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Abstract: The increasing prevalence of multi-drug-resistant (MDR) bacterial pathogens presents a 
critical global health threat, highlighting the urgent need for innovative approaches to 
understanding bacterial pathogenesis and developing effective therapies. This review explores the 
potential of synthetic biology as a promising tool for investigating host-pathogen interactions and 
offering alternative therapeutic solutions for MDR infections. We first examine the progress of 
CRISPR-based strategies that have enabled modulation of essential gene expression, providing 
insights into the molecular mechanisms underlying host-pathogen interactions. We then discuss the 
use of engineered microbial synthetic circuits for rapid pathogen detection, which identify 
molecular signatures involved in interspecies communication and facilitate swift pathogen 
elimination. Additionally, we explore the potential of Phage Therapy (PT), which leverages 
bacteriophages to selectively target and eliminate specific bacterial pathogens, presenting a targeted 
and promising approach to combat MDR infections. Finally, we review the application of Organ-
On-A-Chip (OOAC) technology, which overcomes the limitations of animal models in predicting 
human immune responses by using microfluidic devices that simulate organ-level physiology and 
pathophysiology, thereby enabling more accurate disease modeling, drug testing, and the 
development of personalized medicine. 

Keywords: Host-pathogen interactions; bacterial pathogenesis; synthetic biology; CRISPR; 
microbial synthetic circuits; engineered microbes; phage therapy; organ-on-a-chip; multi drug 
resistance 

 

1. Introduction 

Bacterial infections are a worldwide threat that significantly burdens the healthcare systems, 
with the problem escalating in recent years due to the emergence of multi-drug-resistant bacterial 
strains [1]. Each year, an estimated 2 million people are infected with Mycobacterium tuberculosis, the 
etiological agent of tuberculosis, with approximately one-third of the global population serving as 
carriers of the disease [2]. Similarly, Urinary Tract Infections (UTIs) are becoming increasingly 
prevalent, with nearly every woman worldwide expected to experience at least one UTI in her 
lifetime [3]. Alarmingly, reports of multidrug-resistant strains of M. tuberculosis [4] and 
uropathogenic Escherichia coli, the primary cause of UTIs [5,6] have been on the rise. Recently, 
Acinetobacter baumannii, a nosocomial acquired pathogen has emerged as a global threat as it exhibits 
resistance to most commonly used antimicrobial agents [7]. This highlights an urgent need to detect 
and combat these pathogens [8]. Traditional methods for deciphering the molecular mechanisms of 
virulence can be labor-intensive, time-consuming, and often rely on murine infection models, the 
results from these models may not accurately translate to human drug development due to species-
specific differences [9]. For example, traditional approaches using l-Red recombination machinery 
that has been the gold standard for knocking out non-essential genes in model organisms to study 
their role in virulence [10–12] can be time consuming as it involves individually replacing the gene 
of interest with an antibiotic cassette. Oher drawbacks of this widely used method includes the 
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inability of the method to knock out essential genes and this method was developed only for a few 
model organisms. Tn-seq was developed to investigate the role of essential genes in determining 
phenotypes [13,14]. It involves random insertion of a transposable genetic element across the genome. 
By growing the Tn-seq library under different conditions, essential genes for a particular growth 
condition can be identified, as these genes will show little or no transposon insertion. Tn-seq has been 
widely used to identify interaction between essential and non-essential genes [15] as well as genes 
involved in antibiotic resistance [16,17]. Although Tn-seq has been a powerful tool to identify 
essential genes, several reports suggest non-random insertions of the transposon across the genome 
especially for organism with high GC content [18–20]. Additionally, the construction of the 
transposon involves a strong promoter that can lead to overexpression of the genes located 
downstream of the transposon insertion which can have impact on the phenotype [18]. Furthermore,  
the role of smaller genes is often missed due the low insertion frequency in them and the method fails 
to identify the role of overlapping genes (genes which share at least in part the same genomic 
location) [21]. Finally, when a bacterial pathogen invades a host, it often encounters other bacterial 
species residing within the host's microbiota. To establish a successful infection, the invading bacteria 
must engage in molecular communication with these resident species. However, traditional 
methodologies have limited utility in elucidating the intricate signaling pathways of the resident 
microbiota that regulate the complex process within the host demanding the need for development 
of new tools and technologies.  

Synthetic biology is an emerging field that combines the concepts and applications of 
engineering and computational prowess with biological systems to develop tools that has the 
potential to address important issues related to human health including host-pathogen interactions 
[22–24]. Host-pathogen interactions often involves complex interplay between the defense strategies 
of the host with the bacterial virulence arsenal. Mutiple genes contribute simutaneously in this 
intricate interaction between the host and the pathogen which cannnot be deciphered using 
traditional methods. To achieve this, CRISPR-based approaches were adapted that can knock out or 
knockdown mutiple genes of interest simultaneously without the involvement of multiple strain 
construction or antibiotic cassettes [25]. The widely used Type II CRISPR system consists of a chimeric 
RNA called guide RNA and a single nuclease, Cas9, that can introduce double stranded breaks in the 
DNA, a process that is lethal for most bacterial species [26]. This principle forms the basis of CRISPR-
based technologies (described in detail in the CRISPR section). CRISPR based systems can be 
inducible, titratable and can be multiplexed to knockout multiple genes in a high-throughput format 
[27–29]. A variant of CRISPR was created to knockdown genes of interest by using a catalytically 
dead nuclease Cas9 known as CRISPRi [30]. By combining the power of Tn-seq, with CRISPRi, Peters 
et al created mobile-CRISPRi [31] which enabled researchers to systematically study the role of 
essential genes and virulence factors across multiple bacterial pathogens including Pseudomonas 
aeruginosa [32], Acetobacter baumannii [33], and Vibrio sp [34].  

One of the key aspects of treating a bacterial infection is early diagnosis of the pathogen within 
the host. For example, uropathogenic strain of E. coli CFT073 initially infects the urethra. If left 
untreated, the pathogen migrates upward and infects the urinary bladder causing cystitis [35] 
followed by infecting the kidney resulting in polynephritis [36]. Currently utilized diagnostic tools 
exhibit significant limitations, including suboptimal sensitivity, prolonged time requirements for 
definitive results, and prohibitively high costs, which collectively hinder their clinical efficacy and 
accessibility [37]. To address this challenge, synthetic biology-based approaches have been adopted 
to engineer genetic circuits in the bacteria that can act as a sensor for biomarkers for multiple 
pathogens. Bacterial Whole Cell Biosensors (BWCBs) can easily colonize the human gut, replicate, 
survive the harsh conditions and establish as a member of the microbiota. These BWCBs are equipped 
to sense bacterial metabolites or cell surface proteins or lipids and gives detectable output signal 
(fluorescent proteins, biomarkers or antibodies) which can be used for downstream diagnosis [38]. 
To achieve this, bacteria are engineered with inducible synthetic circuits utilizing transcription 
factors whose DNA-binding activity is regulated by a specific ligand. These synthetic circuits have 
allowed the researchers in deciphering the molecular signatures involved in intra- and inter-species 
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communication [39]. Furthermore, leveraging the natural environmental sensing capabilities of 
bacteria, researchers have constructed genetic circuits capable of integrating multiple inputs using 
logic gates, such as AND gates that require all inputs to be present for activation [40], or NOR gates 
[40] or a combination of  diverse array of genetic logic circuits involving OR, NAND, XOR, XNOR 
gates, broadening the functional applications of BWCBs [40,41].  

Another challenge in treating a specific bacterial pathogen stems from its existence within a 
complex conglomerate of microbiota members. Conventional antimicrobial therapies often employ 
broad-spectrum antibiotics, which indiscriminately target a wide range of bacteria, including 
beneficial gut residents, resulting in disruptions to the diversity of the gut microbiome. To overcome 
this obstacle, synthetic biology based alternative approaches involving bacteriophages have been 
developed which are collectively referred to as phage therapy [42–45]. The main advantage of phage 
therapy (PT) lies in the inherently narrow host range of phages, which helps preserve commensal 
microflora and results in fewer adverse effects compared to broad-spectrum antibiotic treatments. 
[44]. In addition, the inherent property of phages to multiply within the host makes them effective at 
low input doses [44]. Further, phages demonstrate the ability to coevolve with their bacterial hosts 
during therapeutic applications, enabling effective control of dominant bacterial populations [46]. 
Although bacterial pathogens may acquire resistance to phages, phage efficacy can be restored or 
enhanced through mutagenesis [47]. Moreover, bacterial resistance to phages has been shown to 
come with a trade-off, resulting in a decrease in virulence [48]. The innate ability of phages to infect 
bacterial cells was exploited by researchers to engineer phages that contains the CRISPR array to 
target antimicrobial resistance genes of bacterial pathogens [49]. In addition, synthetic biologist have 
also exploited the property of phages to break open their bacterial host using endolysins. By creating 
chimeric and conjugated endolysins, researchers were able to target a wide variety of bacterial 
pathogens [50–53].  

Recent studies have highlighted the critical role of the gut microbiota in human health [54–56]. 
The gut microbiota, consists of approximately 100 trillion bacteria that engages in complex 
interactions to regulate various gut processes. Disruptions to the gut microbiota, whether through 
the introduction of pathogenic bacteria or shifts in the abundance of existing species, can have 
detrimental effects on the host. Traditional methods for studying the immune response to bacterial 
pathogens have used the murine infection model. Despite the genetic similarities, mice have 
significant differences in gene expression profiles and mechanism of regulation as compared to 
humans, leading to inconsistent disease modeling making them less ideal for studying bacterial 
infection [9]. Furthermore, any drugs that work effectively in mice often fail in human clinical trials 
due to differences in their pharmacodynamics and pharmacokinetics properties [57–59]. To solve this 
problem, organ-on-a-chip was developed that uses human cell lines in a microfludic device to mimic 
the host environment more accurately. Using this method, numerous studies have been conducted 
to unravel the complex interactions between bacterial pathogens, the host immune system, and 
antimicrobial agents [60,61].  

This review examines the impact of synthetic biology on the study of host-pathogen interactions 
through rapid, efficient, and systematic approaches enabled by CRISPR-based technology. It also 
explores the application of synthetic biology in the early diagnosis of pathogens, utilizing bacterial 
genetics to develop synthetic circuits capable of sensing pathogens within the host. Additionally, the 
review discusses alternative treatments for multi-drug-resistant bacteria, focusing on phage therapy, 
and evaluates the role of organ-on-a-chip technology in advancing the understanding of host-
pathogen interactions, thereby facilitating the rapid development of novel therapeutics to combat 
multi-drug-resistant pathogens  

2. CRISPR- A Versatile Tool for Studying Antimicrobial Resistance and Gene Regulation and 
Bacterial Virulence  

Bacteria have by intrinsic restriction systems that can detect and degraded any foreign DNA as 
part of their adaptive immune defense system [62]. Notably, in 2007, studies on Streptococcus 
thermophilus during infections with lytic bacteriophages provided the first experimental evidence 
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supporting CRISPR-Cas–mediated adaptive immunity [63]. This discovery inspired the idea of 
utilizing the natural CRISPR-Cas systems present in bacteria commonly used in the dairy industry 
for phage immunization, marking the first biotechnological application of CRISPR-Cas [64]. 
Following this, mature CRISPR RNAs (crRNAs) were identified as guide molecules forming a 
complex with Cas proteins to inhibit viral replication in E. coli [65] and the DNA-targeting activity of 
the CRISPR-Cas system was demonstrated in the pathogen Staphylococcus epidermidis [66]. It is 
estimated that ~40% of bacterial species use CRISPR. There are three types of CRISPR systems, with 
the Type II system being widely used due to its simplicity. It utilizes a single nuclease, Cas9 and a 
guide RNA (gRNA) containing a spacer sequence within its first 20 nucleotides that can form a stable 
RNA-DNA hybrid with the non-template strand of the target DNA. This RNA-DNA hybrid is 
subsequently recognized by the Cas9 nuclease through a short protospacer adjacent motif (PAM). 
Cas9 in turn cleaved the target DNA by causing double strand breaks (endonucleolytic cleavage). 
One of the unique features of the CRISPR system is its inherent flexibility in DNA recognition. By 
modifying the spacer region of the gRNA, the researchers can achieve precise genome editing (Figure 
1A). CRISPR has been widely used for genome editing in bacteria [67], plants [68] and mammals 
[69,70]. The following section will disscuss three prominent applications of CRISPR namely CRISPR 
interference (CRISPRi), CRISPR-activation (CRISPRa) and mobile CRISPRi that enabled the study of 
host-pathogen interactions of both model and non-model pathogens. 

2.1. CRISPR-Interference (CRISPRi) 

CRISPRi has proven to be a useful tool to study the role of gene regulation in bacteria [25,71,72]. 
The primary components include a single chimeric RNA, formed by the fusion of crRNA and tracr-
RNA, along with a catalytically inactive variant of the Cas9 protein (dCas9) which retains its DNA-
binding capability but is unable to induce double-stranded breaks in the DNA. The gRNA-dCas9 
complex can inhibit transcription either by occluding the RNA polymerase from binding to its 
cognate promoter DNA or by sterically hindering the elongation complex through interaction with 
the non-template DNA strand [25] (Figure 1B). Using this approach, researchers successfully studied 
the functions of virulence genes across multiple pathogenic bacterial species [72–76]. For example, 
Wang et al. developed an optimized CRISPRi system for Yersinia pestis that successfully inhibited the 
expression of genes involved in biofilm formation gene hmsH, cold shock protein cspB and virulence 
factors yscB and ail. These deletion mutants exhibited decreased virulence in both HeLa cells and 
mouse models, consistent with previously observed phenotype for yscB and ail knockouts [74]. 
Similarly, Choudhury et al. applied CRISPRi to target essential genes in the pathogenic Mycobacterium 
tuberculosis as well as its non-pathogenic counterpart, Mycobacterium smegmatis [73]. In a separate 
study, a genome-scale CRISPR-KO and CRISPRi libraries were constructed to investigate essential 
genes for bacterial viability in Mycobacterium tuberculosis (Mtb). Using these libraries, the authors 
identified genes influencing resistance or susceptibility to the antitubercular drug bedaquiline (BDQ) 
[77]. The real merit of CRISPRi includes multiplexing and tiltability. By creating a library of gRNAs 
where each gRNA is specific for a particular gene, the researchers were able to modulate the 
expression of multiple genes simultaneously. Recently, de Bakker et al. conducted a genome wide 
CRISPRi screens in Streptococcus pneumoniae in a murine pneumonia model of infection to identify 
269 essential genes including genes involved in cell wall biosynthesis, pbp2x, DNA replication, dnaA, 
cell division, ftsZ and central carbon metabolism, pfkA [75]. In a separate study, Elis et al. developed 
a novel platform to facilitate the simultaneous knockout of multiple genes in Legionella pneumophila, 
an intracellular pathogen responsible for legionellosis [76]. This bacterium secretes ~300 effector 
proteins during infection via the Dot/lcm type IV secretion system. Traditional methods of knocking 
out individual genes may fail to uncover specific gene contributions to virulence due to functional 
redundancy. To address this, the authors engineered a CRISPR-based system by designing a plasmid 
containing dCas9 and an array of 10 distinct spacer sequences. Each spacer was tailored to target a 
specific gene and was placed under the control of a strong inducible Ptet promoter and a box element. 
This CRISPR array enabled the simultaneous silencing of 10 genes, allowing the study of their 
collective impact on cellular behavior in anoxic conditions and during macrophage infection. 
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Notably, the silencing efficiency of each spacer was influenced by its position within the array, with 
the proximal spacers exhibiting the highest potency, which diminished as the spacers were 
positioned further distally in the array [76]. Biofilm formation is one of the key defense strategies 
employed by bacterial pathogens and fungi to limit the accessibility of the antimicrobial agents. To 
combat biofilm formation, CRISPRi mediated strategies have implemented in E. coli [78], Pseudomonas 
sp [79] and even in pathogenic fungus Candida albicans [80]. Additionally, a nisin-inducible CRISPRi 
system was employed in Enterobacter faecalis to investigate the temporal roles of pili in biofilm 
development. Disruption of pili formation after 24 hours of normal growth using this system led to 
a significant reduction in biofilm development suggesting that pili play a critical role not only in 
initial attachment but also in the maintenance of biofilm structure over time [81]. An alternative 
strategy was adapted to knockdown genes of interest by introducing mismatches within the spacer 
sequence of the gRNA to reduce its binding affinity to the target DNA. By fine-tuning the degree of 
mismatches within the gRNA spacer sequence, researchers have precisely modulated target gene 
expression in bacterial systems [71] and in human cell lines [82]. It is particularly useful when 
working with essential genes, where complete knockouts can be lethal. Finally, CRISPRi has been 
used to decipher novel antimicrobial agent targets in various pathogenic bacteria including 
Acinetobacter bauumanii [83]. Using machine learning algorithms, the authors have identified a 
compound that targets the lipoprotein trafficking resulting in growth arrest in murine model of 
infection. A recent study has developed antimicrobial agents targeting the lumazine synthase RibH 
of Mycobacterium tuberculosis using a CRISPRi based screen [84]. Interstingly, Peters et al have used 
an essential gene knockout library against antibiotics to dissect out the interaction between genes in 
response to therapeutics in Bacillus subtilis. The authors found that enzyme undecaprenyl 
pyrophosphate synthase, UppS, is the primary target of the antimicrobial agent MAC-0170636 [30]. 
CRISPRi mediated libraries have been also used to determine the genetic hypersensitivity against 
novel antibiotic agent SCH-79797 against both gram positive and gram-negative bacteria [85]. 

2.2. CRISPR-Activation  

CRISPR activation (CRISPRa) is a robust tool that contrasts with CRISPRi by upregulating the 
expression of specific target genes. In E. coli, the CRISPRa system comprises a fusion of dCas9 with 
the ω-subunit of RNA polymerase [71] (Figure 1C). This complex binds to the upstream promoter 
element, facilitating the recruitment of RNA polymerase. However, a limitation of this approach is 
this CRISPRa system operates only in a rpoZ-deletion strain. rpoZ encodes the omega subunit of RNA 
polymerase, and is involved in stringent stress response [86]. Deleting rpoZ can alter metabolic 
pathways, potentially affecting the outcomes of CRISPRa-mediated gene expression. Additionally, 
studies have reported the accumulation of suppressor mutants in such systems, which may 
outcompete knockout strains within the same culture [87]. To address this limitation, Dong et al. have 
developed a CRISPRa method in which the guide RNA is extended to form scaffold RNA (scRNA) 
that can bind RNA binding protein, MS2 coat protein, MCP. MCP in turn can recuit transcriptional 
activators to this complex. To screen for effector proteins that can activate transcription by binding 
to this CRISPR-MCP complex, a GFP based reporter assay was conducted in E. coli. The authors 
identified, SoxS, the oxidative stress responsive global regulator in E. coli to be best candidate to act 
as an activator. Interestingly, the authors observed a clear relationship between the distance of 
CRISPRa target site to the transcription start site (TSS), and effective gene activation with the most 
efficient activation was achieved when the gRNA target sites were positioned approximately 60–90 
bases upstream of the TSS of a reporter gene [88].  

2.3. Mobile CRISPRi 

Mobile CRISPRi is a flexible and modular system for gene knockdown or knockout, leveraging 
CRISPR interference (CRISPRi) technology in conjunction with specific transport mechanisms such 
as T7 transposases for Gram-negative bacteria and the ICEBs1 conjugative element for Gram-positive 
bacteria [31,89]. In Gram-negative bacteria, the CRISPR array is delivered to recipient strains through 
tri-parental conjugation. This process involves a diaminopimelic acid (DAP)-dependent donor strain 
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of Escherichia coli, which transfers the CRISPRi machinery via the RP4 conjugation system, while a 
second donor provides a helper plasmid carrying Tn7 transposition genes required for integration 
into the bacterial genome. Once inside the recipient cell, the transposases excise the CRISPRi 
machinery and facilitate its integration downstream of the glmS genes through recombination. For 
Gram-positive organisms, the CRISPRi machinery is delivered via biparental conjugation between 
donor and recipient strains. Upon entry, the CRISPRi machinery is integrated downstream of the 
trnS-leu2 site with the assistance of an integrase. Importantly, integration of the CRISPRi system 
downstream of either glnS or trnS-leu2 does not disrupt the function of these genes. Mobile-CRISPRi 
screens have been used to decipher gene functions in a wide variety of bacterial pathogens [32,49]. In 
one study, mobile-CRISPRi was used to knockdown essential and non-essential genes in 5 different 
species of Vibrio [89]. Interestingly, the authors observed a decline in knockdown efficiency as the 
binding site of the guide RNA shifted from the 5' end to the 3' end of the target gene. In a recent 
study, using mobile CRISPRi, the authors were able to identify the essential genes of Pseudomonas 
aeruginosa in murine model of infection. The authors demonstrated that knockdown of exsA, a gene 
that activates type III secretion system (T3SS) results in attenuated virulence in mice [90]. 
Interestingly, the authors observed a decline in knockdown efficiency as the binding site of the guide 
RNA shifted from the 5' end to the 3' end of the target gene. Recently, mobile CRISPRi was used to 
decipher essential genes in Acinetobacter baumannii [33]. Taken together, CRISPR-based approaches 
have proven effective in uncovering the roles of key factors involved in host-pathogen interactions 
(Figure 1D). 

 
Figure 1. CRISPR-Cas System and Its Applications in Host-Pathogen Interaction Studies. A. 
CRISPR-Cas9-Mediated Gene Knockout: The Type II CRISPR-Cas9 system consists of a single guide 
RNA (sgRNA) and the Cas9 nuclease. The sgRNA guides Cas9 to its target sequence in the pathogen’s 
genome, where Cas9 induces double-strand breaks. This disruption results in the elimination or 
functional inactivation of the target gene. B. CRISPR Interference (CRISPRi): CRISPRi uses a 
catalytically inactive ("dead") Cas9 (dCas9) that retains DNA-binding ability but lacks nuclease 
activity. When recruited by an sgRNA to a target sequence, dCas9 sterically blocks transcription by 
interacting with the non-template DNA strand, leading to gene knockdown. This method can be 
inducible, allowing the degree of gene knockdown to be modulated by varying inducer 
concentrations driving CRISPRi expression. C. CRISPR-Associated Gene Activation (CRISPRa): 
CRISPRa involves a modified Cas9 from the CRISPRi system fused to omega subunit of RNA 
polymerase. The sgRNA-Cas9 complex binds upstream of the target promoter, facilitating the 
recruitment of RNA polymerase to enhance gene expression. This approach effectively activates 
transcription of the target gene. D. Applications in Host-Pathogen Interaction Studies: The CRISPR-
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Cas system has been widely used in unraveling the mechanisms of pathogenicity in various bacterial 
pathogens. It has been employed to study the roles of virulence factors, including genes involved in 
iron acquisition, biofilm formation, toxin production, and antibiotic resistance. Additionally, CRISPR-
Cas tools have facilitated the investigation of essential metabolic genes critical for pathogen survival 
in hostile host environments. 

3. Engineered Microbes-Modern Biosensors for Pathogen Detection and Elimination 

Synthetic biology approaches have also been developed to detect and respond to specific 
pathogens or pathogen-associated molecular patterns (PAMPs) involved in host-pathogen 
interactions [24,38,91,92]. By engineering synthetic circuits in bacteria, researchers have created 
Bacterial Whole Cell Biosensors (BWCBs) that are capable of sensing infection biomarkers and 
producing easily detectable signals (Figure 2) [93–95]. BWCBs offer several advantages over 
traditional pathogen detection methods. Conventional approaches, such as isolating bacteria from 
stool samples, are often time-consuming [96]. Moreover, the molecular signatures associated with a 
pathogen's virulence can be transient, localized to specific gut regions, and absent from stool samples. 
BWCBs address these limitations by providing a sensitive, rapid, and noninvasive method to identify 
key molecular markers of pathogenicity at physiologically relevant concentrations [97]. These 
engineered microbes typically incorporate synthetic circuits composed of three main modules. The 
first is the "sensor" module, designed to detect specific signals or stimuli, such as pathogen-associated 
metabolites or secreted toxins. Upon signal detection, the sensor module transmits the information 
to the second component, the "synthetic circuit," which contains a response regulator. This regulator 
receives the signal from the sensor and triggers downstream processes to activate the appropriate 
elements of the final module, the "Output" module. The output module then generates detectable 
signals, which can include bioluminescence, fluorescence, or colorimetric in nature (Figure 2A). For 
example, E. coli was engineered to create a genetic memory system capable of sensing 
anhydrotetracycline (ATC) [98]. This synthetic circuit incorporates a bistable lambda cI/Cro switch, 
consisting of two components: a “trigger element,” where a tetracycline-inducible promoter regulates 
the expression of the lambda cro gene, and a “memory element” derived from the cI/Cro region of 
phage lambda. The circuit is designed to initially reside in the cI state and transition to the Cro state 
upon induction, with the tetracycline-responsive promoter driving transcription of the cro gene. 
When this engineered Escherichia coli was administered to mice that was treated with 
anhydrotetracycline, the recovered bacteria consistently switched to the Cro state, whereas those 
given to untreated mice retained the cI state. Notably, the engineered E. coli established itself robustly 
in the murine gut environment suggesting the possibility of using similar genetic circuits to monitor 
complex, undefined environments and advances the potential for developing living diagnostics and 
therapeutics [98]. Interestingly, Mimee et al have integrated engineered biological systems with 
advanced electronics to create a bio-electronic device known as the Ingestible Micro-Bio-Electronic 
Device (IMBED) for use in diagnostic applications [99]. IMBED combines a probiotic bacterial sensor 
with ultra-low-power microelectronics to detect biomarkers of the gastrointestinal tract. As a “proof-
of-concept”, IMBED was designed to identify gastrointestinal bleeding in a porcine model by sensing 
heme released from lysed blood cells. Engineered E. coli Nissle 1917 strain responded to increasing 
blood levels by emitting bioluminescence as a readout, which was detected by phototransistors and 
subsequently converted to photocurrent signals. Using this device, the authors were able to detect 
gut infection with 100% specificity at 120 minutes. The IMBED platform has also been adapted to 
detect other disease-relevant molecules, such as thiosulfate, a biomarker for gut inflammation and 
N-acyl homoserine lactone (AHL), an indicator of bacterial infections [99]. This technology 
underscores the potential of ingestible bio-electronic devices for non-invasive and real-time medical 
diagnostics. 

3.1. Engineered Microbes as Biosensors for Gut Inflammation  

E. coli Nissle strain was also engineered to develop biosensors capable of detecting markers of 
gut inflammation in response to Salmonella infection [100]. Previous studies have shown that 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2024 doi:10.20944/preprints202412.1394.v1

https://doi.org/10.20944/preprints202412.1394.v1


 8 

 

Salmonella species can exploit the macrophage-mediated inflammatory response to facilitate the 
establishment of an infection. Reactive oxygen species generated during inflammation react with 
luminal Sulphur compounds, such as H2S to produce thiosulphate (S₂O₃²⁻) which can be further 
oxidized to tetrathionate (S4O6²⁻). The ability to utilize tetrathionate as a terminal electron acceptor 
provides S. Typhimurium with a unique growth advantage over competing species in the inflamed 
gut lumen. Using synthetic biology tools, Daeffler et al. have modified the widely used probiotic E. 
coli Nissle strain to sense both the markers of inflammation (thiosulfate and tetrathionate) in a dextran 
sodium sulfate (DSS) murine model of colitis [100]. To accomplish this, the authors employed a 
thiosulfate and tetrathionate sensor, along with their respective response regulators, from the marine 
bacteria Shewanella species as there was no previous report of genetically encoded thiosulfate sensor 
available, and the only known tetrathionate sensor is the TtrSR two-component system (TCS) from 
Salmonella typhimurium. In presence of signaling molecule (thiosulfate or tetrathionate), the sensor 
protein (ThsS or TtrS) phosphorylates its cognate response regulator (ThsR or TtrR) which in turn 
activates the downstream reductase operon that can utilize thiosulfate or tetrathionate respectively 
(Figure. 2B and 2C). Although thiosulfate reductase is regulated by the catabolite repressor protein 
(CRP), the tetrathionate reductase operon is naturally regulated by oxygen and nitrate levels through 
the global regulator FNR, making it prone to cross-repression in the gut environment. Since oxygen 
and nitrate levels are elevated during inflammation, these regulatory complexities reduce the 
reliability of the TtrSR system as a sensor for tetrathionate in this context. To overcome this limitation, 
the authors engineered the reductase operon under the control of Catabolite Repressor Protein, CRP 
instead of FNR, thus eliminating the influence of fluctuating O₂ levels in the gut. GFP fluorescence 
was used as a readout to detect the presence of thiosulfate or tetrathionate in a murine infection 
model. Using flow cytometry, the authors demonstrated activation of the thiosulfate sensor in 
response to gut inflammation during the murine infection confirming the validity of the assay [100]. 

Additionally, recombinase-based circuits have been utilized to engineer the E. coli strain EA3020 
to sense nitric oxide, a biomarker of inflammatory bowel disease (IBD), with cyan fluorescent protein 
(CFP) serving as the output signal. [101]. To achieve this, a bidirectional memory switch was 
engineered using the canonical E. coli fimbriae (Fim) phase variation system. In the OFF state, the 
fimS promoter is oriented towards the Inverted Repeat Right (IRR), leading to the constitutive 
expression of yellow fluorescent protein (YFP). Upon inversion of the switch to the ON state, fimS 
reorients toward the Inverted Repeat Left (IRL), resulting in the constitutive expression of cyan 
fluorescent protein (CFP). This inversion is mediated by the DNA recombinase FimE, which 
specifically binds to the inverted repeat sequences in the promoter region of CFP. By replacing the 
native promoter of FimE by nitric acid sensor, NorR regulated PnorV, the authors were able to design 
a synthetic circuit that allowed them to detect the presence of nitric oxide through NorR regulated 
synthetic circuit in the murine model of infection (Figure. 2D). In a separate study, Vibrio harveyi 
strain BB170 was engineered to detect Autoinducer-2 (AI-2), a quorum-sensing molecule previously 
linked to irritable bowel syndrome (IBS), using ex vivo saliva and stool samples from patients. The 
engineered bacteria sense AI-2 through the periplasmic sensor protein LuxP. LuxP subsequently 
activates the response regulator LuxQ via phosphorylation, which triggers the downstream 
luxCDABE cascade to produce bioluminescence as the output signal [102].   

3.2. Engineered Microbes as Pathogen Killing Machines 

Synthetic biology has facilitated the development of engineered microbes with potential 
prophylactic and therapeutic applications. For instance, engineered E. coli has been designed to detect 
Pseudomonas aeruginosa by sensing its quorum-sensing molecule 3OC12HSL [103]. Upon detecting the 
molecule, sensor LasR of the "detection module" activatesthe expression of GFP fluorescence, 
confirming the pathogen's presence. The second component, a LasR controlled "destruction module," 
synthesizes a chimeric bacteriocin called CoPy, which was engineered by replacing the receptor and 
translocase domains of Colicin E3 with those of Pyocin S3 to specifically target P. aeruginosa. The final 
component, a "secretion module," utilizes the type IV secretion system FlgM to release CoPy into the 
environment (Figure. 2E). Using this engineered E. coli strain, the authors demonstrated growth 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 December 2024 doi:10.20944/preprints202412.1394.v1

https://doi.org/10.20944/preprints202412.1394.v1


 9 

 

inhibition of P. aeruginosa strain PA01 in co-culture, paving the way for the development of novel 
therapeutic bacterial strains. In a more recent study, Hwang et al. engineered E. coli Nissle strain to 
target and kill P. aeruginosa by delivering an antimicrobial peptide and a biofilm-dispersing enzyme 
[104]. Additionally, a CRISPRi-based synthetic circuit was developed in Bacteroides thetaiotaomicron, 
a key member of the human gut microbiome, to modulate gene expression and antimicrobial 
resistance, highlighting the broader potential of synthetic biology in combating pathogens [105]. 

 

Figure 2. Engineered microbes as tools to study host-pathogen interactions. A. Schematic 
representation of an engineered microbial system designed to detect specific pathogens or their 
metabolites using synthetic circuits. The system comprises a sensor that responds to a target signal, 
an inducible, titratable, gated or bistable synthetic circuit, and a downstream reporter gene. Upon 
sensing the signal, the sensor activates a response regulator, which triggers a gene cascade to produce 
a detectable output signal (colorimetric, fluorescent, or bioluminescent). B-C. The E. coli Nissle strain 
was engineered to act as a biosensor for gut inflammation by detecting thiosulfate (B) and 
tetrathionate (C), biomarkers of Salmonella-induced inflammation. Detection involves specific sensors 
(ThsS for thiosulfate and TtrS for tetrathionate) that phosphorylate their respective response 
regulators (ThsR or TtrR) in presence of the signal. The phosphorylated response regulators activate 
reductase operons that can utilize these metabolites. Sensors and response regulators were driven by 
either inducible promoters (e.g., IPTG or ATC) in vitro or constitutive promoters (J23104, J23105, and 
J23109) in murine infection models. D. The E. coli strain EA3020 was engineered to sense nitric oxide 
(NO), a biomarker of inflammatory bowel disease (IBD), with cyan fluorescent protein (CFP) as the 
output. In the presence of NO, the NorR sensor activates the recombinase FimE, which switches the 
FimS invertible promoter element from an OFF to an ON state, driving CFP expression. E. E. coli was 
designed to detect Pseudomonas aeruginosa by sensing its quorum-sensing molecule, 3OC12HSL. The 
LasR sensor activates the detection module, resulting in GFP fluorescence, confirming pathogen 
presence. Additionally, LasR activates the expression of chimeric bacteriocin Co-Py, which is secreted 
through the FlgM-mediated Type IV secretion system to eliminate the target pathogen. 

4. Phage Therapy-Based Approaches to Decipher Host-Pathogen Interactions 

Bacteriophages have long been employed as valuable tools for generating gene knockouts across 
various bacterial species [106]. With advances in synthetic biology, phages have been further 
repurposed for the detection and elimination of multidrug-resistant bacterial strains [42,106,107]. 
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This has been achieved through CRISPR interference (CRISPRi)-based approaches [107,108] or by 
inducing bacterial cell lysis using endolysins [45,109].  

4.1. Application of CRISPRi Based Methods on Phage Therapy 

CRISPRi-based technology has enabled the creation of engineered bacteriophages that can be 
precisely tailored to target specific DNA sequences of the desired pathogens in the microbiome. This 
method offers a significant advantage over antibiotics, the later often cause the loss of beneficial 
bacteria in the microbiome due to their broad-spectrum effects [108]. For example, Citorik et al. 
developed a CRISPRi-based-PT system in which RNA-guided nucleases (RGNs) were delivered into 
E. coli strain EMG2 via a phagemid to target antibiotic resistance genes blaNDM-1 and blaSHV-18, 
conferring β-lactam resistance, or a mutated DNA gyrase gene (gyrAD87G) associated with quinolone 
resistance [109]. Once inside the pathogen, the cr-RNA directed nucleases to the target DNA, 
inducing double-stranded breaks that led to plasmid loss and bacterial death (Figure. 3A). 
Importantly, this method demonstrated specificity, as bacteria lacking the targeted sequences 
remained unaffected. The authors further tested their CRISPRi-based method in vivo using Galleria 
mellonella larvae infected with Enterohemorrhagic E. coli O157:H7 (EHEC). By targeting the eae gene, 
which encodes a virulence factor critical for the pathogen's attachment to the host epithelial cells, the 
authors demonstrated enhanced survival of Galleria mellonella larvae treated with the engineered 
phage compared to the control. This in vivo study highlighted the potential of CRISPRi-based phage 
therapy in improving host survival by specifically targeting bacterial virulence factors. Similarly, 
Bikard et al. successfully treated Staphylococcus aureus infections in a murine skin model by targeting 
key virulence factors, including the aminoglycoside phosphotransferase gene (aph), the methicillin 
resistance gene (mecA), and the enterotoxin gene (sek) using CRISPR-Cas based approach that was 
delivered by a bacteriophage (Figure. 3A). This study showcases the potential of CRISPR-based 
phage therapy as a precise antimicrobial strategy [110].  

4.2. Phage Based Antimicrobials-Endolysins 

One promising approach to combating pathogenic bacteria involves modifying the native 
endolysins of bacteriophages [111]. Endolysins are enzymes produced by bacteriophages during the 
lytic phase. These enzymes degrade the peptidoglycan layer of the bacterial host cell wall from 
within, leading to cell lysis and the subsequent release of progeny virions (Figure. 3B). Endolysins 
exhibit structural variability depending on its target. Endolysin that target Gram-positive bacteria 
typically have a modular structure, consisting of a catalytic domain responsible for enzymatic activity 
and a cell wall-binding domain (CBD) that ensures the enzyme binds effectively to the bacterial cell 
wall. In contrast, endolysins targeting Gram-negative bacteria are generally smaller, single-domain 
proteins without a distinct CBD. The outer membrane of Gram-negative bacteria restricts access to 
the peptidoglycan layer, necessitating different structural adaptations in the endolysins [111]. 
Previous studies have demonstrated that recombinantly purified endolysins are effective in killing 
both Gram-positive and Gram-negative bacteria [112,113]. Building on this, researchers engineered a 
chimeric endolysin, Cpl-7-11, by combining the catalytic, linker, and cell wall-binding domains of 
two separate endolysins, Cpl1 and Cpl7S. This chimeric endolysin was shown to be 50% more 
effective against Streptococcus pneumoniae in a murine infection model compared to the parental Cpl1 
alone [114]. Similar studies have been conducted with chimeric endolysins to treat Streptococcus sp 
[115,116], Staphylococcus sp [117] and Listeria sp [118]. While chimeric endolysins have shown success 
in treating Gram-positive bacteria, their application to Gram-negative bacteria has been limited by 
the presence of the outer membrane. To overcome this challenge, researchers have used 
permeabilizing agents such as EDTA, citric acid, polymyxin B, and poly-L-lysine. A combination of 
EDTA, citric acid, and malic acid was found to be particularly effective against Pseudomonas aeruginosa 
strain PA01 and Pseudomonas fluorescens when treated with the Salmonella phage endolysin Lys68 
[119]. Another innovative approach involved fusing endolysins with lipopolysaccharide (LPS)-
destabilizing peptides, leading to the creation of "Artilysins." These engineered enzymes combine the 
antimicrobial activity of endolysins with the ability to disrupt the outer membrane of Gram-negative 
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bacteria, enhancing their effectiveness in targeting a broader range of pathogens. In one study, 
polycationic nonapeptides (PCNP) were fused with the endolysin OBPgp279, isolated from the P. 
fluorescens phage OBP, to create an Artilysin that was found to be effective against Pseudomonas 
aeruginosa [120]. Similarly, Lood et al. discovered the endolysin PlyF307, which was effective against 
Acinetobacter baumannii in a murine infection model [121]. This strategy of combining endolysins with 
LPS-destabilizing peptides shows promise in enhancing the efficacy of phage-derived therapies, 
especially against difficult-to-treat Gram-negative pathogens. 

4.3. Application of Engineered Phages for Bacterial Detection and Diagnostics   

Recent developments in phage-based pathogen detection have addressed some limitations of 
traditional methods, which often fail to identify pathogens present in low numbers due to the 
enrichment step [122]. To overcome this, researchers have created luminescence-based assays by 
fusing a luciferase gene with a phage protein through homologous recombination. Upon infection, 
the engineered phage produces light, which can be detected using luminescence assays. For example, 
Sarkis et al. engineered a phage by cloning the luciferase gene into the tRNA region of the L5 
mycobacteriophage, which successfully detected live Mycobacterium smegmatis [123]. Similarly, an 
assay for detecting Listeria monocytogenes was developed by fusing the major capsid protein gene of 
Listeria phage A511 with the luxA and luxB genes from Vibrio harveyi. This system emitted a 
luminescent signal when encountering the pathogen, enabling detection of Listeria at concentrations 
as low as CFU <1/g in contaminated food [124].  

Additionally, GFP-based phages were engineered to detect enterohemorrhagic strain of E. coli 
O157:H7. In this engineered phage, the gene encoding green fluorescent protein (GFP) was 
recombined into the genome of a T4 phage mutant that lacks lytic activity. Upon encountering the 
target pathogen, GFP fluorescence is expressed on the small outer capsid (soc), with the fluorescence 
intensity directly proportional to the infection time [125]. In a different approach, Piuri et al. 
engineered the mycobacteriophage TM4 to emit GFP or ZsYellow in presence of Mycobacterium 
tuberculosis, enabling detection using flow cytometry. This assay was further used to detect multi-
drug-resistant strains of M. tuberculosis. The addition of Rifampicin decreased fluorescence intensity 
in susceptible bacterial populations, while any remaining fluorescence after Rifampicin treatment 
indicated the presence of drug-resistant bacteria, providing a rapid detection method for drug-
resistant M. tuberculosis [126]. Finally, a T7 coliphage was engineered to display a biotinylated peptide 
on its major capsid protein. These biotinylated phages were conjugated to streptavidin-coated 
quantum dots (QDs), which emit fluorescence only after infection. In the absence of the host, the 
biotinylated phages were not produced, offering a novel method for pathogen detection [127]. 

Inspite of its versatility, phage therapy have several limitations that hinder their widespread use 
as therapeutic agents. Their narrow cleavage spectrum restricts them to targeting only specific 
bacteria, which makes them less effective against infections caused by multiple bacterial species. 
Additionally, lysogenic bacteriophages can transfer toxins and antibiotic resistance genes, 
complicating their therapeutic use. There is also a lack of standardized policies and regulations for 
bacteriophage therapy (PT), as well as insufficient guidance on phage isolation, purification, and 
clinical application. Importanntly, bacteria can evolve resistance to bacteriophages through various 
mechanisms, such as the CRISPR-Cas system, which complicates their long-term effectiveness. 
Furthermore, the lack of pharmacokinetic data, the difficulty of maintaining effective phage 
concentrations in the body, and potential interactions with the immune system or release of bacterial 
toxins pose significant challenges for PT's clinical application [128]. 
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Figure 3. Phage therapy-based approaches for targeted pathogen elimination. A. CRISPR-Cas 
phage engineering: The bacteriophage genome is modified to include CRISPR-Cas genes. Upon 
infection, the phage transfers its genome into the bacterial host where the Cas9 gene gets translated 
by the host translational machinery and guided by a specific gRNA to target sequences that can be an 
antimicrobial resistance gene or a virulence factor, or an essential gene. Cas9-induced double-
stranded breaks in the target DNA result in bacterial cell death. 
B. Endolysin phage engineering: The bacteriophage genome is engineered to carry endolysin genes. 
During the lytic phase, these genes are expressed by the bacterial host, producing endolysins that 
degrade the peptidoglycan layer of the cell wall. This leads to bacterial lysis, pathogen death, and the 
release of new phage progeny. 

5. Organ-on-a-Chip-an Emerging Platform for Investigating Host-Pathogen Interactions 

Traditional approaches to study host-pathogen interactions are limited by the inaccessibility of 
human organs, ethical concerns, and the lack of translatability of murine models to human systems 
[9]. Additionally, fecal microbiota analysis fails to capture real-time microbial dynamics under 
physiological or disease conditions [129]. To address these challenges, organ-on-a-chip technology 
was developed to replicate human organ-level functions for accurate drug testing and disease 
modeling while reducing dependence on animal models [60,130]. By integrating shear stress 
conditions that replicate the in vivo environment, this microfluidics-based approach offers a unique 
platform for investigating pathogen interactions with various human organ tissues, including the 
gut, lungs, liver, intestine, and kidney [60,61,131–135] (Figure 4). This methodology enables the 
generation of physiologically relevant insights as discussed below.  

5.1. Organ-on-a-Chip as a Tool to Study Interaction of Pathogens with the Host 

Organ-on-a-chip technology has been widely applied to explore the adaptative strategies 
employed by the pathogens to counteract the host immune defense (Figure 4A) [60,61,136]. 
Uropathogenic Escherichia coli (UPEC) evade host immune defenses and antibiotic treament by 
forming intracellular bacterial communities (IBCs) within the umbrella cells of the urinary bladder 
[137]. Commonly used antibiotics fail to completely eliminate IBCs, allowing the persistent 
population to reactivate within the host and cause recurrent UTIs. Understanding the molecular 
mechanisms of IBC formation could pave the way for developing novel therapeutics to effectively 
treat recurrent UTIs. The inaccessibility of the urinary bladder presents significant challenges for 
studying the IBC formation in real time within the host environment. To address this problem, 
Sharma et al. developed a chip to investigate bacterial persistence by uropathogenic E. coli [137]. The 
chip, which cocultured umbrella cells and bladder microvascular epithelial cells in the presence of 
either urine or nutrient-rich media, mimicked the human urinary bladder environment. By 
incorporating linear strain to simulate bladder filling and voiding, the authors observed that E. coli 
was able to form IBCs with the umbrella cells. Interestingly, upon antibiotic treatment, the umbrella 
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cells exfoliated, leading to the formation of new IBCs. This study highlighted the pivotal role of IBCs 
as reservoirs for pathogens, providing valuable insights into the molecular mechanisms of virulence 
of urinary tract infections. (Figure 4B). 

Organ-on-a-chip models have proven valuable in investigating the the host immune response 
to Mycobacterium tuberculosis (Mtb). Pulmonary surfactant, which comprises 
dipalmitoylphosphatidylcholine (a unique phospholipid) and four surfactant-associated proteins—
SP-A, SP-B, SP-C, and SP-D—plays a crucial role in host defense. It lines the alveolar wall and 
facilitates the binding and clearance of various pathogens, including Mycobacterium tuberculosis [138]. 
Previous studies have indicated that mice deficient in pulmonary surfactant production exhibit 
increased susceptibility to Mycobacterium tuberculosis [139], highlighting the importance of 
pulmonary surfactant in mitigating tuberculosis. To explore the molecular mechanisms behind these 
interactions, Thacker et al. recently developed a lung-on-a-chip model incorporating alveolar cells 
and macrophages to investigate the early dynamics of Mycobacterium tuberculosis (Mtb) infection at 
an air-liquid interface [140]. The chip was engineered to circulate air, blood, and surfactant, closely 
replicating the lung’s in vivo environment. Through time-lapse microscopy, the study revealed a 
crucial role of pulmonary surfactant in controlling tuberculosis by mitigating bacterial growth within 
the macrophages. In another study, Pseudomonas aeruginosa  exhihibited favourable growth in the 
lung airway chips designed to model the cystic fibrosis (CF) airway, reflecting key features of the 
disease. These chips incorporate primary epithelium isolated from CF patients and effectively 
replicate the CF airway's characteristics, such as increased cilia density, mucus accumulation, ciliary 
beating frequency, and IL-8 secretion. As a result, there is greater adhesion of circulating immune 
cells to the endothelium and their transmigration into the airway compartment, compared to healthy 
airway chips [141]. Organ-on-a-chip technology has applications in studying secondary bacterial 
infections, such as Staphylococcus aureus infections following influenza. Pneumonia, often exacerbated 
by bacterial co-infections, significantly increases morbidity and mortality during influenza 
epidemics. A microfluidic chip system was developed to model these interactions by coculturing 
alveolar epithelial cells (NCI-H441) and monocyte-derived macrophages in the upper chamber under 
air-phase conditions for 14 days, while human umbilical vein endothelial cells (HUVECs) were 
cultured in the lower chamber with medium perfused via a peristaltic pump. The authors observed 
significant damage to the endothelial layer following Staphylococcus aureus infection. This platform 
allowed spatiotemporal monitoring of S. aureus spread and host immune responses, offering an 
advanced tool for studying pneumonia pathophysiology and exploring potential therapeutic targets. 
[142].  

Furthermore, by designing a chip that replicates the human intestinal environment, 
incorporating shear stress from intestinal flow and tensile stress from peristaltic movement, the 
authors demonstrated that Shigella flexneri entry through the apical side of enterocytes results in a 
loss of barrier integrity [143]. This effect was further aggravated by physical deformities caused by 
peristaltic movement-induced stress on the cells. In a separate study, the importance of tensile stress 
was highlighted using enterotoxigenic E. coli, which increased the secretion of cGMP by human 
jejunal enteroids in response to enterotoxins released by the pathogen. This study provided new 
insights into the mechanisms underlying enterotoxin-induced diarrhea [144]. 

5.2. Organ Chips as a Tool to Decipher Host-Microbiota Interactions  

There is growing evidence about the significant role of gut microbiota in human health [54,55], 
with disruptions linked to conditions such as, inflammatory bowel disease (IBD) [145], celiac disease 
[146] and gastrointestinal malignancies [147]. Understanding the crosstalk between individual 
microbes, gut epithelial cells, and immune cells under standard and disease conditions could open 
new avenues for drug development. Recent studies have demonstrated the potential of organ-on-a-
chip models to uncover these interactions. For example, Kim et al. conducted a “proof-of-concept” 
study where the authors incubated eight probiotic bacterial strains with intestinal epithelial cells in 
an organ-on-a-chip model [148]. The authors found that peristaltic motion is crucial in regulating 
microbiota overgrowth in the gut. In addition, the authors also found that the exogenous addition of 
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lipopolysaccharide (LPS) endotoxin induced the production of proinflammatory cytokines (IL-8, IL-
6, IL-1B, and TNF-α), leading to villus restructuring and impaired barrier function. Interestingly, this 
damage could be reversed by adding probiotic bacteria.  

Recently, significant progress has been made in replicating the human gut microbiome in vitro. 
Using an advanced two-channel intestine-on-a-chip model, the authors successfully co-cultured a 
microbiome containing  over 200 bacterial species, closely mimicking the diversity and complexity 
of a human stool microbiome, in direct contact with human intestinal epithelium and its naturally 
secreted mucus layer for five days [149]. These models were lined with either Caco-2 cells or primary 
human organoid-derived epithelium, interfaced with primary intestinal microvascular endothelium. 
This was accomplished by creating a hypoxia gradient across the epithelial–endothelial interface, 
replicating the in vivo conditions, which was confirmed through the use of integrated on-chip oxygen 
sensors. The presence of living bacteria in the system either maintained or improved intestinal barrier 
function, underscoring the microbiome's role in supporting intestinal health within this model. This 
setup provides a sophisticated platform for investigating host-microbiome interactions in a 
controlled, physiologically relevant environment In a separate study, Shin et al, deciphered DSS-
induced oxidative stress caused changes in villus microarchitecture and barrier function in a gut-
inflammation-on-a-chip model, further underscoring the importance of gut homeostasis in disease. 
[150]. Addition of non-pathogenic E. coli or lipopolysaccharide (LPS) results in the production of 
proinflammatory cytokines and the recruitment of immune cells. Additionally, the inclusion of 
probiotic bacteria was also shown to reduce oxidative stress, further highlighting the importance of 
gut microbiota dynamics on human health. Finally, Tovaglieri et al. investigated the relationship 
between host pathophysiology and the gut microbiome using a human colonic epithelium gut-chip 
model to simulate enterohemorrhagic E. coli (EHEC) infection [151]. The authors found that human 
microbiome-derived metabolites caused greater epithelial cell damage compared to those from mice 
and identified four metabolites that triggered the expression of flagellin, a bacterial protein essential 
for motility. These findings suggest that specific metabolites in the human gut microbiome may 
influence the host’s immune response, offering insights into host-microbiome interactions that could 
enhance the translational relevance of microbial research for human health. 

The organ-on-chip platform, like any emerging technology, faces several challenges that need to 
be addressed for broader adoption and effective application. Notably, organ chips can exhibit 
significant variability across different production batches, laboratories, and users [152]. Interestingly, 
Polydimethylsiloxane (PDMS), the materials used in the fabrication of these chips despite being 
favored for its high biocompatibility, transparency, and oxygen permeability, has been shown in 
multiple studies to adsorb proteins onto its surface and can interfere with the interaction of drugs or 
stimulatory substances with the cells within the chip [153]. Additionally, organ-on-a-chip devices 
often require specialized equipment adding complexity and cost to their setup.  

 

Figure 4. Organ-on-a-Chip to study host-pathogen interactions. A. Overview of various organs 
modeled using organ-on-a-chip technology to investigate the molecular mechanisms of infectious 
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diseases and the potential applications of this approach. Organ on a chip has been used to decipher 
bacterial and host response, to study the effect of drugs, antimicrobials and engineered 
bacteriophages (phage therapy) on bacterial pathogens, and to study genetic and epigenetic changes 
in response to the environment. B. Simplified diagram illustrating the layered structure of the chip. 
The top layer contains the pathogenic bacteria of interest, followed by the extracellular matrix. 
Nutrients, growth factors, and drugs flow through this layer to replicate the host environment (e.g., 
gut). Beneath this, the first host cell layer is represented, such as umbrella cells in a urinary bladder 
model. The chip design includes mechanical strain to simulate physiological conditions, such as 
peristaltic motion in a gut model or the stress bladder epithelial cells undergo during filling and 
voiding in a urinary bladder model. A porous membrane is located below the host cell layer, enabling 
efficient exchange of chemicals with the underlying tissue layer. 

6. Conclusions and Future Perspective 

In the past decade, the emergence of Multi-Drug-Resistant (MDR) bacterial strains has become 
a significant global health challenge, driven by factors such as de novo mutations, horizontal gene 
transfer, and the inappropriate use of antibiotics in both human medicine and livestock farming 
[154,155]. These factors foster conditions that promote bacterial resistance, enabling them to survive 
in sublethal concentrations of antibiotics. Furthermore, to counteract host immune responses, 
bacteria have evolved a range of virulence factors, sensors, and response regulators that activate 
downstream stress response pathways to counteract the host mediated nutritional immunity 
[156,157]. For instance, the Ferric Uptake Regulator (Fur) plays a crucial role in equipping 
uropathogenic E. coli with the necessary adaptations to survive the nutrient-limited urinary tract 
[157]. Similarly, the global Fe-S cluster regulator, IscR, has been shown to be pivotal in the survival 
and virulence of Yersinia pestis [158]. Additionally, Mycobacterium tuberculosis has developed several 
adaptive strategies to evade antimicrobial treatments, including its ability to enter a dormant state 
and reactivate under immunocompromised conditions, establishing chronic infections. Central to 
this adaptation is the DevR/DosR response regulator, which is crucial for the virulence, dormancy 
adaptation, and antibiotic tolerance of M. tuberculosis. By modulating the dormancy regulon, 
DevR/DosR facilitates the persistence of M. tuberculosis in the host, enabling it to endure 
environmental stresses that promote dormancy [159]. Moreover, PolyPhosphate Kinase 1 (PPK1) 
plays a key role during phosphate starvation, likely through a bistable signaling pathway [160], while 
the transcription factor MtrA regulates dormancy and reactivation, promoting long-term survival of 
M. tuberculosis [161]. We have previously developed recombinant tools to study the role of 
transcription factors in M. tuberculosis under in vitro [162] and in vivo conditions [163]. Using these 
methods, we identified the role of the novel transcription factor Rv1222 in M. tuberculosis [164]. 
Additionally, these tools have proven valuable in discovering a novel anti-tuberculosis molecule, D-
AAP1 to treat drug resistant M. tuberculosis [165]. With the growing emergence of resistant strains 
worldwide, there is an urgent need to develop new tools to better understand the roles of these factors 
in host-pathogen interactions. 

Synthetic biology-based strategies have greatly enhanced our ability to dissect the roles of 
virulence factors and essential genes in bacterial pathogens [24,38,91,92]. Many pathogenic bacteria 
contain horizontally acquired genes located within their genomic pathogenicity islands. These 
islands frequently encode genes critical for bacterial survival and virulence, enabling pathogens to 
counteract host immune response. For instance, the uropathogenic Escherichia coli strain CFT073 
harbors 13 pathogenicity islands, which include genes involved in iron acquisition, toxin production 
and transport, biofilm formation, and antimicrobial resistance [157,166]. The CRISPR-Cas systems 
have emerged as powerful tools in bacterial research due to their versatility in targeting bacterial 
defense mechanisms. These methods can be utilized to elucidate the roles of pathogenicity island 
genes with unknown functions, thereby revealing novel adaptive strategies underlying host-
pathogen interactions. Mobile-CRISPRi has emerged as new player to study host-pathogen 
interactions. Currently, this method can be only utilized in a limited number of Gram-positive 
pathogens. Further development of mobile-CRISPRi-based platforms will unlock the untapped 
potential to study a greater range of pathogens. Furthermore, CRISPR-based functional genomics 
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techniques, such as CRISPR interference (CRISPRi), combined with sequencing technologies like 
CRISPRi-seq, have proven effective in identifying key gene subsets and disrupting essential processes 
involved in bacterial host-pathogen interaction [75]. Although the application of CRISPRi-seq is still 
limited, its integration with other techniques, such as Tn-seq, has the potential to reveal niche-specific 
metabolic processes and identify synergistic antibiotic targets that may be concealed by genetic 
redundancy. Finally, CRISPR-mediated transposition (CAST) [167] and CRISPR activation (CRISPRa) 
systems provide innovative methods for large-scale bacterial genome analysis, offering promising 
solutions to the limitations of current methods. 

The development of engineered microbes to detect microbial pathogens and pathogen 
associated metabolites in vivo has opened new avenues for understanding the molecular signatures 
associated with disease progression, offering valuable insights for drug development. BWCBs have 
proven to be an effective method for identifying both intra- and inter-species communication signals 
(quorum sensing molecules) within the gut microbiota. These reporter gene-based synthetic circuits 
allow for bacterial imaging, but over time, the signal intensity may diminish, often due to the 
depletion of essential exogenous substrates required for bioluminescent bacteria [168]. Furthermore, 
fluorescence imaging is hindered by background autofluorescence, which can compromise 
sensitivity [169]. To address these limitations, strategies to correct for autofluorescence can be 
employed, or alternative optical imaging techniques, such as bioluminescence or photoacoustic 
imaging, can be explored to improve accuracy and reliability.  

Phage therapy (PT) has emerged as a promising alternative to traditional antibiotics, utilizing 
bacteriophages to target and eliminate antibiotic-resistant pathogens [42,106,107]. While it holds 
significant promise, its widespread adoption is hindered by challenges such as the need for extensive 
clinical research, regulatory approvals, and overcoming misconceptions regarding the potential for 
phages to cause infections. PT is especially promising in personalized medicine, where phage 
biobanks are used to match specific phages to bacterial strains [128]. Despite these hurdles, PT could 
serve as a valuable adjunct to conventional antibiotics, particularly in treating infections resistant to 
standard therapies. Additionally, advancements in phage therapy, driven by clinical trials and 
biotechnological innovations, provide a foundation for developing alternative anti-infectives. 
However, challenges such as the longevity of phages, their interactions with antibiotics, 
pharmacokinetics, and safety concerns regarding endotoxins and protein toxins remain. Efforts to 
develop large phage banks and improve isolation and purification methods are crucial to ensuring 
the safety and efficacy of PT, while genetic engineering and sequencing technologies offer hope for 
the future, provided that logistical and regulatory hurdles are addressed. 

Finally, organ-on-a-chip models offer significant advantages for studying conditions that are 
challenging to replicate in humans or animals, including genetic disorders and effects of severe 
radiation exposure. These models provide a human-relevant alternative to genetically modified mice, 
facilitating more accurate therapeutic development. Organ chips also present a safer alternative for 
investigating pregnancy-related drug effects on the placental barrier [130]. Recent advancements 
have led to the development of multi-organ-on-a-chip systems designed to explore how various 
organs respond under normal and diseased conditions [170]. These systems allow for more accurate 
modeling of inter-organ interactions and disease progression. By simulating complex drug 
metabolism and pharmacokinetics, they will provide a more relevant approach to preclinical drug 
testing. The potential of multi-organ chips to transform personalized medicine is immense, providing 
insights into individual responses to therapeutics. Looking forward, the developmment of bacterial 
platforms for antimicrobial therapy and the combination of innovative strategies such as phage 
therapy, CRISPR-based genomics, and synthetic microbial communities offer promising directions to 
address antibiotic resistance and enhance therapeutic approaches. These emerging technologies have 
the potential to reshape treatments for infectious diseases, heralding a pivotal shift in the fight against 
antimicrobial resistance. 
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