of FBS, and the 

addition of glycerol (percent concentrations), and the spinning top (disk) speed. We verified 

that increasing the maximum rotor speed led to smaller aerosol particles sizes, increased 

aerosol particle counts, and increased GSD. The addition of glycerol to the four test media 

increased the surface tension and enabled formation of larger aerosol particles as indicated 

by MMAD for all tests performed. With increases in glycerol concentrations, a wider 

particle distribution was noted as indicated by increased GSD. However, at the same rotor 

speed, the GSD following the addition of glycerol was similar to that observed with liquid 
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media without glycerol. The results of MMAD, GSD, and aerosol particle counts for each 

liquid test medium, spinning top speed, and percentage of glycerol are presented in Tables 

1–4.

The addition of FBS to the four test media decreased aerosol particle size compared to the 

standard media without FBS (data not shown). Consequently, FBS was not further pursued 

throughout the remainder of the experiments, and results of FBS addition to test media were 

omitted from this manuscript.

Discussion

We reported the CenTAG™ aerosol output characteristics for a range of targeted particle 

sizes and verified that all of the samples acquired and reported during our experimentation 

had an Event 2 value greater than 95%. During a gate window involving two signals, an 

Event 2 is a particle event in which the particle crosses above the detection threshold at the 

beginning of the first signal and at the end of the second signal. Any particles sampled by 

the APS that fall within an Event 2 bin are considered valid and not subject to coincidence or 

error (TSI., 2002). A target GSD of ≤1.2 was not successfully achieved during the 

CenTAG™ testing. Many culture media, such as DMEM, contain varieties of salts. We 

hypothesize that these media salts make it difficult to achieve a monodisperse aerosol during 

the generation of larger particles, due to the salts forming smaller satellite particles. To 

produce the desired GSD of ≤1.2, a virtual impactor could potentially be integrated into the 

exposure system to eliminate some on the smaller satellite particles (Marple and Chien, 

1980). Virtual impactors separate particles by size into two airstreams. They are similar to 

conventional impactors, but the impaction surface is replaced with a virtual space of stagnant 

or slow moving air (Liebhaber et al., 1991). Large-aerosol particles continue downstream 

into the exposure chamber while small aerosol particles are diverted onto a collection 

surface. However, a GSD of ≤1.5 may be adequate for NHP aerosol research, provided that 

the large particles deposit in the upper respiratory regions of a NHP. Therefore, future NHP 

experiments will be performed to characterize the deposition pattern of CenTAG™-created 

aerosols. The use of several aerosol exposure modes (i.e., exposure to small and large-

aerosol particles targeting lower and upper respiratory tract, respectively) could perhaps 

cover a wider spectrum of disease seen in humans and eventually allow the establishment of 

improved animal models for pathogenesis studies.

Conclusion

We have established a large-particle aerosol NHP exposure system based on CenTAG™ that 

is easily used within a Class III BSC where dexterity and space are limited. The CenTAG™ 

can be easily assembled and disassembled from within a Class III BSC for quick insertion 

and removal. By increasing the top (disk) rotor speed, smaller aerosol particles can be 

produced, while decreasing the rotor speed and increasing glycerol concentration in media 

facilitate formation of larger aerosol particles. The selection of particle size will depend on 

the target respiratory region for the infectious agent under investigation, and the CenTAG™ 

would be configured accordingly. Future large particle aerosol studies will be used to refine 

NHP infectious disease models and strive to establish infections that mimic human disease.
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Figure 1. 
Principles of operation of the center flow tangential aerosol generator. To create aerosol 

particles, liquid (pink arrow) is delivered onto the center of the rotating top through an inlet. 

A stream of dilution air (blue arrows), contained by a conical upper air shroud, is fed around 

the liquid feed nozzle to direct airflow around the upper edge of the spinning top (≤80,000 

rpm). An adjustable height fence (with openings) surrounds the top and continues about 1–

1.5 mm below the top. A siphon vacuum (green arrows) pulls the air stream through the 

fence at various fractions of the inlet flow rate. This airflow is optimized to entrain and 

remove the smaller satellite particles while permitting the larger particles to continue into the 

aerosol chamber. Two observation ports are within the plenum and fitted with polycarbonate 

inserts. rpm = revolutions per minute.
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Figure 2. 
Mass-weighted particle diameter distribution of generated particles calculated with APS 

software. Experimental parameters: DMEM in 5% glycerol with a top (disk) rotor speed of 

11 100 rpm. DMEM = Dulbecco’s Modified Eagle Medium; rpm = revolutions per minute.
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Figure 3. 
The aerosol management platform. Labeled components are defined as follows: A. Biaera 

system - Controls, monitors, and records relative humidity and chamber pressure. Flow 

controllers and sensors monitor temperature, input airflow, and exhaust airflow in real time. 

B. AeroMP dedicated air supply and exhaust - Filters incoming BSC Class III air supply 

once, and expelled vacuum exhaust twice at laboratory HEPA deck mezzanine. C. Ethernet 

& power - Connects to sealed Ethernet port and electrical socket in BSC III. All AeroMP 

system functions are managed with dedicated AeroMP control software running on a 

personal computer in the laboratory. D. Temperature & humidity sensor - Monitors and 

displays the temperature and relative humidity within the exposure chamber. E. Pressure 

sensor - Monitors the pressure of the exposure chamber. The chamber pressure can be 

positive (outward) or negative (inward) depending on parameters determined by the 

researcher. F. Exhaust - Draws the particles through the exposure chamber using a HEPA 

filtered vacuum source, maintaining a balanced and dynamic flow rate. G. Sampler - 

Collects generated particles to determine the viral titer during the exposure. Utilizes a 

HEPA-filtered vacuum source to sample particles during the exposure. H. Dilution air - 

Additional air dilutes air from generator to ensure uniform distribution of air within the 

chamber. The overall flow rate is determined by the volume of the exposure chamber. I. 

Generator - Provides airflow to the CenTAG™. J. CenTAG™ - Generates large-aerosol 

particles containing virus from liquid media that is delivered during aerosol exposure. K. 

HEPA filter - Traps and contains expelled particulates from the exposure chamber’s exhaust 

ports. L. Head-only exposure chamber - Supports NHP head and contains generated particles 

within a 16-L chamber. M. NHP ramp - Supports NHP body in supine position throughout 

aerosol exposure. N. Aerodynamic particle sizer - Provides high-resolution, real-time 

aerodynamic measurements of particles from 0.5 to 20 μm, which allows the researcher to 

determine deposition within the respiratory tract. AeroMP = aerosol management platform; 
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BSC = biosafety cabinet; CenTAG = center flow tangential aerosol generator; HEPA = high 

efficiency particulate air; NHP = nonhuman primate.
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Table 1

Effect of changes in DMEM media composition and rotor speed on particle size and counts.

Rotor Speed (rpm)a Media (v v-1) MMAD (μm) GSD Particle Counts (No. [cm3]-1)

6960 DMEM 6.83 1.30 7.53E+04

11 100 DMEM 6.46 1.34 2.30E+05

15 200 DMEM 6.03 1.38 3.77E+05

23 450 DMEM 5.67 1.42 5.77E+05

31 780 DMEM 5.69 1.44 6.80E+05

6960 DMEM + 5% Glycerol 8.30 1.31 7.07E+04

11100 DMEM + 5% Glycerol 7.64 1.33 2.23E+05

15 200 DMEM + 5% Glycerol 7.19 1.36 3.93E+05

23 450 DMEM + 5% Glycerol 7.00 1.40 6.20E+05

31 780 DMEM + 5% Glycerol 6.98 1.41 5.33E+05

6960 DMEM + 10% Glycerol 9.60 1.35 6.83E+04

11 100 DMEM + 10% Glycerol 8.33 1.33 2.20E+05

15 200 DMEM + 10% Glycerol 7.97 1.36 3.93E+05

23 450 DMEM + 10% Glycerol 7.77 1.39 6.20E+05

31 780 DMEM + 10% Glycerol 7.72 1.40 7.40E+05

6960 DMEM + 20% Glycerol 10.97 1.39 7.13E+04

11 100 DMEM + 20% Glycerol 9.10 1.34 1.87E+05

15 200 DMEM + 20% Glycerol 8.82 1.35 3.43E+05

23 450 DMEM + 20% Glycerol 8.37 1.36 4.70E+05

31 780 DMEM + 20% Glycerol 8.21 1.37 4.87E+05

a
Rotating speed of the top shaft is expressed in rpm rather than g, as the liquid is accelerating at different speeds across the surface of the top.
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Table 2

Effect of changes in EMEM media composition and rotor speed on particle size and counts.

Rotor Speed (rpm)a Media (v v-1) MMAD (μm) GSD Particle Counts (No. [cm3]-1)

6960 EMEM 6.38 1.33 1.03E+05

11 100 EMEM 5.49 1.39 3.40E+05

15 200 EMEM 5.14 1.44 5.07E+05

23 450 EMEM 4.83 1.49 7.27E+05

31 780 EMEM 4.77 1.51 8.13E+05

6960 EMEM + 5% Glycerol 8.35 1.34 6.97E+04

11 100 EMEM + 5% Glycerol 7.66 1.34 2.03E+05

15 200 EMEM + 5% Glycerol 7.42 1.37 3.40E+05

23 450 EMEM + 5% Glycerol 7.23 1.39 5.17E+05

31 780 EMEM + 5% Glycerol 7.18 1.40 6.27E+05

6960 EMEM + 10% Glycerol 9.78 1.35 5.17E+04

11 100 EMEM + 10% Glycerol 8.64 1.38 1.93E+05

15 200 EMEM + 10% Glycerol 8.25 1.38 3.67E+05

23 450 EMEM + 10% Glycerol 8.03 1.40 5.40E+05

31 780 EMEM + 10% Glycerol 7.90 1.41 6.70E+05

6960 EMEM + 20% Glycerol 11.53 1.38 6.70E+04

11 100 EMEM + 20% Glycerol 9.70 1.38 2.03E+05

15 200 EMEM + 20% Glycerol 9.07 1.40 3.80E+05

23 450 EMEM + 20% Glycerol 8.61 1.42 5.97E+05

31 780 EMEM + 20% Glycerol 8.55 1.43 6.63E+05

a
Rotating speed of the top shaft is expressed in rpm rather than g, as the liquid is accelerating at different speeds across the surface of the top.
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Table 3

Effect of changes in RPMI media composition and rotor speed on particle size and counts.

Rotor Speed (rpm)a Media (v v-1) MMAD (um) GSD Particle Counts (No. [cm3]-1)

6960 RPMI 6.35 1.31 6.97E+04

11 100 RPMI 5.91 1.36 2.67E+05

15 200 RPMI 5.60 1.40 3.67E+05

23 450 RPMI 5.32 1.44 4.97E+05

31 780 RPMI 5.24 1.45 5.87E+05

6960 RPMI + 5% Glycerol 8.31 1.35 6.00E+04

11 100 RPMI + 5% Glycerol 7.25 1.37 2.27E+05

15 200 RPMI + 5% Glycerol 7.13 1.38 3.73E+05

23 450 RPMI + 5% Glycerol 7.00 1.41 5.57E+05

31 780 RPMI + 5% Glycerol 6.84 1.43 6.80E+05

6960 RPMI + 10% Glycerol 9.73 1.37 6.17E+04

11 100 RPMI + 10% Glycerol 8.27 1.37 2.10E+05

15 200 RPMI + 10% Glycerol 7.91 1.40 3.70E+05

23 450 RPMI + 10% Glycerol 7.70 1.41 5.57E+05

31 780 RPMI + 10% Glycerol 7.63 1.43 6.77E+05

6960 RPMI + 20% Glycerol 11.30 1.37 7.40E+04

11 100 RPMI + 20% Glycerol 10.30 1.36 1.93E+05

15 200 RPMI + 20% Glycerol 9.61 1.38 3.53E+05

23 450 RPMI + 20% Glycerol 9.26 1.40 4.37E+05

31 780 RPMI + 20% Glycerol 9.02 1.41 5.70E+05

a
Rotating speed of the top shaft is expressed in rpm rather than g, as the liquid is accelerating at different speeds across the surface of the top.
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Table 4

Effect of changes in PBS media composition and rotor speed on particle size and counts.

Rotor Speed (rpm)a Media (v v-1) MMAD (um) GSD Particle Counts (No. [cm3]-1)

6960 PBS 6.77 1.32 9.77E+04

11 100 PBS 5.79 1.37 2.70E+05

15 200 PBS 5.38 1.40 4.23E+05

23 450 PBS 5.17 1.45 6.03E+05

31 780 PBS 5.03 1.46 6.90E+05

6960 PBS + 5% Glycerol 8.47 1.35 7.43E+04

11 100 PBS + 5% Glycerol 7.56 1.35 2.27E+05

15 200 PBS + 5% Glycerol 7.42 1.36 3.63E+05

23 450 PBS + 5% Glycerol 7.26 1.38 5.80E+05

31 780 PBS + 5% Glycerol 7.25 1.39 6.73E+05

6960 PBS + 10% Glycerol 9.12 1.34 7.30E+04

11 100 PBS + 10% Glycerol 8.31 1.33 2.10E+05

15 200 PBS + 10% Glycerol 8.10 1.35 3.62E+05

23 450 PBS + 10% Glycerol 7.87 1.38 5.37E+05

31 780 PBS + 10% Glycerol 7.71 1.39 6.70E+05

6960 PBS + 20% Glycerol 11.80 1.38 5.97E+04

11 100 PBS + 20% Glycerol 9.28 1.37 1.83E+05

15 200 PBS + 20% Glycerol 8.82 1.37 3.47E+05

23 450 PBS + 20% Glycerol 8.62 1.38 5.27E+05

31 780 PBS + 20% Glycerol 8.52 1.40 6.63E+05

a
Rotating speed of the top shaft is expressed in rpm rather than g, as the liquid is accelerating at different speeds across the surface of the top.

Inhal Toxicol. Author manuscript; available in PMC 2016 August 15.


	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4

