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Introduction

Due to the global COVID-19 pandemic, there has been an 
increased interest in studying the aerodynamic properties of 
aerosols and droplets. There is uncertainty whether aerosols 
may harbor enough viable SARS-CoV-2 virus to cause infec-
tion; a comprehensive understanding of aerosol and droplet 
behavior and mitigation strategies are needed in order to 
effectively limit infectious spread.1 Otolaryngologists, in par-
ticular, are at high-risk of nosocomial SARS-CoV-2 infec-
tions due to the numerous aerosol and droplet generating 
procedures involving manipulation of potentially high viral 
load tissue. Distinctly characterizing aerosols and droplets 

based on aerodynamic diameter is critical to assessing risk of 
contamination due to the varying routes of transmission and 
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Abstract
Objective: During the COVID-19 era, a reliable method for tracing aerosols and droplets generated during otolaryngology 
procedures is needed to accurately assess contamination risk and to develop mitigation measures. Prior studies have 
not investigated the reliability of different fluorescent tracers for the purpose of studying aerosols and small droplets. 
Objectives include (1) comparing vitamin B2, fluorescein, and a commercial fluorescent green dye in terms of particle 
dispersion pattern, suspension into aerosols and small droplets, and fluorescence in aerosolized form and (2) determining 
the utility of vitamin B2 as a fluorescent tracer coating the aerodigestive tract mucosa in otolaryngology contamination 
models.
Methods: Vitamin B2, fluorescein, and a commercial fluorescent dye were aerosolized using a nebulizer and passed 
through the nasal cavity from the trachea in a retrograde-intubated cadaveric head. In another scenario, vitamin B2 was 
irrigated to coat the nasal cavity and nasopharyngeal mucosa of a cadaveric head for assessment of aerosol and droplet 
generation from endonasal drilling. A cascade impactor was used to collect aerosols and small droplets ≤14.1 µm based 
on average aerodynamic diameter, and the collection chambers were visualized under UV light.
Results: When vitamin B2 was nebulized, aerosols ≤5.4 µm were generated and the collected particles were fluorescent. 
When fluorescein and the commercial water tracer dye were nebulized, aerosols ≤8.61 µm and ≤2.08 µm respectively 
were generated, but the collected aerosols did not appear visibly fluorescent. Endonasal drilling in the nasopharynx coated 
with vitamin B2 irrigation yielded aerosols ≤3.30 µm that were fluorescent under UV light.
Conclusion: Vitamin B2’s reliability as a fluorescent tracer when suspended in aerosols and small droplets ≤14.1 µm and 
known mucosal safety profile make it an ideal compound compared to fluorescein and commercial water-based fluorescent 
dyes for use as a safe fluorescent tracer in healthcare contamination models especially with human subjects.
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infectious potential of viruses suspended in different sized 
particles. In this study, aerosols are defined as particles with 
an aerodynamic diameter ≤10 µm whereas droplets are char-
acterized as those with diameters >10 µm. This is in accor-
dance with differences in particle dispersion and deposition 
into upper and lower airways.2 Multiple fluorescent tracers 
such as Glo Germ (Glo Germ Company, Moab, Utah) and 
fluorescein have been used in healthcare contamination 
models.3,4 For risk assessment of otolaryngology procedures, 
fluorescein has been the primary tracer utilized.5-7 However, 
these tracers are limited due to their potential toxicity in 
humans and unknown capacity to fluoresce in an aerosolized 
form. Riboflavin, vitamin B2, is a water-soluble vitamin that 
exhibits fluorescence under UV light due to the π conjugation 
and resonance present in its chemical structure.8 Riboflavin’s 
fluorescent properties have allowed for its use as a tracer in 
many different applications. In this study, we evaluate the util-
ity of riboflavin, vitamin B2, as a fluorescent aerosol tracer, 
compare its properties to conventional fluorescent tracers, and 
explore its potential applications in human studies.

Materials and Methods

This study was conducted with approval from the University 
of Pittsburgh Committee for Oversight of Research and 
Clinical Training Involving Decedents (CORID #1054). 
Vitamin B2 1 g/L in 0.9% normal saline, fluorescein 1 g/L in 
0.9% normal saline, and a stock solution of a commercially 
available green fluorescent water tracing dye (Factor Direct 
Chemicals, Copiague, New York) were used as reagents. 
Aerosols of these solutions were generated using an 
AeroEclipse II Breath Actuated Nebulizer (BAN) (Trudell 
Medical International, London, ON). The BAN system was 
used to create aerosol particles with an average mass median 
aerodynamic diameter (MMAD) of 2.8 µm.9,10 The trachea 
of an adult cadaver head was intubated retrograde with an 
8.0 ETT with the distal tip projecting into the nasopharynx 
and confirmed with an endoscope. The BAN nebulizer was 
attached to the proximal end of the ETT and generated aero-
sols that traveled through the ETT and exited through the 
nares (Figure 1B). Aerosol plumes could be visualized under 

Figure 1. Setup of trials.
(A) Impactor setup with vacuum generator (white arrow) and flow meter (black arrow). (B) Breath Actuated Nebulizer system attached to 
retrograded 8.0 ETT in cadaver trachea. (C) Positioning of cadaveric nares adjacent to impactor inlet nozzle. Aerosols plumes can be visualized exiting 
nares under UV light and entering impactor inlet nozzle. (D) Setup of endonasal drilling trial with vitamin B2 irrigation.
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room light and were accentuated under UV blacklight when 
fluorescent solutions were used (Supplemental Video).

A Model 170 Next Generation Impactor™ (NGI™) was 
used to collect particles into 8 stages with the following 
aerodynamic diameters (D50, cutoff diameter at 50% col-
lection efficiency): 14.1 µm, 8.61 µm, 5.39 µm, 3.30 µm, 
2.08 µm, 1.36 µm, 0.98 µm, and less than 0.98 µm.11,12 Each 
impactor stage reflects an average particle aerodynamic 
diameter given an input flow rate of 15 L/min (Figure 1A). 
This size range characterizes aerosols that are likely to 
reach the infraglottic airway (<10 µm) and settle into lung 
alveoli (<5 µm).2 Each stage has a corresponding capture 
chamber that was lined with a removable piece of alumi-
num foil. The collected particulate matter on each foil was 
visualized under UV light following each trial. The nares 
of the cadaveric head were placed directly adjacent to the 
NGI™ input nozzle (Figure 1C). Each trial lasted 2 min-
utes and included using the following solutions via the 
BAN system to generate aerosols: 0.9% normal saline, 
1 g/L riboflavin (vitamin B2), 1 g/L fluorescein and a stock 
solution of a green fluorescent water tracer (Factor Direct 
Chemicals, Copiague, New York). We also performed a 
trial of endonasal drilling in a cadaveric head with a coarse 
diamond burr (Stryker©, Kalamazoo, MI) using 1 g/L 

vitamin B2 solution for irrigation; in this scenario, vitamin 
B2 irrigation was used to coat the nasal cavity and naso-
pharyngeal mucosa prior to drilling and intermittently 
while drilling occurred (Figure 1D). A UV flashlight was 
used to visualize the filtrate at each stage in a dark room. 
The impactor was used to determine the aerodynamic size 
distribution of the aerosol and small droplet particles gen-
erated from each simulation scenario.

Results

The vitamin B2, fluorescein, and commercial green tracer 
dye exhibited baseline fluorescence in solution form. As a 
negative control, the BAN system was loaded with 0.9% 
normal saline to ensure that the saline solution did not 
exhibit fluorescence and that the BAN system could effec-
tively produce aerosols detectable by the impactor. For this 
trial, aerosols approximately 3.30 µm or smaller were gen-
erated, but the small droplets did not appear fluorescent 
under UV light (Figure 2A; Table 1). The 1 g/L fluorescein 
solution generated aerosols ≤8.61 µm. The collected parti-
cles that were between 3.30 µm and 8.61 µm in diameter 
were brightly fluorescent under UV light, but this dimin-
ished quickly in the matter of minutes. A red-orange colored 

Figure 2. Photographs of particulates collected from impactor trials.
Photographs of removable foil pieces that lined the cascade impactor capture chambers illuminated under UV light for trials using nebulized saline 
(negative control, A), nebulized fluorescein (B), nebulized green water tracer dye (C), nebulized vitamin B2 (D), and coarse diamond drilling of cadaver 
head with Vitamin B2 irrigation (E). Particles filtered based on average aerodynamic diameter into 8 impactor stages - (1) 14.1 µm, (2) 8.61 µm, (3) 
5.39 µm, (4) 3.30 µm, (5) 2.08 µm, (6) 1.36 µm, (7) 0.98 µm, and (8) <0.98 μm – are displayed.
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filtrate remained in the stages and did not appear visibly 
fluorescent (Figure 2B). When the commercial green tracer 
dye was nebulized with the BAN system, the impactor 
yielded red-orange colored particles ≤3.30 µm that did not 
appear fluorescent under UV light (Figure 2C). With the 
nebulized vitamin B2 solution, aerosols ≤5.39 µm in diam-
eter were generated, and the filtered particles were visibly 
fluorescent under UV light (Figure 2D). For the endonasal 
drilling trial, small particles ≤3.30 µm exhibiting fluores-
cence were generated (Figure 2E).

Discussion

An effective method for tracing aerosols is integral to under-
standing baseline risk and designing mitigation strategies for 
reducing the transmission risk of SARS-CoV-2. Aerosols that 
are ≤10 μm are of great importance due to their ability to 
remain airborne and travel long distances.2 Particles that are 
5 μm or less in diameter can penetrate the lower airways, 
potentially contributing to an increased severity and likeli-
hood of infection2,13-15 In this study, we have compared the 
fluorescent properties of different tracers in aerosolized form. 
Of the different fluorescent solutions analyzed, Vitamin B2 
was the superior tracer based on fluorescence reliability 
across a range of aerosol sizes under 14.1 μm. Fluorescein 
and commercial green tracer solutions did not exhibit reliable 
visible fluorescence in aerosol suspension. All three tracers 
exhibited fluorescence in solution form and thus could be 
used similarly in large droplet contamination trials.

Vitamin B2 can be used as a coating agent for upper 
aerodigestive tract mucosa. Its fluorescent property allows 
for survey of aerosols and droplets generated from instru-
mentation of the nasal cavity or nasopharynx. COVID-19 
positive patients may have high viral loads in the upper 
aerodigestive tract, so stratifying the aerosol and droplet 
risk with otolaryngology procedures is important.16 
Vitamin B2 has significant advantages compared to other 
tracers in that it is inexpensive, readily available and has 
an established safety profile. Physiologically, riboflavin 
functions as an essential coenzyme in multiple redox reac-
tions required for cellular respiration. Besides its essential 

biochemical functions, riboflavin has therapeutic applica-
tions when administered either orally for migraine pro-
phylaxis and cataract risk reduction or topically for 
treating surgery-refractory keratoconus.17-20 Vitamin B2 
has been utilized safely as a tracer to assess medication 
compliance in children. In clinical trials, the study drug 
can be tracked by the fluorescence of vitamin B2 excreted 
in the urine. It has also been used in contact contamination 
trials.21-23 There is no defined FDA upper limit of oral 
daily intake due to a lack of evidence of any observable 
adverse effects from excess riboflavin ingestion even 
when consuming 400 mg per day for 3 months.24,25 This 
may be due to its limited capacity for absorption by the 
gastrointestinal mucosa and its rapid urinary clearance.26

In contrast to the well-documented safety of vitamin 
B2, there have been multiple reports of harmful reactions 
to conventional tracers such as fluorescein when adminis-
tered topically, intravenous, and orally. Fluorescein is a 
widely used fluorescent marker in ophthalmology, often 
administered intravenously or orally for diagnostic angiog-
raphy of iris vasculature. Despite the prevalence of fluo-
rescein use, studies have reported 5-10% of patients 
experiencing adverse events from intravenous fluorescein 
injection that include mild transient reactions such as vom-
iting and nausea and more severe reactions such as anaphy-
laxis, cardiac arrest, shock, basilar artery ischemia, and 
myocardial infarction.27,28 Topical application of fluores-
cein on the corneal surface is considered generally safe 
when used to detect corneal injury, but there have been 
cases of severe allergic reactions reported.29,30 Some have 
suggested requiring intradermal skin testing to determine 
hypersensitivity to fluorescein prior to use if an allergy is 
suspected, but skin testing has failed to reliably identify 
reactors in prospective studies.31 While severe adverse 
reactions to fluorescein may be rare, there is a lack of lit-
erature outlining the upper tolerable levels of fluorescein. 
This prohibits its safe use as a tracer in human trials to 
study aerosol and droplet dispersion. Most commercially 
available fluorescent dyes are not approved for use in 
humans; many have warnings regarding contact with the 
skin or mucosal surfaces.32

Table 1. Impactor Results from Trials Using Different Fluorescent Tracers.

Particle Size (µm) - D50 at 15 L/min

Tracer 14.1 8.61 5.39 3.30 2.08 1.36 0.98 <0.98
Saline* − − − + + + + +
Fluorescein* − + + + + + + +
Green water dye* − − − − + + + +
Vitamin B2 (nebulized) − − + + + + + +
Vitamin B2 (irrigation) − − − + + + + +

Note. *no visibly apparent fluorescence under UV light.
+Denotes presence of particle aggregates.
−No particles present at the specific impactor stage.
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There were a few limitations to this study. Although it was 
easy to visually distinguish the presence or absence of fluores-
cent particles collected by the impactor, we did not use a spec-
trophotometer to quantify the specific fluorescence intensity. 
This study did not evaluate the duration of suspension of the 
nebulized fluorescent particles and the effect of different envi-
ronmental conditions on surface settling times.33 In addition, 
our study included only a single form of otolaryngology instru-
mentation; however, the use of a high-powered drill in the 
nasopharynx is labeled as a high-risk aerosol-generating pro-
cedure and, therefore, adequately served as a positive control.34 
Particles in the range of 20-100 μm were not collected by the 
impactor; thus, the fluorescence capability of these tracers in 
larger particles is yet to be investigated. Further studies involv-
ing the use of vitamin B2 as a fluorescent aerosol and droplet 
tracer in different otolaryngology procedures are currently 
underway at our institution.

There is a paucity in the literature regarding safe tracers to 
investigate aerosol and droplet risks in human trials. We pro-
pose vitamin B2 as a safe, inexpensive, and reliable aerosol 
and droplet tracer to evaluate baseline risk and mitigation 
measures for otolaryngology procedures. At our institution, 
we are conducting a project with human subjects utilizing 
vitamin B2 tracer to assess the aerosol and droplet risk asso-
ciated with common otolaryngology clinic procedures. We 
encourage other groups focusing on healthcare contamina-
tion models to consider vitamin B2 as a tracer especially with 
regards to human trials involving aerodigestive tract mucosa.

Conclusion

Vitamin B2 is a safe, inexpensive, and reliable aerosol and 
droplet tracer that can be used to evaluate baseline risk and 
mitigation measures for otolaryngology procedures. Its reli-
able suspension in small particles, longevity of its fluores-
cence, mucosal safety profile, and prior use in human trials 
illustrate its superiority as a fluorescent tracer compared to 
fluorescein and commercial tracer dyes. These advantages 
of vitamin B2 makes it an ideal tracer for healthcare con-
tamination models.
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