






aerosol using 8 watts of power and a high power VOOPOO EC device that used 20 watts of 

power.  

 

All graphs are plotted as the mean ± standard deviation of three independent experiments. Box-

Cox transformed data were analyzed using a one-way ANOVA followed by Tukey’s test to 

compare means. Black * = significantly different than the control. Color * = significantly different 

than comparison groups. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ****p < 0.0001. N.S. = not 

significant. 
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Figure 3. Benzoic acid in EC aerosol nullified PG/VG or nicotine enhanced infection in the 

EpiAirway™ tissue by decreasing TMPRSS2 activity. 

(A - C) The effect of aerosol exposures on ACE2 levels following exposure at the ALI in the 

Cultex® system (A, B) or Cloud Chamber (A, C). Western blots were horizontally cropped from 

the original blot. 

(D - E) The effect of aerosol exposures on TMPRSS2 activity in the Cultex® system (D) or Cloud 

Chamber (E). Graphs show activity at the 60-minute timepoint.  

(F) The table shows the pH of different treatment solutions and e-liquids before aerosolized 

exposure in the cloud chamber or Cultex® system.  

(G - I) Linear regression analysis comparing: (G) TMPRSS2 activity and pH, (E) infection and 

TMPRSS2 activity, and (F) infection and pH. Pairwise-Pearson correlation was used to test 

correlation and significance for each group.  

Data are plotted as the mean ± standard deviation of three independent experiments. In B, C, D 

and E,.  Box-Cox transformed data were analyzed using a one-way ANOVA followed by Tukey’s 

posthoc test. Black * = significantly differently than the control. Color * = significantly different 

groups. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
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Figure 4:  The effects of nicotine, benzoic acid, and pH on ACE2 levels, TMPRSS2 

activity, and SARS-CoV-2 pseudoparticle infection.  

Summary of the responses of EpiAirway™ tissues to aerosols produced from authentic BLU™ 

“Classic Tobacco”, authentic JUUL™ “Virginia Tobacco”, mixtures (PG/VG plus nicotine, PG/VG 

plus nicotine and benzoic acid), and individual chemicals (PG/VG, nicotine, benzoic acid). All 

EC aerosols increased ACE2 levels in the EpiAirway™ tissue. However, the infectivity of the 

EpiAirway™ tissues by the SARS-CoV-2 pseudoparticles was not directly correlated with ACE2 

levels. The pHs of the e-liquid modulated TMPRSS2 activity which was a critical factor that 

affected the infectivity by the SARS-CoV-2 viral pseudoparticles. E-liquids with nicotine, but not 

benzoic acid, such as BLU™ “Classic Tobacco”, had pHs >6, which elevated TMPRSS2 activity 

and enhanced infection. E-liquids with nicotine and benzoic acid, such as JUUL™ “Virginia 

Tobacco”, had lower pHs ranging from 5.62 – 6, which reduced TMPRSS2 activity and mitigated 

nicotine-enhanced infection.  
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Supplementary Materials and Methods 

HEK 293T ACE2 Cell Culture and Maintenance.  

HEK 293T cells (ATCC, Manassas, VA, USA), and HEK 293T cells, which over expressed 

ACE2 (293TACE2, BEI resource, Manassas, VA, USA; NR-52511) were cultured in DMEM high 

glucose medium supplemented with 10% fetal bovine serum (FBS; ATCC, Manassas, VA, USA). 

At 80-90% confluency, cells were washed and detached as described above. Cells were seeded 

at 3,000 cells/cm2 and incubated in a 37oC, 5% CO2, 95% relative humidity incubator. 

 

EpiAirwayTM Tissue Maintenance.  

EpiAirway™ primary cell tissues cultured at the ALI have beating ciliated cells, mucus 

producing goblet cells, and keratin-5-positive basal cells. Upon arrival, EpiAirwayTM inserts from 

MatTek Corporation (Ashland, MA, USA) were transferred from the agarose shipping plate to a 

12-well culture plate pre-filled with AIR-100-ASY medium in basal-lateral compartments. These 

tissues were acclimated and stored in an incubator with 37oC, 5% CO2, and 95% relative humidity 

for 24 hours prior to any experiments. Basal lateral medium was replaced every day. Prior to 

aerosol exposure, the apical side of the EpiAirwayTM was washed with Dulbecco’s phosphate 

buffered saline with calcium and magnesium (DPBS+; Lonza, Walkersville, MD, USA). 

 

Reagents and Procedure for Compounding Lab-Made EC Refill fluids.  

Refill fluids contained propylene glycol (PG; Thermofisher, Tustin CA, USA) and vegetable 

glycerin (VG; Thermofisher, Tustin CA, USA) made at a 30 PG/70 VG ratio. Liquid (-)- nicotine 

(Sigma-Aldrich, St. Louis, MO, USA) was added to PG/VG to obtain either 6 or 60 mg/mL of 

nicotine. In some refill fluids, benzoic acid was dissolved in heated VG and allowed to cool at 

room temperature; PG was then added to make a 30 PG/70VG ratio containing 40 mg/mL of 

benzoic acid (Sigma-Aldrich, St. Louis, MO, USA), which is similar to the reported concentration 

[1]. To replicate JUUL™ “Virginia Tobacco” refill fluid, the VG with benzoic acid solution was 
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mixed with PG containing 2,3,5 TMP, ethyl maltol, corylone, and ethyl lactate (Sigma-Aldrich, St. 

Louis, MO, USA) to give the following final concentrations: 0.027 mg/mL 2,3,5 TMP, 0.033 mg/mL 

ethyl maltol, 0.036 mg/mL corylone,  0.125 mg/mL ethyl lactate, 40 mg/mL benzoic acid, and 60 

mg/mL nicotine in a 30 PG/70 VG solvent, as reported in previous publications [1,2].  

 

Source of EC Refill fluids, EC Devices, and Pods.  

Blu™ ECs, JUUL™ ECs, Drag S VOOPOO ECs, VOOPOO “PnP” pods and coils, JUUL™ 

“Virginia Tobacco” pods, and blank JUUL™ compatible pods (OVNS JC01 pods with 1.5Ω ohm 

ceramic wick) were purchased online from third party vendors, at a local gas station, and at 

grocery stores. JUUL™ “Virginia Tobacco” refill fluids were extracted from pods by removing the 

cover cap, rubber stopper, and directly collecting the refill fluids.  

 

Aerosol exposures at the ALI in the VITROCELL® cloud chamber  

Monolayers of EpiAirway™ tissues cultured on 12 well Transwell® inserts were placed 

into a VITROCELL® cloud chamber (VITROCELL®, Walkirch, Germany) for an ALI exposure to 

various chemical aerosols that were generated without heating. Prior to exposures, pre-warmed 

culture medium was added into wells in the exposure chamber and allowed to equilibrate to 37 

ºC. Stock nicotine was diluted with PBS- to make exposure solutions with final concentrations 

either 0.3 mg/mL nicotine. Benzoic acid flakes were dissolved in warm water and diluted with 

PBS- to make an exposure solution with a final concentration of 0.2 mg/mL benzoic acid. For 

each exposure, 200 µL of exposure solution were added into a VITROCELL® nebulizer to 

generate a uniform aerosol with a flow rate of 200 µL/min without using heat. Control cells were 

exposed to PBS- aerosols.  

EpiAirway™ tissues were exposed to 5 puffs of PBS-, nicotine (0.3 mg/mL), or benzoic 

acid (0.2 mg/mL) aerosol. The aerosols were allowed to settle onto cells until the chamber 

becomes visually clear, which takes 3 mins. Between puffs, the cloud chamber was allowed to 
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vent for 1 minute. After the exposure, the cells were returned to the incubator to recover for 24 

hrs. 

 

EC aerosol exposure at the ALI in the Cultex® RFS compact exposure system 

A Cultex® RFS compact exposure module (Cultex Laboratories GmbH, Hannover, 

Germany) was used to expose cells or tissue cultures to humified sterile air (clean air control) or 

EC aerosols generated from EC devices. Prior to each exposure, cells or tissues samples were 

placed into the exposure chambers, which contained culture medium and were regulated at a 

temperature at 37 ºC. 

The Cultex® exposure system consisted of a sampling module and an aerosol guiding 

module. The sampling module used a custom designed EC smoking robot (RTI International, NC, 

USA) that draws filtered air in the biosafety cabinet or EC aerosol from the EC device into a 200 

mL syringe. After collecting 55 mL of either filtered air or aerosols, the Cultex® system then 

dispense the sampled air or aerosols into the aerosol guiding module, which mixes either the 

filtered air or EC aerosols with humified zero air (1 L/min). This mixture diluted the aerosol and 

generated a uniform flow before aerosols were directly distributed onto each tissue sample. 

Exposure mixtures were allowed to settle onto cells for 5 second and then vented out the exposure 

chamber at a flow rate of 5 mL/min, generated by a mass flow controller (Boekhorst, Bethlehem, 

PA, USA), and finally dispensed into a waste container.  

Each exposure consisted of 55 mL of filtered air or EC aerosol. Puffs lasted 4 seconds 

and were spaced 30 seconds apart. EpiAirway™ 3D tissues were exposed to 50 puffs of air or 

EC aerosols/day for 3 days.  Between each exposure day, tissues were returned to the incubator 

and after the last exposure, tissues were allowed to recover in the incubator for 24 hrs prior to 

analyses. 
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Immunofluorescence of EpiAirway™ Tissues.  

After EC aerosol exposures and recovery, EpiAirway™ tissues were fixed in 4% 

paraformaldehyde (PFA) at 4°C for 20 hrs, then the apical and basal surfaces were washed with 

DPBS several times. Fixed tissues were stored in cold DPBS solution and shipped to MatTek for 

histology. The samples were returned to us as unstained histology sample slides, which were 

rehydrated through a graded series of ethanol washes, until reaching pure nano water. Antigen 

retrieval was performed using a 10 mM citrate buffer (pH 6.0) in a 95 ºC water bath for 20 mins. 

Permeabilization, blocking, and primary and secondary antibody incubation steps were the same 

as for immunocytochemistry. Samples slides were mounted using Vectashield with DAPI 

(Vectashield, San Francisco, CA, USA) and glass cover slips. Fluorescent cells were imaged with 

a Nikon Eclipse Ti inverted microscope (Nikon Instrument, Melville, NY, USA) using a 60X 

objective, and images were captured using a high-resolution Andor Zyla VSC-04941 camera 

(Andor, Belfast, UK). Antibodies used were anti-ACE2 (1:200; R&D system, Minneapolis, MN, 

USA), anti-TMPRSS2 (1:200; Santa Cruz, Dallas, TX, USA), anti-acetylate α-tubulin conjugated 

to Alexa fluor-594 (1:200; Santa Cruz, Dallas, TX, USA ), anti-MUC5AC conjugated to Alexa fluor-

594 (1:100; Santa Cruz, Dallas, TX, USA ), and anti-keratin 5 (1:200, Biolegend, San Diego, CA, 

USA). Secondary antibodies were Alexa fluor-488 or Alexa fluor-594 (Thermofisher, Tustin CA, 

USA). 

 

Lysate Preparation for Western Blot and Proteolytic Assay.  

After exposure at the ALI, RIPA buffer with or without PMSF protease inhibitor (ChemCruz 

Biochemical, Dallas, TX, USA) was used to lyse cells and tissues.  The lysates prepared for 

Western blot use RIPA buffer with protease inhibitor, while lysates prepared for proteolytic assay 

used RIPA buffer without a protease inhibitor. The cell lysates were vortexed every 10 mins for 

30 mins, pipetted through 23-gauge needles several times, then centrifuged at 3,000 x g for 5 

mins at 4oC. The lysate protein was quantified using the Pierce BCA assay kit (Thermo Scientific, 
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Waltham, MA, USA). Each Western blot used 20 µg of protein, and each proteolytic assay used 

5 µg of protein. 

 

Western Blot.  

Following the lysate preparation step, denaturing buffer (β-mercaptoethanol and Laemeli 

buffer, 1:10) was added to each Western blot lysate at a 1:4 ratio. The buffer/lysate mixtures were 

heated at 95°C for 2 mins, then loaded onto an SDS gel (BioRad, Carlbad, CA, USA) for 

electrophoretic separation of proteins (120V for 1-2 hrs), and then transferred onto a PVDF 

membrane (BioRad; 200mA overnight at 4oC). After transfer, the membrane was cut horizontally, 

either under or above the expected location of the protein of interest based on its molecular weight 

(kDa). Membranes were blocked with 5% milk in TBS-T (TBS with 1%Tween-100) buffer for 2 

hrs. and incubated overnight at 4oC with antibodies against anti-ACE2 (1:400; R&D systems, 

Minneapolis, MN, USA), anti-TMPRSS2 (1:1000; Santa Cruz, Dallas, TX, USA), anti-GADPH 

(1:2000; Cell Signaling Technology, Danvers, MA, USA). Membranes were washed for 30 mins 

in TBS-T, then incubated in an HRP conjugated secondary antibody (1:1000; Santa Cruz, Dallas, 

TX, USA or Cell Signaling Technology, Danvers, MA, USA) for 2 hrs. at room temperature. 

Membranes were developed using BioRad ClarityTM Western ECL Substrate reagent (BioRad, 

Carlbad, CA, USA) in a BioRad ChemiDocTM Imaging Systems (BioRad, Carlbad, CA, USA), 

which determined the optimal exposure time for each protein (exposure times were ACE2 27ms; 

TMPRSS2 24ms; GADPH 4ms). 
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Spike Viral Pseudoparticle Production.  

Pseudoparticle production was performed as outlined in Crawford et al., 2020 [3]. In brief, 

HEK293T cells were plated with antibiotic-free medium at a density of 7 x 106//T75 flask and 

transfected with Lipofectamine3000 (Thermo Fisher Sci, Waltham, MA, USA) using a total of 15 

µg of BEI lentiviral plasmids (BEI resources, Manassas, VA, USA).  

1. NR-52520: pHAGE2-CMV-ZsGreen-W7.5 µg 

2. NR-52517: HDM-Hgpm2, 1.65 µg 

3. NR-52519: pRC-CMV Rev1b, 1.65 µg 

4. NR-52518: HDM-tat1b, 1.65 µg 

5. NR-52314: pHDM-SARS-CoV-2 Spike, 2.55 µg. 

60 µL of Lipofectamine and 20 µL of P3000 reagent was used following the manufacturer's 

protocol. After overnight incubation, fresh medium supplemented with 1% bovine serum albumin 

(BSA; Sigma Aldrich, St. Louis, MO, USA) was added to the cells. Fluorescence microscopy was 

used to visually inspect transfection efficiency and the expression of the ZsGreen. The cell culture 

medium was collected 48 hours after transfection, centrifuged, and the supernatant was filtered 

with a 0.45 µm syringe filter. The filtered supernatant was mixed with 5X Polyethlyene glycol 

(Abcam, Cambridge, UK) and precipitated overnight at 4°C. The lentivirus was collected by 

centrifugation and resuspension of the pellet in Viral Re-suspension Solution (Abcam, Cambridge, 

UK). The virus aliquots were stored at -80°C. Prior to infection experiments, the transduction 

efficiency of each viral batch was determined by infecting 293TACE2 cells and quantifying the 

number of infected cells with flow cytometry.  
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Flow cytometry 

Prior to flow cytometry, fluorescence microscopy was used to validate the expression of 

ZsGreen signal. All samples were pipetted several times to generate single cell suspensions and 

passed through a 35 µm filter of a FalconTM Round-Bottom 5 mL polystyrene test tube (Fisher 

Scientific, Tustin, CA, USA). Forward-Scatter-Height (FSC-H) and Forward-Scatter-Area (FSC-

A) were used to generate a gate to select single cell for each sample. Side-Scatter-Area (SSC-A) 

and FSC-A were used to generate a gate to exclude small debris. Non-fluorescent mock infected 

cells were used to generate a gate to quantify fluorescence signal of infected cells. Final results 

were represented in percent of fluorescent infected cells in each sample.  

 

Measuring pH of lab made, BLU™ and JUUL™ “Virginia Tobacco” e-liquid 

The pH meter (Thermofisher, Tustin, CA, USA) was calibrated with solutions at pH 4, 7, 

and 10 before measuring the pH of each diluted e-liquid sample. Lab made, Blu™ and JUUL™ 

e-liquid were diluted at a 1:10 ratio in ultrapure water, then the pH of the diluted sample was 

measured. For each session of measurement, the pH electrode is fully submerged in the sample. 

Between each sample, the pH electrode was rinsed with ultra-pure water and patted dry before 

measuring new samples. 

 

Correlation plots 

ACE2 concentration, TMPRSS2 activity, and infection data were normalized to their 

respective control groups. The normalized data were then used to calculate correlations between 

each group in Minitab statistic software (Minitab, State College, PA, USA). Pairwise Pearson 

correlation was used to test correlation and significance between each group, and GraphPad 

Prism 7 (GraphPad, San Diego, CA, USA) was used to plot the linear regression graphs. 
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Statistical Analysis  

In all experiments, three independent EpiAirway tissues were used. Statistical analyses of 

all data were done with Minitab Statistics Software (Minitab, State College, PA. USA). If data 

satisfied the assumptions of ANOVA (homogeneity of variances and normal distribution), they 

were analyzed using a one-way ANOVA. If the assumptions were not met, data were subjected 

to a Box-Cox transformation, and retested to verify they satisfied the assumptions of ANOVA. 

When the ANOVA detected significance (p = 0.05), Tukey’s postdoc test was used to compare 

group means. In the TMPRSS2 activity assays, two-way ANOVAs were used to study the effects 

of treatment and time. Means were considered significantly different for p > 0.05. Data were 

plotted using GraphPad Prism 7 software (GraphPad, San Diego, CA, USA) 
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Figure E1 

 

 

Timeline showing experimental design used with EpiAirway™ tissue exposed at the ALI to 
aerosols in a Cultex™ exposure system or cloud chamber, then infected with viral 
pseudoparticles for 24 hours.  
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Figure E2 

 

Benzoic Acid in EC Aerosol Nullified PG/VG or Nicotine Enhanced Infection in the 
EpiAirway™ Tissue by Decreasing TMPRSS2. 

TMPRSS2 activity assays showing effects of EC aerosols on the EpiAirway™ tissues in the 
Cultex® system (E2A) or in the cloud chamber (E2B). Both graphs show activity over 60 
minutes. * indicate when values became significantly different than the control (p ranged from 
0.05 to 0.0001). Data were analyzed using a two-way ANOVA followed by Dunnett’s posthoc 
test to compare means to the exposure control 
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Figure E3 

 

The correlation between e-liquid pH, ACE2, TMPRSS2 activity, and Infection. 

(E3A-E3B) Linear regression analysis comparing: (E3A) ACE2 concentration and pH and (E3B) 
infection and ACE2 concentration (E3C) The correlation table summarizes each relationship of 
e-liquid, ACE2, TMPRSS2, and infection. R2 values show for each interaction. The color 
gradient indicates the strength of each interaction from gray (r2=0 to red (r2=1). (E3D) Graphs 
show TMPRSS2 activity of cell lysates in buffers with different pHs over 60 minutes.  
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