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Air bubbled through a bacteriophage T1 suspension 
Trouwborst et al., (1974) J. Gen. Virol.
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Main observations

Shaking and bubbling produce similar results

Sensitivity differs between viruses

High salt increases sensitivity

Resistance to inactivation is not heritable

Protein in solution reduces inactivation
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Bubbling nitrogen through T1 virus 

Slowed down 24x

Buffer: Phosphate buffered saline
Flow rate: 0.6 mL/s 
Needle inner diameter: 0.514 mm
Bubble volume fraction: 1%



Bubbling nitrogen through T1 virus 

kmax~2.3 logs/hour
Slowed down 24x Trouwborst et al., 

(1974)

Buffer: Phosphate buffered saline
Flow rate: 0.6 mL/s 
Needle inner diameter: 0.514 mm
Bubble volume fraction: 1%



Dynamic Light Scattering Reveals Aggregation



Dynamic Light Scattering Reveals Aggregation
Untreated 5 h bubbling in PBS

~50 nm radius
~150 nm radius

T1 has radius ~ 30 nm



Electron Microscopy Reveals Nature of Aggregates

Full capsids

Untreated
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Electron Microscopy Reveals Nature of Aggregates

Bacteriophage 
DNA

Empty 
capsids

5h bubbling

Plaque

1 plaque= 1 phage OR 1 aggregate



Inactivation by genome loss and aggregation

N2

Transport to gas-liquid interface

Genome loss

Aggregation

Mechanisms for destabilization… at interfaces
Brackley et al., (2021) Nature Communications



The long-time plateau is probably due to aggregation

N2



The impact of a protein layer: bovine serum albumin

BSA concentration
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Shape, size and speed of bubbles depend on the media

Water PBS …with 0.01 mg/mL BSA

Slowed down 24x



Water PBS …with 0.01 mg/mL BSA

Shape, size and speed of bubbles depend on the media



Terminal bubble rise speed

Kulkarni & Joshi, (2005) Ind. Eng. Chem. Res.

Clift, Grace, Weber (1978) Bubbles, Drops, and Particles



Terminal bubble rise speed

Water

PBS

PBS + BSA (protein)

Kulkarni & Joshi, (2005) Ind. Eng. Chem. Res.

Clift, Grace, Weber (1978) Bubbles, Drops, and Particles



Terminal bubble rise speed

Water

PBS

PBS + BSA (protein)

Empirical form used here

Kulkarni & Joshi, (2005) Ind. Eng. Chem. Res.

Clift, Grace, Weber (1978) Bubbles, Drops, and Particles



Factors controlling viral adsorption rate

Virus concentration
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Factors controlling viral adsorption rate

Virus concentration

Static solid particle Moving solid particle Turbulence Moving Bubble



Factors controlling viral adsorption rate

Virus concentration

Static solid particle Moving solid particle Turbulence Moving bubble
(with protein film)



Theoretical inactivation rate at 1% bubble volume fraction

Disinfection industry standard

Bubble (simulation + theory)

Solid sphere (theory + exp.)

Static solid sphere

Turbulent → Laminar

Cheh & Tobias, (1968) I & EC Fundamentals
Frossling, (1938) Gerlands Beitrage zur Geophysik

Refai Ahmed & Yovanovich, (1994) Trans. ASME

Kumar Forsoiya et al., (2023) JFM
Landau & Lifshitz, Fluid Mechanics
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Theoretical inactivation rate at 1% bubble volume fraction

Disinfection industry standard
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PBS

Slowed down 24x



Conclusions
1. Inactivation of T1 virus is due to a combination of capsid rupture, resulting in genome loss, and aggregation

2. A small fraction of viruses are not inactivated. This may be due to aggregation.

3. Bubble motion and turbulence contribute significantly to the predicted inactivation rate.

4. The rate of inactivation in PBS is 5x larger than the maximum predicted rate.

5. Adding protein reduces the inactivation rate. This could be due to solidification of the interface.

Questions
1. To what extent are these conclusions reproduced in other viruses?

2. Why are some viruses more stable than others?

3. Why is the rate of inactivation faster than the predicted rate of adsorption?

4. What is the role of charge, salt concentration etc.?

Review: Poon et al., (2020) Soft Matter
Soft Matter Physics & the Covid-19 Pandemic





Dynamic Light Scattering Reveals Aggregation

Untreated

Untreated

5 h bubbling in PBS

5 h bubbling in PBS

~50 nm radius
~150 nm radius

T1 has radius ~ 30 nm



The Reynolds number

Laminar flow
Small Re

Turbulent flow
Large Re

Feynman Lectures on Physics

Experiments
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