
 © 2022 by ASME 

 
Proceedings of the 2022 Design of Medical Devices Conference 

DMD2022 
April 11-14, 2022, Minneapolis, MN, USA 

DMD2022-1065 

OPTIMIZING COVID-19 VACCINE DIFFUSION IN RESPIRATORY MUCOSA THROUGH 
STOKES-EINSTEIN MODELING 

 

 

Richard Zhu 
Faculty of Arts and 
Sciences, Harvard 

University, 
Cambridge, MA 

 

Sujata Bhatia 
Faculty of Arts and 
Sciences, Harvard 

University,  
Cambridge, MA 

 

ABSTRACT 
SARS-COV-2 vaccines, all of which are currently 

intramuscular shots, have the ability to prevent serious injury. 

However, the absence of sufficient mucosal immunity is a major 

concern. To counteract this deficiency that has led to continued 

transmission from vaccinated individuals and breakthrough 

cases, reformulating vaccines to be inhalable presents a logical 

administration route. Predecessor research has reported the 

inhalable route to be viable as aerosolized vaccine nanoparticles, 

AAV phage nanoparticles, and PIV-5 viruses were recently 

identified to elicit immune responses. In this study, the diffusion 

of vaccine nanoparticles across the mucosa is characterized and 

modeled, with respect to their observed behavior from previous 

studies in relation to the Stokes-Einstein equation, to predict the 

most efficient model of an inhalable COVID-19 vaccine. The 

Stokes-Einstein equation has been used in several studies to 

predict diffusion coefficients. These predictions may be 

modified to fit the specifications of mucosal interactions. It was 

determined that mucosal interactions play a significant role in 

vaccine nanoparticle diffusion, as demonstrated by the viral 

vector and virus-like nanoparticle diffusion, and can be 

characterized by an equivalent hydrodynamic radius. Moreover, 

as a counter to mucosal interactions, PEGylation was found to 

drastically decrease the viscous slowing of the mucus medium.  
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1. INTRODUCTION 
 COVID-19 is a disease that has swept across the globe, 

infecting over 145 million people and killing over 3 million as of 

early 2021, according to the World Health Organization (WHO). 

COVID-19 was declared a global pandemic by the WHO on 

March 11, 2020, and continues to strain healthcare systems 

worldwide [1]. The causative virus, severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), spread globally from its 

beginnings in Wuhan, China, and remains a concern for all, as 

herd immunity remains elusive. As a result of incomplete 

population immunity, new strains including the Delta and 

Omicron variants have arisen. These strains have a higher basic 

reproductive number (R0); the Delta variant has an R0 of 5.08, 

compared to the R0 of the ancestral strain of 2.79, indicating a 

high potential for rapid spread and an urgent need to vaccinate 

individuals [2]. Infections continue to occur in unvaccinated 

individuals, and breakthrough infections have been observed in 

vaccinated individuals [3]. Currently, in addition to personal 

protective equipment (PPE) and quarantine procedures, vaccines 

including those developed by Pfizer-BioNTech, Moderna, J&J, 

and AstraZeneca are administered by intramuscular injection. 

Most recently, Pfizer-BioNTech’s vaccine received FDA 

approval for individuals aged 5 and above. However, currently, 

existing vaccines cannot completely prevent COVID-19 

infection or transmission, as these vaccines do not provide 

mucosal immunity when administered via injection. An 

additional limitation of currently approved vaccines is the 

requirement for cold transportation and storage, which limits the 

distribution and availability of vaccines in low-resource settings. 

 To turn around the continuing pandemic, inhalation may be 

needed as a delivery method for vaccines to provide mucosal 

immunity. An inhalable vaccine may provide longer-term 

immunological protection, prevent transmission from vaccinated 

individuals, and possibly forestall the emergence of variants.  

Inhalable, aerosolized lung-targeted phage nanoparticles 

undergo ligand/receptor-mediated transport into the systemic 

circulation, are safe, and elicit specific and sustained local and 

systemic immune responses in mice and nonhuman primates [4]. 

Moreover, new studies have shown that inhalable nanoparticles 

are a highly anticipated candidate, with human trials of a 

modified Parainfluenza virus 5 (PIV5) COVID-19 vaccine 

ongoing [4]. Currently, vaccine-design platforms can be 

classified into nucleic acid-based vaccines of mRNA or DNA 

transported mainly through lipid nanoparticles, viral vector 

vaccines, or recombinant/peptide vaccines. In order to create an 

efficacious mucosal delivered vaccine, the diffusion of vaccine 
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nanoparticles through the mucosal barrier must be understood 

and optimized. 

 However, mucous membranes present significant 

challenges to the delivery of inhalable COVID-19 vaccines due 

to secretions and the structure of the mucous mesh that is present 

throughout the respiratory tract. Due to the specific properties of 

this mesh, certain nanoparticle sizes and types are hindered. The 

mucous mesh is inherently complicated and several 

mathematical models have been developed in an attempt to 

characterize it [5]. For these reasons, inherent differences in 

nanoparticle size, shape, and mass may heavily impact the 

effectiveness of inhalable vaccines. Currently, these parameters 

are significantly reliant on the vaccine strategy. Therefore, 

diffusivity measurements are required. In previous studies, 

diffusion coefficients along with mean-squared displacement 

(MSD) have been used to quantify a nanoparticle’s diffusion in 

relation to other substances [6][7][8]. These two measurements 

are linearly related and interconvertible. Furthermore, the 

Stokes-Einstein equation has proved to determine the diffusion 

rate of nanoparticles in low Reynolds number fluids accurately 

in fluids that pose little to no hindrance, particularly water. The 

difference between diffusion results generated by the Stokes-

Einstein equation and those determined experimentally 

demonstrates the degree of the mucosal hindrance. Given that the 

viscosity of mucous has been experimentally measured, the use 

of predictions to determine the degree of mucosal hindrance is 

justified. Thus, this study provides an objective view of potential 

COVID-19 inhalable vaccine candidate types with regard to 

diffusivity. 

 

2. MATERIALS AND METHODS 
Literature on diffusion rates of vaccine-like nanoparticles 

was scouted based on classification into lipid nanoparticles 

(LNPs), viral vectors (VVs), and virus-like-particles (VLPs). A 

novel consideration of diffusion rates across various vaccine 

types and comparison to Stokes-Einstein approximations was 

conducted to optimize for respiratory transport. 

The goal was to find published data on nanoparticle 

diffusion regarding various potential vaccine carriers in mucus. 

PubMed and Google Scholar were used with the following 

keywords: lipid nanoparticle, viral vector, virus-like 

nanoparticle, mucus, diffusion, diffusion coefficient, mean-

squared displacement. Furthermore, the references of the 

selected articles were used to further mine the literature for 

relevant data. Papers were selected that presented data on either 

diffusion coefficients or mean squared displacement on 

nanoparticles in lung sputum or other types of mucus. 

Calculations for predicted diffusion coefficients were 

performed using the Stokes-Einstein equation, for the diffusion 

of spherical nanoparticles through a liquid with a low Reynolds 

number: 

                          (1) 

𝐷𝑝 =
𝑘BT

6πµR0
 

 

The following values were used in the Stokes-Einstein 

equation: 

Viscosity of water (µ) = 0.001 Pa·s 

Viscosity of mucus (µ) = 0.003 Pa·s 

Boltzmann constant (𝑘B) = 1.38E-23 J/K 

Absolute temperature (T) = 293 K 

Radius (R0) varies with each nanoparticle tested. 

 

In total, data from 11 papers were collected and compared 

with values calculated with the Stokes-Einstein equation. The 

primary data collected from the papers were sourced from 

measurements intended for a variety of purposes, including 

testing of nanoparticle modifications for drug or vaccine 

transport, analysis of vector transport effectiveness, and 

confirmation of other results. 

 

Equivalent hydrodynamic radii were calculated by 

rearranging the Stokes-Einstein equation as follows, 

                          (2) 

Req =
𝑘BT

6πµ𝐷𝑟
 

 

where Dr represents the reported diffusion of the nanoparticle in 

mucous and Req represents the equivalent hydrodynamic radius. 

 

3. RESULTS AND DISCUSSION 
The parameters of inhalable vaccines, particularly size and 

shape, may influence the rate of actual diffusion. Table 1 

displays the data and calculations, namely diameter, predicted 

and actual diffusion constants, for select nanoparticles. While 

actual diffusion relies on multiple parameters that are important 

for vaccine development, the predicted diffusion rates rely on 

size (diameter) for determination of diffusion rate disregarding 

mucosal interactions. Through data gathering, diffusion rates 

were arranged and necessary variables were ascertained to allow 

for Stokes-Einstein calculations. 

 

TABLE 1: Raw calculations for select nanoparticles 
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FIGURE 1: Diffusion of LNP-modeling nanoparticles in mucus.  

We first examined the diffusion of lipid nanoparticle 

models by plotting their reported diffusion constants (Figure 1). 

Carboxylated polystyrene (PS-COOH), Polyethylene glycol 

conjugated polystyrene (PS-PEG), poly(lactic-co-glycolic acid) 

(PLGA), and Pluronic F127 conjugated poly(lactic-co-glycolic 

acid) (PLGA/F127) were measured at different sizes (100 nm, 

200 nm, and 500 nm diameters) diffusing through healthy human 

mucus. Our data indicates that PS-PEG performed strongest, 

demonstrating its ability as an industry “gold standard” for 

creating a non-interference barrier [6][9]. However, at larger 

diameters, PE-PEG nanoparticles likely become too bulky to 

sustain high diffusion [8]. Moreover, PLGA/F127 showed high 

diffusion with a 200 nm diameter, outperforming PS-PEG at that 

diameter.  

FIGURE 2: Diffusion of VV-modeling nanoparticles in mucus.  

 

Next, we examined the diffusion of viral vectors by 

plotting reported diffusion constants against a standard of 

polystyrene (PS). Adeno-Associated Virus 5 (AAV5), 

Adenovirus (AdV), and PS nanoparticles were measured 

diffusing through healthy human mucus [10], while Adeno-

Associated Virus 1 (AAV1), Adeno-Associated Virus 6 

(AAV6), and Adeno-Associated Virus 6 (AAV6)-K531E were 

measured diffusing through the mucus of cystic fibrosis patients 

[7]. AAV5 performed strongest out of the candidates (Figure 2). 

The diffusion rates of adenovirus vectors in CF mucus suggest 

that higher viscosity mucus would hinder attempts to create an 

adenovirus COVID-19 vaccine. 

Finally, the diffusion of virus-like nanoparticles was 

examined. Reported diffusion constants of proteins and viral 

nanoparticles including virus-like nanoparticle (VLP) were 

plotted. Human Immunoglobulin G (h IgG), Human 

Immunoglobulin M (h IgM), Norwalk Virus-Like nanoparticle 

(Norwalk VLP), Human Papilloma Virus-Like nanoparticle 

(HPV VLP), and Herpes-Simplex Virus (HSV) were measured 

diffusing through healthy human mucus [11]. Figure 3 suggests 

that h IgG diffuses quickest, most likely owing to its small size 

and possible compatibility with human secretions. The diffusion 

rates of other proteins and viral nanoparticles were similarly fast, 

largely owing to their small size. However, large nanoparticles 

such as the whole HSV failed to diffuse efficiently because of 

their large size (>500 nm diameter) and potential viscous 

slowing. 

 

 FIGURE 3: Diffusion of VLP-modeling nanoparticles in mucus.  
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FIGURE 4: Comparative greatest diffusion of modeling types.  

 

The most diffusive nanoparticles of each of the three 

vaccine types were then compared. Reported diffusion constants 

of modeling nanoparticles of LNPs, VVs, and VLPs were plotted 

against each other. PS-PEG 100 was chosen to represent LNPs 

due to PEG’s current use in mRNA COVID-19 intramuscular 

shots, in addition to being the most diffusive size. AAV5 was 

chosen to represent VVS because it performed at the highest rate 

of diffusion for viral vectors. Norwalk VLP was chosen to 

represent VLPs since it most accurately characterizes possible 

viral fragments’ maximum diffusion rates as opposed to smaller 

endogenous proteins. As shown in Figure 4, the diffusion rates 

of VLPs were greater than viral vectors, which were greater than 

LNPs, in general. This is in part due to size differences. 

However, all vaccine types show promise in outperforming basic 

molecules such as PS that are trapped in the mucous mesh. 

 In order to gauge the ability of the nanoparticles to 

avoid mucosal hindrance, we compared reported diffusion 

constants in a ratio to diffusion constants predicted by the 

Stokes-Einstein equation, which predicts diffusion based on 

nanoparticle size in low Reynolds number fluids. The Stokes-

Einstein equation therefore predicts the movement of 

nanoparticles in the absence of mucosal interactions. In Table 2, 

PS-COOH 100 is shown as a control where severe mucous 

slowing reduces diffusion in a ratio of 0.008 of D(reported) to 

D(predicted). We determined that PEGylated nanoparticles and 

adenovirus vectors showed significantly less mucous slowing. 

PEG in particular likely is slowed mainly by the aggregation of 

water molecules. Finally, we found that Norwalk VLP 

demonstrated a faster-than-predicted by the Stokes-Einstein 

diffusion coefficient, suggesting that much smaller nanoparticles 

may be able to slip through the mucous mesh. These results are 

reflected in our calculated hydrodynamic radii for said 

nanoparticles in mucus, shown in Table 3. A greater equivalent 

hydrodynamic radius when compared to the radius of a non-

interacting nanoparticle of the same size demonstrates higher 

mucous slowing. An equivalent hydrodynamic radius helps 

visualize the extent to which a vaccine nanoparticle has been 

hindered. We strongly recommend our results for consideration 

in COVID-19 inhalable vaccine development, especially with 

regard to our examination of the degree of mucosal interaction 

nanoparticle types experience.  

 

TABLE 2: Ratios of mucous slowing. 

 

TABLE 3: Equivalent hydrodynamic radii in mucus. 

 
CONCLUSION 

Our analysis demonstrates the extent to which inhalable 

COVID-19 vaccines are affected by size and mucous slowing. 

We conclude that conjugated viral vectors are likely effective. 

Furthermore, VLPs are highly diffusible and viable if able to 

elicit an immunogenic response. 
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