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Case studies that uses particle tracking

1. Enhancing nanoparticle transport across mucus

2. Revealing the mucus microstructure

3. Distinct intracellular transport kinetics

4. HIV penetration across CVM

5. Reinforcing mucus barrier using antibodies

Mucosal Drug Delivery

Mucosal Immunology



Targeted therapeutics delivery must 

overcome biological barriers 

Cellular BarriersExtra-cellular Barriers

Input Parameters:

- Materials

- Particle size

- Surface chemistry
Efficacy

MucusAirway Epithelia

Understanding each step/barrier guides rationale improvements



Case Study #1: Using particle tracking to facilitate 

engineering nanoparticles for transmucosal drug delivery

Highly AdhesiveNanoporous Mesh
Sanders et al., AJRCCM

Rapid renewal of mucus layers
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Highly Viscoelastic

Mucus traps particles, which are then cleared from organs

Lai et al, Adv Drug Del Rev (2009) 61(2):86-100



Mucus is a critical barrier to diffusion of nanoparticles

Nanoparticles completely immobile in undiluted human mucus
Olmsted et al. Biophys J, 2001

>90% nanoparticles immobile in human CF sputum

Dawson et al. J. Biol. Chem, 2003

Diffusivity = 0
for particle size 
59 – 1000 nm



Learning from viruses: 

Can PEG coating minimize mucoadhesion?

PEG is hydrophilic and uncharged, 

but PEG was reported to be mucoadhesive

Mucus

Cells

Adapted from Huang et al. (Peppas Lab), JCR, 2000

PEG interpenetrates 
into the mucus mesh

Creates a “velcro” 
effect

Coat particles with low M.W. PEG?

Lai et al, Adv Drug Del Rev (2009) 61(2):158-171



Particle tracking reveals that densely PEGylated

nanoparticle can rapidly penetrate human mucus

200nm PS

200nm PS-PEG

Lai 2007 PNAS, Wang Lai 2008 Angew Chem
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Case Study #2 What is the microstructure of mucus?

200 nm 20 mm

Olmsted et al, Biophys J 2001 Ceric et al, J Elect Microsc 2005

100-fold range in estimated size by Electron Microscopy



Beads with inert coatings           Conventional “sticky” beads

• Diffusivity of different sized non-interacting particles is 

restricted due to obstruction by mesh structure

Probing the mucus barrier with particles 

Lai et al., Adv Drug Del Rev 2009b

Size Effects Surface Chemistry Effects



Obstruction 

Scaling Model
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Quantifying the mucus microstructure 

using non-perturbing particles 

Lai et al., PNAS 2010
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Lai et al., PNAS 2010

Average pore size of native mucus ~340nm ± 50nm

Native mucus pores are large: 

opportunity for large drug carriers



Case Study #3 Revealing distinct intracellular

transport for different nanoparticles

24nm Red, 43nm Green, Co-localization: Yellow

24nm & 43nm incubated 4hrs in HeLa (Nucleus stained with Hoechst dye)

Lai et al., Biomaterials 2007

Not all particles are trafficked in the same pathway



N NN

Distinct transport kinetics revealed by real 

time confocal particle tracking

24nm 43nm Overlay

Movies shown at 3x real time 

speed

Particles exhibit distinct 

transport rates

Lai et al, J Cont Rel 2008

10
-4

10
-3

10
-2

10
-1

10
0

0.1 1 10

24nm NP

43nm NP

Time Scale (s)

M
S

D
 (
m
m

2
)



Case Study #4: Revealing variations in mucus barrier 

between women against HIV

Mucus from some women, but not others, 

can effectively trap HIV

Nunn K et al, mBio 2015



CVM with L. crispatus- dominant microbiota appeared to 

consistently trap HIV; those that failed to trap HIV are either L. 

iners-dominant or contain G. vaginalis

Vaginal microbiota, including specific strains of Lactobacilli, 

can directly modulate the innate CVM barrier

Nunn K et al, mBio 2015



Case Study #5: Reinforcing mucus with IgG antibodies

Conundrum: How do Ab 

rapidly diffuse across 

mucus, yet trap pathogens 

in mucus?

IgG: Dmuc/Dpbs = ~0.9

IgM: 

Dmuc/Dpbs = ~0.5

Olmsted et al, Biophys J 2001

• More Ab produced & secreted into mucus than blood/lymph

• 10-20x more IgG than IgA in genital secretions, ~1:1 

IgG:IgA in lung mucus

• IgG molecules do not bind 

appreciably to mucins



Mechanism: multiple low-affinity (i.e. transient) 

bonds between pathogen-bound Ab and mucus 



Anti-LPS and anti-flagella IgG immobilizes motile 

Salmonella typhimurium in mouse GI mucus

SalT + Control IgG, Mucus SalT + anti-LPS IgG1, Mucus

Mouse duodenum mucosa

GFP-tagged Salmonella kind gift from Ed Miao Schroeder H et al, In preparation


