
Phage-Antibiotic Therapy with Bacterial Swimmers in a Biofilm

We improved and analyzed a nonlinear population dynamics model of  

phage-antibiotic combination therapy that accounts for the synergistic 

elimination of  bacteria using phages and the immune system. We simulate the 

combination therapy model for four strains of  the same bacteria that have 

flagella, two that are phage sensitive (and antibiotic resistant) and two that are 

antibiotic sensitive (and phage resistant). Within these two types, one is a 

planktonic bacterium, and the other is within a biofilm. We chose to use phage-

antibiotic combination therapy because research shows that they exceed in 

elimination better than phages and antibiotic by themselves. This model also 

takes in account the interaction that free swimming bacteria have on the 

biofilm.

We have extended the mathematical model from other papers. The equations were 

made using the same parameter that are in the Weitz paper. 

 We modified the equation for the immune system and antibiotics. We rewrote the 

immune equation so that it represent the instability of  the immune system. The previous 

equation assumed that in the absence of  bacteria the immune system would stay at the 

same amount it was previously. They did not have a kill rate to accurately describe the 

dynamics of  the immune system.

We will examine the implications of  combination therapy on heterogeneous 

microbial species containing all four bacteria categories. To do this, we conducted a 

comprehensive examination of  four (in vivo) therapeutic models: antibiotic-only, 

antibiotic-innate immunity, phage-only, and phage-antibiotic combination in the 

presence of  innate immunity. We changed the antibiotic's concentration and the 

bacterial composition of  the bacteria in each model (Rodriguez-Gonzalez, Rogelio A., et 

al). The data for the model will tell us what combination will have a synergetic, 

antagonist, or additive effect. In this model, we assume phage are only produced by 

bacteria after the initial injection. 

Our current model does not have an equation that explains how tunneling from motile 

bacteria can undermine the biofilm. An extension could incorporate that equation.
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  Collaborative groups of  bacteria known as biofilms cling to surfaces and are 

shielded by an extracellular matrix. Biofilms are frequently resistant to standard 

antibiotics, posing a significant problem for chronic illness treatments. Phage-

antibiotic therapy is a promising method that combines bacteriophages, which 

infect and destroy bacteria, with antibiotics to improve the efficacy of  both 

drugs. Phages can disrupt biofilms by dissolving the extracellular matrix, 

exposing bacteria to antibiotics, and inhibiting the production of  new biofilms 

by interfering with quorum sensing, a bacterial communication system. Phages 

can also work in tandem with antibiotics to increase their permeability into 

biofilms, stimulate bacterial metabolism and sensitivity, and reduce the 

establishment of  resistance. Phage-antibiotic therapy has been demonstrated in 

several studies to be an efficient means of  reducing biofilms of  several bacterial 

species, including Pseudomonas aeruginosa and Escherichia coli, both in vitro 

and in vivo. The selectivity of  phages, the fluctuation of  biofilm form and 

composition, the emergence of  phage-resistant bacteria, and the control of  

phage-antibiotic interactions are some of  the obstacles and restrictions 

associated with this strategy. As a result, more study is required to enhance the 

selection, mix, and delivery of  phages and antibiotics for biofilm elimination.

 Several bacilli and other flagellated bacteria in both premature and mature 

biofilms have highly motile populations within the biofilm matrix. These 

movements create temporary openings that irrigate the biofilm and allow 

macromolecules to enter, including antibiotics. Notably, we developed a 

mathematical model to explore how motile bacteria can influence the dynamics 

of  antibiotic-phage therapy combination.
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What The Symbols 

Represent

𝐵𝑝) Biofilm bacteria susceptible to 

phages

𝐵𝑎) Biofilm bacteria susceptible to 

antibiotics

𝐾) The carrying capacity of  

bacteria

𝐾𝑎) The carrying capacity of
antibiotics

𝐾𝐼)The carrying capacity of  the 

immune system

N) The sum of  all bacterial species

𝜇) The mutation rate

𝛼, 𝛾, 𝑟) The growth rate

𝜌, 𝜂) Activation parameters

𝛽, 𝜃, 𝛿) Death rates

𝑢 𝑡 − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟
𝑓𝑟𝑜𝑚 𝑒𝑖𝑡ℎ𝑒𝑟 𝑝ℎ𝑎𝑔𝑒𝑠 𝑜𝑟

𝑎𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐𝑠

𝜎) 𝑡ℎ𝑒 𝑟𝑎𝑡𝑒 𝑎𝑡 𝑤ℎ𝑖𝑐ℎ 𝑡ℎ𝑒
𝑖𝑚𝑚𝑢𝑛𝑒 𝑐𝑒𝑙𝑙𝑠 𝑎𝑟𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

Parameters and 

default values

Definitions 

𝜇 = 2.85 × 10−8 Probability of  the emergence 

of  either page –sensitive or 

anti-biotic sensitive bacteria due 

to mutation

𝐾 = 1 × 1010 The carrying capacity of  

bacteria 

𝐾𝐼 = 2.4 × 107 Maximum capacity for an 

immune response 

P = 7.4 × 108 Initial dose of  phage 

𝑟𝑎 = 0.675 ℎ−1 Maximum growth rate of  

antibiotic – sensitive  bacteria

𝑟𝑝 = 0.75 ℎ−1 Maximum growth rate of  

phage – sensitive bacteria

𝛽 = 100 Burst size of  the bacteria due 

to phage infection

I = 2.7 × 106 Initial immune response

𝛿 = 0.07 ℎ−1 Phage rate of  decay

𝜃 = 18. 5 ℎ−1 Maximum kill rate of  

antibiotics

This model (comes from 

Rodriguez-Gonzalez, 

Rogelio A., et al) was 

extended to incorporate two 

types of  free-swimming 

bacteria. The mathematical 

model we made include the 

extended model and applies 

it to all bacteria types 

(M, Luisetto, et al.)
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