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Abstract
Antibiotic resistance is a global threat, driven by limited new antimicrobials and rising multidrug-resistant 
infections. Lipid nanoparticles (LNPs) combine tunable material properties with antimicrobial 
functionality, providing biocompatibility, controlled release, and biofilm penetration. LNPs provide key 
advantages over metallic and polymeric nanocarriers, including high biocompatibility, the ability to 
encapsulate both hydrophilic and hydrophobic agents, controlled release profiles, and reduced cytotoxicity 
and immune activation. These features enhance drug stability and bioavailability and may help circumvent 
bacterial defences such as biofilms and efflux pumps. Robust preclinical evaluation platform of 
antimicrobial biomaterials requires platforms that capture biologically relevant interactions while 
remaining ethically and economically feasible. The chick embryo model (CEM) has emerged as a versatile 
platform for infection studies, bridging conventional in vitro assays and mammalian in vivo models. Its 
vascularized and developing tissue environment enables assessment of nanoparticle biodistribution, local 
toxicity, and antimicrobial efficacy within a dynamic biological context. This review critically examines the 
application of the CEM for evaluating LNP-based antimicrobial systems, highlighting current 
methodological variability and limitations in experimental standardization. By identifying gaps in protocol 
harmonisation and comparative assessment, this work outlines opportunities to improve reproducibility 
and translational relevance. Overall, integrating rationally designed LNP systems with optimised CEMs may 
accelerate the development of next-generation antimicrobial biomaterials to combat antibiotic-resistant 
infections.
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Introduction
The rapid emergence and global dissemination of antibiotic resistance (AR) constitute one of the most 
critical public health challenges of the 21st century. The World Health Organization (WHO) has identified 
AR as a global priority, warning that without urgent and coordinated intervention, infections that were 
previously treatable may once again become fatal [1]. Extensive overuse and misuse of antibiotics across 
clinical medicine, veterinary practice, and agriculture have accelerated the selection and spread of resistant 
microbial strains, undermining the effectiveness of existing therapies and placing a growing burden on 
healthcare systems worldwide [2]. Current estimates indicate that drug-resistant infections are responsible 
for approximately 700,000 deaths annually, with projections suggesting this figure could rise to 10 million 
per year by 2050 in the absence of effective countermeasures [3].

Global surveillance initiatives, including the WHO Global Antimicrobial Resistance Surveillance System 
(GLASS), consistently report increasing resistance rates across multiple bacterial species, with multidrug-
resistant Gram-negative pathogens posing particular concern in both community- and healthcare-
associated infections [1, 4]. Beyond clinical settings, environmental reservoirs play a substantial role in the 
persistence and dissemination of resistance determinants. Agricultural runoff, wastewater effluents, and 
improper disposal of pharmaceutical compounds contribute to environmental antibiotic contamination, 
facilitating the horizontal transfer of resistance genes and further amplifying the global AR burden [5, 6].

Despite the escalating clinical need, the antibiotic discovery pipeline has stagnated over recent 
decades. Most antibacterial agents approved in the past 20 years are derivatives or reformulations of 
existing drug classes, providing incremental improvements rather than fundamentally new mechanisms of 
action [7, 8]. Economic disincentives, prolonged development timelines, and high attrition rates have 
constrained investment in antibacterial research, prompting increased interest in alternative and 
complementary strategies to conventional antibiotics [9].

Among these strategies, biomaterials-based approaches—particularly nanotechnology-enabled 
delivery systems—have attracted growing attention for their ability to modulate nano–bio interactions and 
overcome biological barriers associated with AR. LNPs are of particular interest due to their intrinsic 
biocompatibility, tunable physicochemical properties, capacity to encapsulate both hydrophilic and 
hydrophobic agents, and potential for controlled or localized delivery [10, 11]. In antimicrobial 
applications, LNPs can enhance stability, pharmacokinetics, and site-specific delivery, potentially bypassing 
resistance mechanisms such as biofilm formation and efflux activity while reducing systemic toxicity [12].

The rational development of LNP-based antimicrobial biomaterials requires robust and predictive 
preclinical evaluation platforms. While mammalian models provide high physiological relevance, they are 
often costly, time-intensive, and associated with significant ethical constraints. In this context, the chicken 
embryo model (CEM) has emerged as a versatile and ethically favorable alternative that bridges the gap 
between in vitro assays and mammalian in vivo systems [13]. The CEM provides a vascularized and 
dynamically developing biological environment, supports localized infection and material administration, 
and aligns with the principles of Replacement, Reduction, and Refinement (3Rs) in animal research [14].

Despite increasing adoption, the application of the CEM in antimicrobial and biomaterials research 
remains highly variable. Variations in embryo age, inoculation routes, administration volumes, incubation 
conditions, and experimental endpoints limit reproducibility and complicate direct comparisons between 
studies [15]. Similarly, while LNP-based antimicrobials are often extensively characterised in terms of 
physicochemical properties and in vitro activity, fewer studies systematically evaluate their performance in 
standardized, biologically relevant in vivo-like models or critically compare their advantages and limitations 
relative to alternative nanocarrier platforms.
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Figure 1. Timeline illustrating the parallel development of major antibiotic classes and the subsequent emergence of 
resistant bacterial phenotypes. Penicillinase resistance first appeared in 1947 (early clinical reports of penicillin-resistant 
Staphylococcus aureus) and later in hospitals (~1967). Vancomycin resistance is indicated twice: 1988 for vancomycin-resistant 
enterococci (VRE) and 2002 for vancomycin-resistant Staphylococcus aureus (VRSA). Notes clarify the species and timeline 
distinctions. Resistant (R), multidrug-resistant (MDR), extensively drug-resistant (XDR), and pan-drug-resistant (PDR) 
organisms are shown with approximate detection dates, highlighting the rapid onset of resistance following antibiotic 
introduction. The figure was created in BioRender. Ruano, M. (https://BioRender.com/e6xuc2s) is licensed under CC BY 4.0.

This review critically examines the current literature on the use of the CEM for evaluating lipid 
nanoparticle-based antimicrobial biomaterials. By identifying methodological inconsistencies, highlighting 
experimental limitations, and discussing opportunities for protocol standardization, this work aims to 
improve reproducibility and translational relevance, thereby supporting the rational design and evaluation 
of nanoparticle-enabled strategies to combat antibiotic-resistant infections.

Antibiotic resistance (AR): drivers and challenges
AR represents one of the most pressing global health challenges of the 21st century. The well-established 
relationship between antibiotic exposure and the emergence of resistant bacterial populations has 
prompted WHO to warn that, without urgent intervention, drug-resistant infections will increasingly 
undermine modern healthcare systems worldwide [16]. From a biomaterials and environmental 
perspective, AR emerges not only as a clinical problem but also as a consequence of complex interactions 
between microorganisms, anthropogenic activity, and chemical agents distributed across biological and 
ecological interfaces.

Historically, resistance has followed closely behind antibiotic discovery. The first documented case of 
AR occurred in Escherichia coli in 1940, shortly after the introduction of sulfonamides, followed by 
penicillin-resistant Staphylococcus aureus in 1942 [17, 18]. Although the development of new antibiotic 
classes temporarily restored therapeutic efficacy, resistance rapidly re-emerged, ultimately giving rise to 
multidrug-resistant (MDR), extensively drug-resistant (XDR), and pan-drug-resistant (PDR) bacterial 
phenotypes. This recurring pattern highlights the evolutionary adaptability of bacteria and the inherent 
limitations of conventional small-molecule antibiotics.

Figure 1 illustrates the parallel timeline of major antibiotic introductions and the subsequent 
emergence of resistant strains. The rapid appearance of resistance following clinical deployment 
underscores the persistent “arms race” between antimicrobial development and microbial adaptation. 

https://BioRender.com/e6xuc2s
https://BioRender.com/e6xuc2s
https://BioRender.com/e6xuc2s
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Currently, resistant infections are estimated to cause approximately 700,000 deaths annually worldwide, a 
figure projected to rise to 10 million deaths per year by 2050 in the absence of effective countermeasures 
[1, 3, 19].

Environmental and anthropogenic drivers of AR

In addition to clinical misuse, subtherapeutic environmental antibiotic exposure is a major driver of AR. 
Widespread antibiotic application in medicine, veterinary practice, agriculture, and aquaculture, combined 
with insufficient wastewater treatment and pharmaceutical manufacturing effluents, has resulted in the 
continuous release of antimicrobial residues into soil and aquatic environments [6, 20, 21]. These 
conditions create persistent selective pressure that favors resistant microorganisms and facilitates the 
horizontal transfer of antibiotic resistance genes (ARGs).

Figure 2 summarizes the main anthropogenic and natural sources of environmental antibiotic 
contamination. Agricultural runoff, livestock and aquaculture practices, improper medical-waste disposal, 
and pharmaceutical production introduce antibiotics into soil and water, where they interact with diverse 
microbial communities. Environmental compartments—soil, water, and biofilms—act as reservoirs and 
transfer media, facilitating the spread of resistance genes across ecosystems and their eventual re-entry 
into clinical settings.

Figure 2. Environmental and anthropogenic drivers of antibiotic resistance. Key sources—including agriculture, 
pharmaceutical production, human and animal antibiotic overuse, aquaculture, and contaminated water—create selective 
pressure, promoting bacterial adaptation, horizontal gene transfer, and consequences such as therapy failure, prolonged illness, 
hospitalization, and occasionally death. The figure was created in BioRender. Ruano, M. (https://BioRender.com/30itgss) is 
licensed under CC BY 4.0.

Mechanisms of bacterial resistance

Bacteria employ multiple, often synergistic mechanisms to evade antibiotic action [1]. These include:

Enzymatic inactivation or modification, such as β-lactamase-mediated hydrolysis of β-lactam 
antibiotics;

1.

Target modification, involving mutations or chemical alterations that reduce drug binding to 
ribosomes, enzymes, or cell wall components;

2.

Active efflux, where membrane-embedded transporters expel antibiotics and reduce intracellular 
concentrations;

3.

Reduced permeability, resulting from alterations in membrane porins or cell envelope composition; 
and

4.

https://BioRender.com/30itgss
https://BioRender.com/30itgss
https://BioRender.com/30itgss
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Horizontal gene transfer, via conjugation, transformation, or transduction, enables rapid 
dissemination of resistance traits across species.

5.

These mechanisms are often enhanced by chronic exposure to low antibiotic concentrations in 
environmental matrices, accelerating the emergence of MDR and XDR phenotypes. Understanding these 
resistance pathways is critical for the rational design of advanced biomaterials and delivery systems that 
can bypass or suppress conventional resistance mechanisms.

Stagnation in antibiotic discovery and emerging solutions

Despite advances in microbiology and medicinal chemistry, antibiotic discovery has stagnated over the past 
three decades. No fundamentally new antibiotic classes have reached the market in this period; most 
recently approved agents are structural derivatives of existing drugs [22, 23]. As a result, monotherapy has 
become increasingly ineffective for severe infections, necessitating combination regimens, as exemplified 
by multidrug-resistant tuberculosis [24].

In response, a range of complementary strategies is under investigation, including antimicrobial 
stewardship to reduce selective pressure, development of antibiotics with novel molecular targets, 
bacteriophage and probiotic therapies, and gene-editing approaches such as CRISPR-based interventions. 
Advanced drug delivery systems (DDSs), including nanocarriers, lipid nanoparticles, and bio-inspired 
materials—have emerged as powerful tools to enhance antibiotic efficacy, improve bioavailability, reduce 
off-target toxicity, and overcome bacterial defence mechanisms [17, 25]. These material-enabled strategies 
shift the paradigm from purely pharmacological solutions toward integrated bio-material–microbe 
interface engineering.

Role of NPs in the treatment of bacterial infections
The rising prevalence of bacterial infections, compounded by AR, has intensified the search for novel 
therapeutic strategies. NPs represent a versatile alternative or adjunct to conventional antibiotics, 
providing mechanisms of action distinct from traditional small-molecule antimicrobials, which typically 
target single biochemical pathways. At the bio–nano interface, NPs interact with bacterial membranes, 
intracellular components, and local microenvironments, providing a multimodal antibacterial effect that 
can limit resistance development and restore efficacy against MDR pathogens [25].

A broad spectrum of NPs classes—including metallic, metal oxide, polymeric, carbon-based, and lipid-
based systems—has demonstrated potent antibacterial activity in vitro and in vivo. For example, oleic 
acid–coated iron oxide nanoparticles showed nearly two-fold higher antibacterial activity against 
ampicillin- and kanamycin-resistant Escherichia coli compared with free antibiotics [26]. Similarly, silver 
nanoparticles (AgNPs) exhibited strong, dose-dependent antibacterial effects against MDR Vibrio 
parahaemolyticus improving survival rates and reducing infection-related pathology [27]. AgNPs have also 
synergised with conventional antibiotics against resistant Pseudomonas aeruginosa, enabling reduced 
antibiotic dosing without loss of efficacy [28].

Metal oxide NPs such as cerium oxide (CeO2) act primarily as antibiotic adjuvants, enhancing 
antibacterial efficacy through redox cycling and modulation of reactive oxygen species (ROS) rather than 
direct bactericidal action [29]. These examples underscore the versatility of NP platforms in addressing AR 
through complementary, multimodal mechanisms [30].

Mechanisms of antibacterial nanoparticle action

NPs exert antibacterial effects via multiple, often concurrent mechanisms, reducing the likelihood of 
resistance compared with conventional antibiotics [31]. The known antibacterial mechanisms include:

Physical membrane disruption: Direct interactions of sharp NP edges with bacterial cell walls 
compromise membrane integrity, leading to leakage of cytoplasmic contents [32].

1.

Generation of ROS: Oxidative stress overwhelms bacterial defences, even in dark conditions [33, 
34].

2.
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Bacterial trapping/immobilization: NP aggregation can physically trap bacteria, limiting 
nutrient uptake and proliferation [35].

3.

Redox imbalance: NPs disrupt cellular redox homeostasis, damaging proteins, lipids, and DNA 
[36].

4.

Metabolic interference: NPs may inhibit glycolysis or energy production, impairing bacterial 
survival [37].

5.

DNA damage: Interaction with genetic material can induce strand breaks and replication errors 
[38].

6.

Electric charge transfer: Electron exchange between NPs and bacteria can disrupt membrane 
potential and enzymatic function [39].

7.

Metal-ion release: Release of ions (e.g., Ag+) interferes with enzymes and membrane integrity 
[40].

8.

Nanobubble formation/explosion: Localized cavitation events can mechanically damage 
bacterial structures [41].

9.

Charge polarity effects: Surface charge polarity of NPs influences bacterial adhesion and 
membrane disruption [42].

10.

The multimodal action of NPs underpins potent activity against multidrug-resistant pathogens and 
biofilms, where single-target antibiotics often fail (Figure 3).

Figure 3. Multimodal antibacterial mechanisms of nanoparticles (NPs). NPs disrupt bacterial membranes, induce ROS and 
redox stress, impair metabolism, damage DNA, release toxic ions, and alter membrane potential. These combined actions 
enhance bactericidal efficacy and limit the development of conventional resistance [43]. The figure was created in BioRender. 
Ruano, M. (https://BioRender.com/yx7ilj1) is licensed under CC BY 4.0.

https://BioRender.com/yx7ilj1
https://BioRender.com/yx7ilj1
https://BioRender.com/yx7ilj1
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Comparative landscape of antimicrobial nanocarriers

Various nanocarrier systems differ in biocompatibility, toxicity, stability, and translational potential 
(Table 1). Metallic NPs (Ag, Au, Fe3O4) show strong antibacterial activity but risk oxidative toxicity and 
accumulation [44]. Metal oxide NPs (ZnO, TiO2, CeO2) act as potent antibiotic enhancers, though 
biodegradability can be limited [12]. Polymeric NPs (PLGA, chitosan) provide controlled release but may 
present monomer toxicity and batch variability [45]. Carbon-based nanomaterials are effective due to high 
surface area and membrane interactions but face regulatory hurdles [46]. LNPs combine high 
biocompatibility, biodegradability, and scalability, making them highly translational for antimicrobial 
applications [10].

Table 1. Comparative overview of nanocarrier systems for antimicrobial applications.

Nanocarrier type Key advantages Key limitations Relevance to AR

Metallic NPs (Ag, Au, 
Fe3O4) [31]

Strong intrinsic antibacterial 
activity; ROS generation

Long-term accumulation; 
oxidative toxicity

Effective against MDR bacteria; 
mainly topical/local use

Metal-oxide NPs (ZnO, 
TiO2, CeO2) [12]

Potent antibacterial and adjuvant 
effects

Cytotoxicity; limited 
biodegradability

Useful as antibiotic enhancers

Polymeric NPs (PLGA, 
chitosan) [47, 48]

Controlled release; tunable 
degradation

Monomer toxicity; batch 
variability

Sustained antibiotic delivery

Carbon-based 
nanomaterials [49, 50]

High surface area; membrane 
disruption

Safety and regulatory 
concerns

Promising but limited translation

LNPs [10, 51, 52] High biocompatibility; 
biodegradability; scalable

Physical instability in some 
formulations

Strong translational potential

AR: antibiotic resistance; LNPs: lipid nanoparticles; NP: nanoparticle.

Lipid nanoparticles as a privileged antimicrobial platform

LNPs uniquely balance antibacterial efficacy with biocompatibility, offering minimal systemic toxicity, low 
immunogenicity, and limited long-term accumulation. Composed of physiologically compatible lipids, they 
exhibit minimal systemic toxicity, low immunogenicity, and limited long-term accumulation [51, 53, 54]. 
LNPs encapsulate both hydrophilic and hydrophobic antimicrobials, protecting labile agents from 
enzymatic degradation and enabling controlled or stimuli-responsive release [52, 54, 55].

LNP systems include non-vesicular platforms (solid lipid nanoparticles, nanostructured lipid carriers, 
cubosomes, lipid–drug conjugates) and vesicular systems (liposomes, lipid–polymer hybrids, niosomes, 
bilosomes) [56–58]. Cubosomes, for instance, enhance antimicrobial peptide stability and achieve rapid 
bactericidal activity, outperforming free peptides [59]. Similarly, cubosome-encapsulated norfloxacin 
improved local deposition by ~150% in otitis externa models [60]. Clinically, lipid-based nanocarriers such 
as AmBisome®, Abelcet®, and Epaxal® exemplify their translational readiness [61].

Clinical advantages and future potential of lipid nanoparticles

LNPs exhibit high biocompatibility, superior drug loading, robust colloidal stability, and scalable 
manufacturing, outperforming many polymeric and inorganic systems (Table 2) [10, 57]. Their surfaces can 
be functionalized for targeted delivery, enhancing biodistribution for personalized medicine [62].

Table 2. Comparative advantages of LNPs over other nanocarriers.

Feature LNPs Liposomes Polymeric NPs Inorganic NPs

Biocompatibility High Moderate Moderate Variable
Drug Loading High Moderate Moderate Variable
Stability High Moderate Moderate Often high, may aggregate
Targeted delivery Easily functionalized Possible, less efficient Possible Possible
Scalability & GMP Easy Moderate Moderate Difficult
Clinical translation Validated in mRNA vaccines Some approved drugs Limited Mostly preclinical
LNPs: lipid nanoparticles; NP: nanoparticle.
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These attributes position LNPs as a leading platform for targeted antimicrobial delivery, reduction of 
systemic toxicity, facilitation of combination therapies, and support of personalized medicine approaches.

Relevance of nanoparticles to the chicken embryo model

The CEM provides a vascularized and cost-effective system. It is ethically favorable for evaluating 
nanoparticle biodistribution, toxicity, and therapeutic efficacy. By enabling injection into the chorioallantoic 
membrane (CAM) or yolk sac, the CEM allows assessment of NP–host and NP–pathogen interactions, 
infection progression, and mid-throughput screening prior to mammalian studies [63, 64].

Preclinical evaluation of nanoparticle-based antimicrobials
The distinctive physicochemical properties of NPs—including nanoscale size, high surface area, and tunable 
surface chemistry—necessitate tailored preclinical evaluation strategies to assess therapeutic efficacy, 
mechanisms of action, and potential toxicity. LNPs are particularly sensitive to composition, size 
distribution, surface charge, and structural organization, making thorough evaluation essential [65].

Preclinical evaluation typically follows a tiered approach, integrating in vitro, ex vivo, and in vivo 
models to assess NP behavior and efficacy [66]. While in vitro assays are indispensable for early screening, 
they cannot fully capture systemic interactions, biodistribution, and host responses. The CEM provides a 
physiologically relevant intermediate platform bridging in vitro assays and mammalian studies.

In vitro screening of nanoparticle therapeutics

In vitro assays provide the first step in NP evaluation, offering controlled conditions, high throughput, and 
cost efficiency. They are commonly used to assess cytotoxicity (e.g., MTT or Alamar Blue™), cell viability, 
metabolic activity [67], and mechanistic endpoints such as cytokine release, oxidative stress, and gene 
expression [68]. Antimicrobial activity is typically evaluated using disc diffusion, broth microdilution, or 
metabolic readouts, enabling direct comparison with conventional antibiotics [44, 68, 69].

The main advantages of in vitro screening are experimental control, scalability, and rapid identification 
of lead candidates (Table 3). These assays also align with the 3Rs principle, reducing reliance on animal 
testing while providing mechanistic insight into NP–cell and NP–pathogen interactions. Limitations include 
the absence of systemic factors (immune response, metabolism, multicellular interactions), oversimplified 
tissue models, and limited predictive power for long-term toxicity, chronic exposure, or in vivo efficacy. 
Advanced commercial models, such as organotypic intestinal systems, developed by Alimetrics, improve 
physiological relevance but cannot fully replace in vivo validation.

Table 3. Advantages and limitations of in vitro screening.

Advantages Limitations

Controlled conditions (pH, temperature, medium) Lack of systemic interactions (immune response, metabolism)
Rapid, high-throughput screening Limited physiological relevance of immortalized or tumor-derived cell 

lines
Ethical alignment with 3R principle Oversimplified environment, lacking ECM and mechanical forces
Mechanistic insights into toxicity and antimicrobial 
action

Poor prediction of chronic toxicity or long-term effects

Cost-effective compared with animal studies Short experimental duration limits assessment of sustained effects

In vitro assays are indispensable for early-stage NP screening but must be complemented by 
intermediate and mammalian models to assess systemic safety and therapeutic performance.

In vivo and ex vivo screening models

In vivo studies capture complex organism-level interactions, including pharmacokinetics, tissue 
distribution, immune responses, efficacy, and toxicity. Ex vivo models complement these studies by 
preserving tissue or organ physiology under controlled conditions, enabling mechanistic investigation of 
NP–host interactions.
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Model selection balances ethical considerations, cost, throughput, and translational relevance. 
Mammalian models (mice, rabbits, non-human primates) provide detailed pharmacokinetic, immunological, 
and toxicological data [70] but are constrained by high cost, ethical requirements, and low throughput 
(Table 4). Non-mammalian models, such as Caenorhabditis elegans [45, 71–73], Drosophila melanogaster 
[74], Galleria mellonella [75–78] and zebrafish [79–81] provide cost-effective, ethically favorable 
alternatives for higher-throughput screening, though species differences limit predictive power for humans.

Table 4. Advantages and limitations of in vivo models.

Advantages Disadvantages

Replicate complex organismal interactions Ethical concerns; regulatory approval required
Capture physiological complexity (immune response, metabolism) High maintenance costs and specialized facilities
Enable comprehensive toxicity evaluation Inter-species variability limits translational accuracy
Support long-term studies Time-consuming
Multi-endpoint assessment (behavioral, histopathological, biochemical) Limited throughput for large-scale screening

Ex vivo platforms bridge the gap between in vitro and in vivo studies, maintaining tissue architecture 
and mechanistic insight while lacking systemic integration.

Overall, in vivo models remain indispensable for comprehensive safety and efficacy evaluation, while 
non-mammalian and ex vivo systems support early decision-making and mechanistic insight. A tiered 
screening strategy combining these models is therefore essential to balance translational relevance, ethical 
responsibility, and development efficiency.

Chicken embryo model as an intermediate screening platform
The CEM provides an effective intermediate platform between in vitro assays and mammalian studies, 
balancing medium-to-high throughput, physiological relevance, and ethical feasibility for preclinical NP 
screening. The CEM provides a vascularized, dynamically developing, and ethically favorable platform for 
nanoparticle evaluation, supporting infection modeling, immune assessment, and biodistribution studies.

Compared with other non-mammalian models, such as Caenorhabditis elegans, Drosophila 
melanogaster, Galleria mellonella, and zebrafish, the CEM provides greater physiological complexity and 
clinical relevance, while maintaining manageable costs and throughput (Table 5). Simpler invertebrate 
models allow very high-throughput screening but lack vascularization and adaptive immunity, whereas 
zebrafish provide partial organ and immune complexity yet remain limited in modeling later-stage immune 
responses [80]. The CEM therefore occupies a unique position, combining vascularized tissues, immune 
development, and experimental accessibility through in ovo or ex ovo approaches [82].

Table 5. Comparison with other non-mammalian models.

Feature CEM Caenorhabditis 
elegans
[45, 71]

Zebrafish
[81]

Drosophila 
melanogaster
[83]

Galleria 
mellonella
[76, 77, 84, 85]

Cost Low–moderate Very low Low Very low Low
Throughput Moderate–high Very high High Very high Moderate–high
Physiologic 
complexity

Organ growth, blood 
vessels, immune progress

Simple anatomy, 
dynamic

Organ growth, 
immune progress

Simple anatomy, no 
adaptive immunity

Innate immunity 
only

Immune system Innate + adaptive develop Innate only Innate + partial 
adaptive

Innate only Innate only

Ease of 
manipulation

Moderate (in ovo/ex ovo, 
CAM access)

Easy Moderate Easy Moderate

Clinical 
relevance

Moderate–high Low Moderate Low Low–moderate

Ethical issues Less restriction before 
ED15

Minimal Low Minimal Low
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Overall, the CEM provides a robust compromise between complexity and scalability, supporting 
mechanistic insight and early translational decision-making. As such, it represents an ideal intermediate 
model for nanoparticle evaluation prior to mammalian testing.

Avian immune development in the CEM

The CEM exhibits a rapidly maturing immune system with structural and functional parallels to humans, 
enabling translationally relevant studies of host–pathogen interactions and immunomodulatory 
interventions (Figure 4).

Figure 4. Comparative immune development in humans and chickens. Human immune maturation occurs over ~40 
gestational weeks (embryonic weeks, EW), whereas chicken immune development is completed within 21 embryonic days (ED). 
Key primary and secondary lymphoid organs are shown, including the thymus, spleen, bone marrow (humans), and the bursa of 
Fabricius (chickens), as well as mucosa-associated lymphoid tissue (MALT) in humans and cecal tonsils in chickens, 
highlighting conserved functional immunity despite differences in developmental timing and MHC diversity. The figure was 
created in BioRender. Ruano, M. (https://BioRender.com/d52c6jx) is licensed under CC BY 4.0.

Primary lymphoid organs develop in a defined sequence: the thymus supports T-cell differentiation (γδ 
T cells precede αβ T cells), the bursa of Fabricius mediates B-cell maturation (functionally analogous to 
human bone marrow), and the spleen acts as a secondary lymphoid organ in both species. Innate immunity 
is highly conserved; Toll-like receptors (TLRs) detect pathogen-associated molecular patterns, triggering 
comparable inflammatory signaling in chickens and humans.

Antigen presentation occurs through the major histocompatibility complex (MHC), which, despite 
lower genetic diversity in chickens (~46 genes versus > 200 in humans), enables effective T-cell activation. 
Early emergence of macrophages, dendritic cells, and NK cells, together with embryonic cytokine 
expression (IL-1β, IL-8, IFN-γ), allows functional evaluation of immune responses pre-hatch. The rapid, 
functional immune maturation makes the CEM a versatile platform for screening nanocarriers and 
immunomodulatory therapies, bridging mechanistic insight with potential clinical translation.

https://BioRender.com/d52c6jx
https://BioRender.com/d52c6jx
https://BioRender.com/d52c6jx
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Methodological approaches in the CEM

The CEM enables multiple experimental configurations for nanomaterial evaluation (Figure 5). In ovo 
cultivation preserves physiological conditions and is used for toxicity, survival, and biodistribution studies 
[86]. Ex ovo cultivation allows direct access to the CAM for angiogenesis assays and imaging-based analyses, 
with higher risk of dehydration and contamination [87].

Figure 5. Experimental workflow of the CEM. Overview of in ovo and ex ovo cultivation, nanoparticle delivery routes (CAM 
injection, yolk sac injection, topical CAM application), and analytical readouts, including CAM angiogenesis assays, 
fluorescence/bioluminescence imaging, histological analysis, and toxicity assessment, for integrated evaluation of nanocarrier 
biodistribution and efficacy. CAM: chorioallantoic membrane; CEM: chick embryo model; HET-CAM: Hen’s Egg Test – 
Chorioallantoic Membrane; HET-CAV: Hen’s Egg Test – Chorioallantoic Vasculature. The figure was created in BioRender. 
Ruano, M. (https://BioRender.com/v51f276) is licensed under CC BY 4.0.

NP administration is performed via CAM injection [87], yolk sac injection [88], or topical CAM 
application [89], depending on the intended exposure profile. CAM injection enables localized assessment 
of vascular interactions, angiogenic responses [90], and antimicrobial efficacy. Yolk sac injection provides 
systemic exposure, supporting evaluation of NP circulation and organ distribution. Topical CAM application 
allows confined delivery to the membrane surface and is particularly suited for localized antibacterial or 
anti-angiogenic studies. These standardized routes, combined with multimodal readouts [82, 91], support 
reproducible and translational screening of LNPs in the CEM.

Pathogen studies using the CEM

The CEM is widely applied for infection modeling and antimicrobial evaluation, leveraging CAM 
accessibility, high vascularization and favorable ethical status. The model supports controlled investigation 
of pathogen invasion, host responses, and nanocarrier-mediated therapeutic efficacy across multiple 
microbial classes.

CEM-based studies encompass bacterial, fungal, parasitic, and probiotic systems, including clinically 
and agriculturally relevant pathogens. Bacterial models include Klebsiella pneumoniae, Escherichia coli K-
12, Salmonella Typhimurium, Staphylococcus aureus, Pseudomonas aeruginosa, Clostridium perfringens, 
Enterococcus cecorum, Chlamydia psittaci, and Chlamydia abortus [92]. Fungal infections have been 

https://BioRender.com/v51f276
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established using Candida albicans [93], Aspergillus fumigatus [94], and Cryptococcus gattii [90], while 
parasitic infections such as Neospora caninum [95] have also been reported. In parallel, probiotic 
interventions (e.g., Enterococcus faecium, Bacillus subtilis) have been evaluated against enteric pathogens 
including Campylobacter jejuni [96].

Antimicrobial assessment in the CEM typically follows a tiered screening strategy. Initial in vitro assays 
(disc diffusion, broth microdilution, metabolic viability assays) define minimal inhibitory concentrations 
and baseline antimicrobial activity. Subsequent in vivo/ex vivo infection studies involve pathogen 
inoculation at defined embryonic stages (commonly ED5–ED10) via CAM, yolk sac, allantoic cavity, or 
amniotic routes, followed by quantification of embryo survival, pathogen burden, histopathology, and 
immune markers. Topical CAM application further enables localized therapeutic evaluation while limiting 
systemic exposure.

Pathogen-dependent outcomes are consistently observed in the CEM. Highly invasive extracellular 
bacteria induce rapid vascular dissemination and embryo lethality, whereas intracellular pathogens display 
delayed progression and tissue-restricted infection. Fungal pathogens show species-specific virulence 
profiles reflected in survival kinetics, inflammatory responses, and CAM vascular remodeling.

Methodological heterogeneity limits reproducibility. Variability in inoculation route, embryonic day, 
pathogen dose, cultivation mode, and relative humidity (RH) significantly affects infection outcomes and 
complicates cross-study comparison. Ex ovo cultivation is associated with increased baseline mortality, 
while RH fluctuations markedly influence embryonic susceptibility (Table 6), underscoring the need for 
standardized infection protocols.

Table 6. Summary of microorganisms investigated using the chicken embryo model (CEM).

Name Day T/RH
°C/%

ED Dose Key findings Ref

Klebsiella pneumoniae, 
Escherichia coli K-12, 
Salmonella Typhimurium

13 37°C/45% 11 4 × 106 – 2 × 107 
CFU/100 μL

Dose-dependent embryo 
mortality and immune 
activation

[86]

Chlamydia psittaci, C. abortus 12 37.8°C/60% 10 5 × 104 IFU/egg Successful infection and 
tissue colonization

[92]

Cryptococcus gattii 18 ND 10 107 CFU/mL Fungal dissemination [97]
Clostridium perfringens, 
Eimeria tenella

15 37.6°C/55% 10, 15 104 CFU/100 μL Gut lesions resembling 
avian intestinal disease

[98]

E. coli DH5α bioluminescent 20 37.2–37.7°C/ND 18 103 CFU/μL Enabled in vivo tracking of 
bacterial distribution

[91]

Staphylococcus aureus 12 38°C/80–90% 9 102 CFU/μL Embryo mortality; 
inflammatory response

[87]

Salmonella enterica serovar 
Typhimurium

17 37°C/40–60% 6, 10, 
13, 16

106 CFU/μL Dose- and time-
dependent systemic 
infection

[99]

Enterococcus cecorum 18 37°C/55% 11 3.4 × 107 CFU/egg Embryo mortality; liver/gut 
colonization

[100]

Pseudomonas aeruginosa 6 37°C/80% 5 105 CFU/μL (10 μL) Rapid infection; high 
embryo lethality

[101]

Probiotic strains (E. faecium, 
Bacillus subtilis)

19 37.5°C/54% 17.5 5–16 × 109 CFU/egg No adverse effects; 
microbiome modulation

[102]

Salmonella spp., APEC, 
Campylobacter jejuni

10–17 37°C/58% 10 3 log CFU/egg Colonization; pathogen 
interaction studies

[96]

Salmonella pullorum, E. coli 15 37°C/58% 13 2–6 log CFU/embryo Embryo mortality; 
pathogen-specific 
immunity

[103]

Neospora caninum 8–18 ND 8 10–105 
tachyzoites/embryo

Infection and parasite 
proliferation

[104]

Candida albicans 18 37.6°C/60% 7, 10 108 cells/egg Colonization; embryo 
lethality

[105, 
106]

Aspergillus fumigatus 16 37.6°C/50–60% 14 0.1 mL of 107–102 
CFU

Respiratory lesions; dose-
dependent

[107]
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Applications of the CEM in NP research

The CEM provides a rapid, translational platform for NP evaluation: rapid organogenesis (21 days) [13], 
low ethical constraints before ED15 [108], human-relevant physiology, and highly vascularized CAM for 
real-time NP tracking. Physiological and immune parallels with humans (Figure 4) support mechanistic 
insights, while the highly vascularized CAM allows real-time assessment of NP biodistribution and efficacy 
[109].

Limitations of the CEM

The CEM provides a cost-effective, ethically favorable platform for infection and therapeutic studies, but 
several biological and technical constraints must be considered. Table 7 summarizes the main limitations.

Table 7. Limitations of the CEM for biomedical and pharmacological applications.

Limitation Description Ref

Underdeveloped immunity Adaptive immunity immature pre-hatch, limiting immune and immunotherapy 
studies

[110]

Ethical constraints Studies after ED14 need approval [111]
Limited systemic evaluation Unsuitable for chronic or systemic studies, including toxicity, pharmacokinetics, 

and metabolism
[112]

Challenges modelling complex 
diseases

Immature development limits studies of neurodegeneration and advanced 
cancers

[13]

Ex ovo technical risks Contamination, dehydration, and high mortality limit long-term reliability [113, 
114]

CEM: chick embryo model.

Remaining gaps include standardized pathogen inoculation and LNP dosing, limited systemic immune 
evaluation, and few comparative studies with mammalian models to validate translational relevance. 
Complex phenomena such as wound healing or scaffold dynamics remain challenging to assess in this 
model.

Proposed framework for standardization of CEM-based studies

To enhance reproducibility and comparability, we propose the following standardized framework in 
Table 8.

Table 8. Proposed standardization framework for CEM-based studies.

Parameter Recommendation Notes

Inoculation timing ED5–10 for systemic studies; ED12–18 for immune response 
assessment

Adjust based on pathogen/study goal

Microbial dose Report in CFU/μL or per egg; determine sublethal/lethal 
ranges via titration

Ensures reproducibility

Environmental 
conditions

Temperature 37–38°C; humidity 40–80% Maintain consistently

Administration route Specify in ovo vs. ex ovo, injection site, volume, and technique Impacts survival/outcomes
Experimental 
endpoints

Embryo survival, pathogen colonization, immune markers, 
histology, imaging

Standardized readouts improve 
comparison

Replicates and 
controls

Include biological and technical replicates; positive/negative 
controls

Ensures statistical robustness

CEM: chick embryo model.

Future research directions

Despite the promise of LNPs and the CEM, the field currently faces key gaps: lack of standardized protocols 
across infection models, limited comparative studies of LNPs versus other nanocarriers and insufficient 
translational validation between CEM and mammalian systems.
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Future studies should focus on systematic, mechanistically guided, and standardized investigations to 
maximize the CEM’s predictive power and accelerate clinical translation of nanoparticle-based therapeutics 
and key areas for further development include:

Standardization of experimental parameters: harmonized SOPs for inoculation, LNP dosing, 
temperature, and RH to reduce variability.

1.

Integration of advanced readouts: use of fluorescence lifetime imaging, whole-embryo tomography, 
and transcriptomic profiling to better understand LNP biodistribution and infection mechanisms.

2.

Improved immune modelling: use immune modulators, cell transplants, or immune-reporter 
pathogens to evaluate host responses.

3.

Pathogen-specific frameworks: tailor inoculation days, RH, and disease markers to major bacterial, 
fungal, and parasitic species.

4.

Rational LNP optimization: screen LNP formulations varying in lipid composition, surface chemistry, 
or targeting ligands.

5.

Bridging to mammalian models: benchmark CEM outcomes against rodents to validate translational 
predictivity.

6.

Conclusions
In conclusion, standardized protocols are critical to ensure reproducible, comparable infection studies 
using the CEM. Pathogen-specific optimization of inoculation timing, dose, and evaluation parameters is 
essential to capture diverse infection dynamics. Implementing harmonized frameworks (Table 8) will 
strengthen reproducibility and translational relevance.

Abbreviations
AgNPs: silver nanoparticles

APEC: avian pathogenic Escherichia coli

AR: antibiotic resistance

CAM: chorioallantoic membrane

CEM: chick embryo model

HET-CAM: Hen’s Egg Test – Chorioallantoic Membrane

HET-CAV: Hen’s Egg Test – Chorioallantoic Vasculature

LNPs: lipid nanoparticles

MDR: multidrug-resistance

NPs: nanoparticles

RH: relative humidity

ROS: reactive oxygen species

WHO: World Health Organization

XDR: extensively drug-resistant

Declarations
Acknowledgments

M.R. acknowledges that the foundational knowledge underpinning this study was developed during a 
Knowledge Transfer Partnership (KTP) project between AB Vista, ABITEC Corporation, and the University 
of Strathclyde.



Explor BioMat-X. 2026;3:101362 | https://doi.org/10.37349/ebmx.2026.101362 Page 15

Author contributions

MR: Conceptualization, Investigation, Writing—original draft, Writing—review & editing. CO: 
Conceptualization, Investigation, Writing—original draft. MB: Project administration. ABM: Project 
administration. DK: Project administration. VAF: Supervision, Resources, Project administration, 
Conceptualization, Investigation, Writing—original draft, Writing—review & editing. All authors read and 
approved the submitted version.

Conflicts of interest

The authors declare that they have no conflicts of interest. The publication of the article is not subject to 
any financial or other restrictions.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

This work did not receive any specific grant from funding agencies in the public, commercial, or not-for-
profit sectors.

Copyright

© The Author(s) 2026.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.

References
Antimicrobial Resistance Collaborators; Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Aguilar GR, 
et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet. 2022;
399:629–55. [DOI] [PubMed] [PMC]

1.     

Laxminarayan R, Duse A, Wattal C, Zaidi AKM, Wertheim HFL, Sumpradit N, et al. Antibiotic 
resistance-the need for global solutions. Lancet Infect Dis. 2013;13:1057–98. [DOI] [PubMed]

2.     

Price R. O’Neill report on antimicrobial resistance: funding for antimicrobial specialists should be 
improved. Eur J Hosp Pharm. 2016;23:245–7. [DOI] [PubMed] [PMC]

3.     

Prestinaci F, Pezzotti P, Pantosti A. Antimicrobial resistance: a global multifaceted phenomenon. 
Pathog Glob Health. 2015;109:309–18. [DOI] [PubMed] [PMC]

4.     

Bengtsson-Palme J, Kristiansson E, Larsson DGJ. Environmental factors influencing the development 
and spread of antibiotic resistance. FEMS Microbiol Rev. 2018;42:fux053. [DOI] [PubMed] [PMC]

5.     

Larsson DGJ, Flach C. Antibiotic resistance in the environment. Nat Rev Microbiol. 2022;20:257–69. 
[DOI] [PubMed] [PMC]

6.     

https://dx.doi.org/10.1016/S0140-6736(21)02724-0
http://www.ncbi.nlm.nih.gov/pubmed/35065702
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8841637
https://dx.doi.org/10.1016/S1473-3099(13)70318-9
http://www.ncbi.nlm.nih.gov/pubmed/24252483
https://dx.doi.org/10.1136/ejhpharm-2016-001013
http://www.ncbi.nlm.nih.gov/pubmed/31156859
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6451500
https://dx.doi.org/10.1179/2047773215Y.0000000030
http://www.ncbi.nlm.nih.gov/pubmed/26343252
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4768623
https://dx.doi.org/10.1093/femsre/fux053
http://www.ncbi.nlm.nih.gov/pubmed/29069382
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5812547
https://dx.doi.org/10.1038/s41579-021-00649-x
http://www.ncbi.nlm.nih.gov/pubmed/34737424
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8567979


Explor BioMat-X. 2026;3:101362 | https://doi.org/10.37349/ebmx.2026.101362 Page 16

Brown ED, Wright GD. Antibacterial drug discovery in the resistance era. Nature. 2016;529:336–43. 
[DOI] [PubMed]

7.     

Miethke M, Pieroni M, Weber T, Brönstrup M, Hammann P, Halby L, et al. Towards the sustainable 
discovery and development of new antibiotics. Nat Rev Chem. 2021;5:726–49. [DOI] [PubMed]

8.     

Theuretzbacher U, Bush K, Harbarth S, Paul M, Rex JH, Tacconelli E, et al. Critical analysis of 
antibacterial agents in clinical development. Nat Rev Microbiol. 2020;18:286–98. [DOI] [PubMed]

9.     

Patel D, Patel B, Thakkar H. Lipid Based Nanocarriers: Promising Drug Delivery System for Topical 
Application. Eur J Lipid Sci Technol. 2021;123:2000264. [DOI]

10.     

Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer R. Engineering precision 
nanoparticles for drug delivery. Nat Rev Drug Discov. 2021;20:101–24. [DOI] [PubMed] [PMC]

11.     

Makvandi P, Wang C, Zare EN, Borzacchiello A, Niu L, Tay FR. Metal-Based Nanoparticles: 
Antibacterial Mechanisms and Biomedical Application. Microorganisms. 2022;10:1778. [DOI]

12.     

Sarnella A, Ferrara Y, Terlizzi C, Albanese S, Monti S, Licenziato L, et al. The Chicken Embryo: An Old 
but Promising Model for In Vivo Preclinical Research. Biomedicines. 2024;12:2835. [DOI] [PubMed] 
[PMC]

13.     

Hubrecht RC, Carter E. The 3Rs and Humane Experimental Technique: Implementing Change. 
Animals (Basel). 2019;9:754. [DOI] [PubMed] [PMC]

14.     

Sommerfeld S, Mundim AV, Silva RR, Queiroz JS, Rios MP, Notário FO, et al. Physiological Changes in 
Chicken Embryos Inoculated with Drugs and Viruses Highlight the Need for More Standardization of 
this Animal Model. Animals (Basel). 2022;12:1156. [DOI] [PubMed] [PMC]

15.     

Pariente N; PLOS Biology Staff Editors. The antimicrobial resistance crisis needs action now. PLoS 
Biol. 2022;20:e3001918. [DOI] [PubMed] [PMC]

16.     

Davies J, Davies D. Origins and evolution of antibiotic resistance. Microbiol Mol Biol Rev. 2010;74:
417–33. [DOI] [PubMed] [PMC]

17.     

Levy SB, Marshall B. Antibacterial resistance worldwide: causes, challenges and responses. Nat Med. 
2004;10:S122–9. [DOI] [PubMed]

18.     

Ventola CL. The antibiotic resistance crisis: part 1: causes and threats. P T. 2015;40:277–83. 
[PubMed] [PMC]

19.     

Kümmerer K. Antibiotics in the aquatic environment--a review--part I. Chemosphere. 2009;75:
417–34. [DOI] [PubMed]

20.     

Martínez JL. Antibiotics and antibiotic resistance genes in natural environments. Science. 2008;321:
365–7. [DOI] [PubMed]

21.     

Lewis K. Platforms for antibiotic discovery. Nat Rev Drug Discov. 2013;12:371–87. [DOI] [PubMed]22.     
Payne DJ, Gwynn MN, Holmes DJ, Pompliano DL. Drugs for bad bugs: confronting the challenges of 
antibacterial discovery. Nat Rev Drug Discov. 2007;6:29–40. [DOI] [PubMed]

23.     

Goletti D, Meintjes G, Andrade BB, Zumla A, Lee SS. Insights from the 2024 WHO Global Tuberculosis 
Report - More Comprehensive Action, Innovation, and Investments required for achieving WHO End 
TB goals. Int J Infect Dis. 2025;150:107325. [DOI] [PubMed]

24.     

Pelgrift RY, Friedman AJ. Nanotechnology as a therapeutic tool to combat microbial resistance. Adv 
Drug Deliv Rev. 2013;65:1803–15. [DOI] [PubMed]

25.     

Niemirowicz K, Swiecicka I, Wilczewska AZ, Misztalewska I, Kalska-Szostko B, Bienias K, et al. Gold-
functionalized magnetic nanoparticles restrict growth of Pseudomonas aeruginosa. Int J 
Nanomedicine. 2014;9:2217–24. [DOI] [PubMed] [PMC]

26.     

Palanisamy S, Anjali R, Rajasekar P, Kannapiran E, Vaseeharan B, Prabhu N. Synthesis and 
Distribution of Bioinspired Silver Nanoparticles Using Spirulina Extract for Control of Vibrio 
parahaemolyticus Infection in Aquaculture. Asian J Chem. 2017;29:857–63. [DOI]

27.     

https://dx.doi.org/10.1038/nature17042
http://www.ncbi.nlm.nih.gov/pubmed/26791724
https://dx.doi.org/10.1038/s41570-021-00313-1
http://www.ncbi.nlm.nih.gov/pubmed/37118182
https://dx.doi.org/10.1038/s41579-020-0340-0
http://www.ncbi.nlm.nih.gov/pubmed/32152509
https://dx.doi.org/10.1002/ejlt.202000264
https://dx.doi.org/10.1038/s41573-020-0090-8
http://www.ncbi.nlm.nih.gov/pubmed/33277608
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7717100
https://dx.doi.org/10.1002/adfm.201910021
https://dx.doi.org/10.3390/biomedicines12122835
http://www.ncbi.nlm.nih.gov/pubmed/39767740
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11673736
https://dx.doi.org/10.3390/ani9100754
http://www.ncbi.nlm.nih.gov/pubmed/31575048
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6826930
https://dx.doi.org/10.3390/ani12091156
http://www.ncbi.nlm.nih.gov/pubmed/35565581
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9099557
https://dx.doi.org/10.1371/journal.pbio.3001918
http://www.ncbi.nlm.nih.gov/pubmed/36417490
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9683554
https://dx.doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2937522
https://dx.doi.org/10.1038/nm1145
http://www.ncbi.nlm.nih.gov/pubmed/15577930
http://www.ncbi.nlm.nih.gov/pubmed/25859123
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4378521
https://dx.doi.org/10.1016/j.chemosphere.2008.11.086
http://www.ncbi.nlm.nih.gov/pubmed/19185900
https://dx.doi.org/10.1126/science.1159483
http://www.ncbi.nlm.nih.gov/pubmed/18635792
https://dx.doi.org/10.1038/nrd3975
http://www.ncbi.nlm.nih.gov/pubmed/23629505
https://dx.doi.org/10.1038/nrd2201
http://www.ncbi.nlm.nih.gov/pubmed/17159923
https://dx.doi.org/10.1016/j.ijid.2024.107325
http://www.ncbi.nlm.nih.gov/pubmed/39631498
https://dx.doi.org/10.1016/j.addr.2013.07.011
http://www.ncbi.nlm.nih.gov/pubmed/23892192
https://dx.doi.org/10.2147/IJN.S56588
http://www.ncbi.nlm.nih.gov/pubmed/24855358
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4020905
https://dx.doi.org/10.14233/ajchem.2017.20335


Explor BioMat-X. 2026;3:101362 | https://doi.org/10.37349/ebmx.2026.101362 Page 17

Aabed K, Mohammed AE. Synergistic and Antagonistic Effects of Biogenic Silver Nanoparticles in 
Combination With Antibiotics Against Some Pathogenic Microbes. Front Bioeng Biotechnol. 2021;9:
652362. [DOI] [PubMed] [PMC]

28.     

Celardo I, Pedersen JZ, Traversa E, Ghibelli L. Pharmacological potential of cerium oxide 
nanoparticles. Nanoscale. 2011;3:1411–20. [DOI] [PubMed]

29.     

Chatzikleanthous D, O’Hagan DT, Adamo R. Lipid-Based Nanoparticles for Delivery of Vaccine 
Adjuvants and Antigens: Toward Multicomponent Vaccines. Mol Pharm. 2021;18:2867–88. [DOI] 
[PubMed]

30.     

Slavin YN, Asnis J, Häfeli UO, Bach H. Metal nanoparticles: understanding the mechanisms behind 
antibacterial activity. J Nanobiotechnology. 2017;15:65. [DOI] [PubMed] [PMC]

31.     

Akhavan O, Ghaderi E. Toxicity of graphene and graphene oxide nanowalls against bacteria. ACS 
Nano. 2010;4:5731–6. [DOI] [PubMed]

32.     

Taposhree D, Rudra S, Bholanath P, Subrata G, Ripon S, Ananya B, et al. ROS generation by reduced 
graphene oxide (rGO) induced by visible light showing antibacterial activity: comparison with 
graphene oxide (GO). RSC Adv. 2015;5:80192–5. [DOI]

33.     

Prasanna VL, Vijayaraghavan R. Insight into the Mechanism of Antibacterial Activity of ZnO: Surface 
Defects Mediated Reactive Oxygen Species Even in the Dark. Langmuir. 2015;31:9155–62. [DOI] 
[PubMed]

34.     

Akhavan O, Ghaderi E, Esfandiar A. Wrapping bacteria by graphene nanosheets for isolation from 
environment, reactivation by sonication, and inactivation by near-infrared irradiation. J Phys Chem 
B. 2011;115:6279–88. [DOI] [PubMed]

35.     

Liu S, Zeng TH, Hofmann M, Burcombe E, Wei J, Jiang R, et al. Antibacterial activity of graphite, 
graphite oxide, graphene oxide, and reduced graphene oxide: membrane and oxidative stress. ACS 
Nano. 2011;5:6971–80. [DOI] [PubMed]

36.     

Akhavan O, Ghaderi E. Escherichia coli bacteria reduce graphene oxide to bactericidal graphene in a 
self-limiting manner. Carbon. 2012;50:1853–60. [DOI]

37.     

Kumar A, Pandey AK, Singh SS, Shanker R, Dhawan A. Engineered ZnO and TiO(2) nanoparticles 
induce oxidative stress and DNA damage leading to reduced viability of Escherichia coli. Free Radic 
Biol Med. 2011;51:1872–81. [DOI] [PubMed]

38.     

Akhavan O, Ghaderi E. Enhancement of antibacterial properties of Ag nanorods by electric field. Sci 
Technol Adv Mater. 2009;10:015003. [DOI] [PubMed] [PMC]

39.     

Wang Y, Cao A, Jiang Y, Zhang X, Liu J, Liu Y, et al. Superior antibacterial activity of zinc oxide/
graphene oxide composites originating from high zinc concentration localized around bacteria. ACS 
Appl Mater Interfaces. 2014;6:2791–8. [DOI] [PubMed]

40.     

Jannesari M, Akhavan O, Hosseini HRM, Bakhshi B. Graphene/CuO2 Nanoshuttles with Controllable 
Release of Oxygen Nanobubbles Promoting Interruption of Bacterial Respiration. ACS Appl Mater 
Interfaces. 2020;12:35813–25. [DOI] [PubMed]

41.     

Jannesari M, Ejehi F, English NJ, Mohammadpour R, Akhavan O, Shams S. Triggering triboelectric 
nanogenerator antibacterial Activities: Effect of charge polarity and host material correlation. Chem 
Eng J. 2024;486:150036. [DOI]

42.     

Chiriac V, Stratulat DN, Calin G, Nichitus S, Burlui V, Stadoleanu C, et al. Antimicrobial property of 
zinc based nanoparticles. IOP Conf Ser Mater Sci Eng. 2016;133:012055. [DOI]

43.     

D’Lima L, Phadkea M, Ashokb VD. Biogenic silver and silver oxide hybrid nanoparticles: a potential 
antimicrobial against multi drug-resistant Pseudomonas aeruginosa. New J Chem. 2020;44:4935–41. 
[DOI]

44.     

Kong C, Yehye WA, Rahman NA, Tan M, Nathan S. Discovery of potential anti-infectives against 
Staphylococcus aureus using a Caenorhabditis elegans infection model. BMC Complement Altern 
Med. 2014;14:4. [DOI] [PubMed] [PMC]

45.     

https://dx.doi.org/10.3389/fbioe.2021.652362
http://www.ncbi.nlm.nih.gov/pubmed/33959599
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8093520
https://dx.doi.org/10.1039/c0nr00875c
http://www.ncbi.nlm.nih.gov/pubmed/21369578
https://dx.doi.org/10.1021/acs.molpharmaceut.1c00447
http://www.ncbi.nlm.nih.gov/pubmed/34264684
https://dx.doi.org/10.1186/s12951-017-0308-z
http://www.ncbi.nlm.nih.gov/pubmed/28974225
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5627441
https://dx.doi.org/10.1021/nn101390x
http://www.ncbi.nlm.nih.gov/pubmed/20925398
https://dx.doi.org/10.1039/C5RA14061G
https://dx.doi.org/10.1021/acs.langmuir.5b02266
http://www.ncbi.nlm.nih.gov/pubmed/26222950
https://dx.doi.org/10.1021/jp200686k
http://www.ncbi.nlm.nih.gov/pubmed/21513335
https://dx.doi.org/10.1021/nn202451x
http://www.ncbi.nlm.nih.gov/pubmed/21851105
https://dx.doi.org/10.1016/j.carbon.2011.12.035
https://dx.doi.org/10.1016/j.freeradbiomed.2011.08.025
http://www.ncbi.nlm.nih.gov/pubmed/21920432
https://dx.doi.org/10.1088/1468-6996/10/1/015003
http://www.ncbi.nlm.nih.gov/pubmed/27877266
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5109610
https://dx.doi.org/10.1021/am4053317
http://www.ncbi.nlm.nih.gov/pubmed/24495147
https://dx.doi.org/10.1021/acsami.0c05732
http://www.ncbi.nlm.nih.gov/pubmed/32664715
https://dx.doi.org/10.1016/j.cej.2024.150036
https://dx.doi.org/10.1088/1757-899x/133/1/012055
https://dx.doi.org/10.1039/c9nj04216d
https://dx.doi.org/10.1186/1472-6882-14-4
http://www.ncbi.nlm.nih.gov/pubmed/24393217
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3893568


Explor BioMat-X. 2026;3:101362 | https://doi.org/10.37349/ebmx.2026.101362 Page 18

Parveen A, Chatterjee A, Karak P. Biomedical Applications of Carbon-Based Nanomaterials: 
Exploring Recent Advances in Therapeutics, Diagnostics, and Tissue Engineering. Adv Pharm Bull. 
2025;15:232–47. [DOI] [PubMed] [PMC]

46.     

Pandit J, Sultana Y, Aqil M. Chitosan-coated PLGA nanoparticles of bevacizumab as novel drug 
delivery to target retina: optimization, characterization, and in vitro toxicity evaluation. Artif Cells 
Nanomed Biotechnol. 2017;45:1397–407. [DOI] [PubMed]

47.     

Shkodra B, Grune C, Traeger A, Vollrath A, Schubert S, Fischer D, et al. Effect of surfactant on the size 
and stability of PLGA nanoparticles encapsulating a protein kinase C inhibitor. Int J Pharm. 2019;
566:756–64. [DOI] [PubMed]

48.     

Liu H, Guo S, Wei S, Liu J, Tian B. Pharmacokinetics and pharmacodynamics of cyclodextrin-based 
oral drug delivery formulations for disease therapy. Carbohydr Polym. 2024;329:121763. [DOI] 
[PubMed]

49.     

Kurantowicz N, Sawosz E, Halik G, Strojny B, Hotowy A, Grodzik M, et al. Toxicity studies of six types 
of carbon nanoparticles in a chicken-embryo model. Int J Nanomedicine. 2017;12:2887–98. [DOI] 
[PubMed] [PMC]

50.     

Hassett KJ, Benenato KE, Jacquinet E, Lee A, Woods A, Yuzhakov O, et al. Optimization of Lipid 
Nanoparticles for Intramuscular Administration of mRNA Vaccines. Mol Ther Nucleic Acids. 2019;15:
1–11. [DOI] [PubMed] [PMC]

51.     

Sabnis S, Kumarasinghe ES, Salerno T, Mihai C, Ketova T, Senn JJ, et al. A Novel Amino Lipid Series for 
mRNA Delivery: Improved Endosomal Escape and Sustained Pharmacology and Safety in Non-
human Primates. Mol Ther. 2018;26:1509–19. [DOI] [PubMed] [PMC]

52.     

Verbeke R, Lentacker I, Smedt SCD, Dewitte H. The dawn of mRNA vaccines: The COVID-19 case. J 
Control Release. 2021;333:511–20. [DOI] [PubMed] [PMC]

53.     

Rennick JJ, Johnston APR, Parton RG. Key principles and methods for studying the endocytosis of 
biological and nanoparticle therapeutics. Nat Nanotechnol. 2021;16:266–76. [DOI] [PubMed]

54.     

Kowalski PS, Rudra A, Miao L, Anderson DG. Delivering the Messenger: Advances in Technologies for 
Therapeutic mRNA Delivery. Mol Ther. 2019;27:710–28. [DOI] [PubMed] [PMC]

55.     

Bozzuto G, Molinari A. Liposomes as nanomedical devices. Int J Nanomedicine. 2015;10:975–99. 
[DOI] [PubMed] [PMC]

56.     

Beloqui A, Solinís MÁ, Rodríguez-Gascón A, Almeida AJ, Préat V. Nanostructured lipid carriers: 
Promising drug delivery systems for future clinics. Nanomedicine. 2016;12:143–61. [DOI] [PubMed]

57.     

Müller RH, Radtke M, Wissing SA. Solid lipid nanoparticles (SLN) and nanostructured lipid carriers 
(NLC) in cosmetic and dermatological preparations. Adv Drug Deliv Rev. 2002;54 Suppl 1:S131–55. 
[DOI] [PubMed]

58.     

Deshpande S, Singh N. Influence of Cubosome Surface Architecture on Its Cellular Uptake 
Mechanism. Langmuir. 2017;33:3509–16. [DOI] [PubMed]

59.     

Al-Mahallawi AM, Abdelbary AA, El-Zahaby SA. Norfloxacin loaded nano-cubosomes for enhanced 
management of otitis externa: In vitro and in vivo evaluation. Int J Pharm. 2021;600:120490. [DOI] 
[PubMed]

60.     

Khiev D, Mohamed ZA, Vichare R, Paulson R, Bhatia S, Mohapatra S, et al. Emerging Nano-
Formulations and Nanomedicines Applications for Ocular Drug Delivery. Nanomaterials (Basel). 
2021;11:173. [DOI] [PubMed] [PMC]

61.     

Shapira S, Bogin O, Kazanov D, Bedny F, Hershkovizh D, Izhaki A, et al. The chick embryo 
chorioallantoic membrane assay: In ovo model for personalized assessment and evaluation of the 
most effective therapeutic approach in cancer therapy. J Clin Oncol. 2019;37:e14634. [DOI]

62.     

Wang H, Wang W, Xie Q, Wu D, Cao J, Chen H, et al. Using Chicken Embryos to Identify the Key 
Determinants of Nanoparticles for the Crossing of Air-Blood Barriers. Anal Chem. 2023;95:6009–19. 
[DOI] [PubMed]

63.     

https://dx.doi.org/10.34172/apb.025.44083
http://www.ncbi.nlm.nih.gov/pubmed/40922749
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12413960
https://dx.doi.org/10.1080/21691401.2016.1243545
http://www.ncbi.nlm.nih.gov/pubmed/27855494
https://dx.doi.org/10.1016/j.ijpharm.2019.05.072
http://www.ncbi.nlm.nih.gov/pubmed/31175987
https://dx.doi.org/10.1016/j.carbpol.2023.121763
http://www.ncbi.nlm.nih.gov/pubmed/38286540
https://dx.doi.org/10.2147/IJN.S131960
http://www.ncbi.nlm.nih.gov/pubmed/28435265
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5391155
https://dx.doi.org/10.1016/j.omtn.2019.01.013
http://www.ncbi.nlm.nih.gov/pubmed/30785039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6383180
https://dx.doi.org/10.1016/j.ymthe.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/29653760
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5986714
https://dx.doi.org/10.1016/j.jconrel.2021.03.043
http://www.ncbi.nlm.nih.gov/pubmed/33798667
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8008785
https://dx.doi.org/10.1038/s41565-021-00858-8
http://www.ncbi.nlm.nih.gov/pubmed/33712737
https://dx.doi.org/10.1016/j.ymthe.2019.02.012
http://www.ncbi.nlm.nih.gov/pubmed/30846391
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6453548
https://dx.doi.org/10.2147/IJN.S68861
http://www.ncbi.nlm.nih.gov/pubmed/25678787
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4324542
https://dx.doi.org/10.1016/j.nano.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26410277
https://dx.doi.org/10.1016/s0169-409x(02)00118-7
http://www.ncbi.nlm.nih.gov/pubmed/12460720
https://dx.doi.org/10.1021/acs.langmuir.6b04423
http://www.ncbi.nlm.nih.gov/pubmed/28325047
https://dx.doi.org/10.1016/j.ijpharm.2021.120490
http://www.ncbi.nlm.nih.gov/pubmed/33744451
https://dx.doi.org/10.3390/nano11010173
http://www.ncbi.nlm.nih.gov/pubmed/33445545
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7828028
https://dx.doi.org/10.1200/jco.2019.37.15_suppl.e14634
https://dx.doi.org/10.1021/acs.analchem.3c00034
http://www.ncbi.nlm.nih.gov/pubmed/37005435


Explor BioMat-X. 2026;3:101362 | https://doi.org/10.37349/ebmx.2026.101362 Page 19

Butler KS, Brinker CJ, Leong HS. Bridging the In Vitro to In Vivo gap: Using the Chick Embryo Model 
to Accelerate Nanoparticle Validation and Qualification for In Vivo studies. ACS Nano. 2022;16:
19626–50. [DOI] [PubMed] [PMC]

64.     

Gulati N, Dua K, Dureja H. Enhancing the Therapeutic Potential of Nanomedicines by Modifying 
Surface Characteristics. Curr Drug Deliv. 2023;20:1031–6. [DOI] [PubMed]

65.     

Ghimire S, Zhang X, Zhang J, Wu C. Use of Chicken Embryo Model in Toxicity Studies of Endocrine-
Disrupting Chemicals and Nanoparticles. Chem Res Toxicol. 2022;35:550–68. [DOI] [PubMed]

66.     

Hamid R, Rotshteyn Y, Rabadi L, Parikh R, Bullock P. Comparison of alamar blue and MTT assays for 
high through-put screening. Toxicol In Vitro. 2004;18:703–10. [DOI] [PubMed]

67.     

Fasihi K, Amerizadeh F, Sabbaghzadeh R, Heydari M, Rahmani F, Mostafapour A, et al. The 
therapeutic potential of γ-Al2O3 nanoparticle containing 5-fluorouracil in the treatment of colorectal 
cancer. Tissue Cell. 2022;76:101755. [DOI] [PubMed]

68.     

Elgendy MY, Shaalan M, Abdelsalam M, Eissa AE, ElAdawy MM, Seida AA. Antibacterial activity of 
silver nanoparticles against antibiotic-resistant Aeromonas veronii infections in Nile tilapia, 
Oreochromis niloticus (L.), in vitro and in vivo assay. Aquac Res. 2022;53:901–20. [DOI]

69.     

Domínguez-Oliva A, Hernández-Ávalos I, Martínez-Burnes J, Olmos-Hernández A, Verduzco-Mendoza 
A, Mota-Rojas D. The Importance of Animal Models in Biomedical Research: Current Insights and 
Applications. Animals (Basel). 2023;13:1223. [DOI] [PubMed] [PMC]

70.     

Madende M, Albertyn J, Sebolai O, Pohl CH. Caenorhabditis elegans as a model animal for 
investigating fungal pathogenesis. Med Microbiol Immunol. 2020;209:1–13. [DOI] [PubMed]

71.     

Marsh EK, May RC. Caenorhabditis elegans, a model organism for investigating immunity. Appl 
Environ Microbiol. 2012;78:2075–81. [DOI] [PubMed] [PMC]

72.     

Hunt PR. The C. elegans model in toxicity testing. J Appl Toxicol. 2017;37:50–9. [DOI] [PubMed] 
[PMC]

73.     

Obafemi OT, Ayeleso AO, Adewale OB, Unuofin J, Ekundayo BE, Ntwasa M, et al. Animal models in 
biomedical research: Relevance of Drosophila melanogaster. Heliyon. 2024;11:e41605. [DOI] 
[PubMed] [PMC]

74.     

Ménard G, Rouillon A, Cattoir V, Donnio P. Galleria mellonella as a Suitable Model of Bacterial 
Infection: Past, Present and Future. Front Cell Infect Microbiol. 2021;11:782733. [DOI] [PubMed] 
[PMC]

75.     

Pereira MF, Rossi CC, da Silva GC, Rosa JN, Bazzolli DMS. Galleria mellonella as an infection model: an 
in-depth look at why it works and practical considerations for successful application. Pathog Dis. 
2020;78:ftaa056. [DOI] [PubMed]

76.     

Serrano I, Verdial C, Tavares L, Oliveira M. The Virtuous Galleria mellonella Model for Scientific 
Experimentation. Antibiotics (Basel). 2023;12:505. [DOI] [PubMed] [PMC]

77.     

Barnoy S, Gancz H, Zhu Y, Honnold CL, Zurawski DV, Venkatesan MM. The Galleria mellonella larvae 
as an in vivo model for evaluation of Shigella virulence. Gut Microbes. 2017;8:335–50. [DOI] 
[PubMed] [PMC]

78.     

Choi T, Choi T, Lee Y, Choe S, Kim C. Zebrafish as an animal model for biomedical research. Exp Mol 
Med. 2021;53:310–7. [DOI] [PubMed] [PMC]

79.     

Gomes MC, Mostowy S. The Case for Modeling Human Infection in Zebrafish. Trends Microbiol. 2020;
28:10–8. [DOI] [PubMed]

80.     

Qosimah D, Santoso S, Maftuch M, Khotimah H, Fitri LE, Aulanni’am A, et al. Aeromonas hydrophila 
induction method in adult zebrafish (Danio rerio) as animal infection models. Vet World. 2023;16:
250–7. [DOI] [PubMed] [PMC]

81.     

de Cristo Soares Alves A, Rosane Dallemole D, Medeiro Ciocheta T, Ferreira Weber A, da Silva Gündel 
S, Visioli F, et al. Chicken embryo model for in vivo acute toxicological and antitumor efficacy 
evaluation of lipid nanocarrier containing doxorubicin. Int J Pharm X. 2023;6:100193. [DOI] 
[PubMed] [PMC]

82.     

https://dx.doi.org/10.1021/acsnano.2c03990
http://www.ncbi.nlm.nih.gov/pubmed/36453753
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9799072
https://dx.doi.org/10.2174/1567201819666220508175434
http://www.ncbi.nlm.nih.gov/pubmed/35538840
https://dx.doi.org/10.1021/acs.chemrestox.1c00399
http://www.ncbi.nlm.nih.gov/pubmed/35286071
https://dx.doi.org/10.1016/j.tiv.2004.03.012
http://www.ncbi.nlm.nih.gov/pubmed/15251189
https://dx.doi.org/10.1016/j.tice.2022.101755
http://www.ncbi.nlm.nih.gov/pubmed/35220126
https://dx.doi.org/10.1111/are.15632
https://dx.doi.org/10.3390/ani13071223
http://www.ncbi.nlm.nih.gov/pubmed/37048478
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10093480
https://dx.doi.org/10.1007/s00430-019-00635-4
http://www.ncbi.nlm.nih.gov/pubmed/31555911
https://dx.doi.org/10.1128/AEM.07486-11
http://www.ncbi.nlm.nih.gov/pubmed/22286994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3302602
https://dx.doi.org/10.1002/jat.3357
http://www.ncbi.nlm.nih.gov/pubmed/27443595
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5132335
https://dx.doi.org/10.1016/j.heliyon.2024.e41605
http://www.ncbi.nlm.nih.gov/pubmed/39850441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11754520
https://dx.doi.org/10.3389/fcimb.2021.782733
http://www.ncbi.nlm.nih.gov/pubmed/35004350
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8727906
https://dx.doi.org/10.1093/femspd/ftaa056
http://www.ncbi.nlm.nih.gov/pubmed/32960263
https://dx.doi.org/10.3390/antibiotics12030505
http://www.ncbi.nlm.nih.gov/pubmed/36978373
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10044286
https://dx.doi.org/10.1080/19490976.2017.1293225
http://www.ncbi.nlm.nih.gov/pubmed/28277944
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5570432
https://dx.doi.org/10.1038/s12276-021-00571-5
http://www.ncbi.nlm.nih.gov/pubmed/33649498
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8080808
https://dx.doi.org/10.1016/j.tim.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31604611
https://dx.doi.org/10.14202/vetworld.2023.250-257
http://www.ncbi.nlm.nih.gov/pubmed/37042012
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10082706
https://dx.doi.org/10.1016/j.ijpx.2023.100193
http://www.ncbi.nlm.nih.gov/pubmed/38204452
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10777201


Explor BioMat-X. 2026;3:101362 | https://doi.org/10.37349/ebmx.2026.101362 Page 20

Lee Y, Jang H, Chung I, Cho Y. Drosophila melanogaster as a polymicrobial infection model for 
Pseudomonas aeruginosa and Staphylococcus aureus. J Microbiol. 2018;56:534–41. [DOI] [PubMed]

83.     

Asai M, Li Y, Newton SM, Robertson BD, Langford PR. Galleria mellonella-intracellular bacteria 
pathogen infection models: the ins and outs. FEMS Microbiol Rev. 2023;47:fuad011. [DOI] [PubMed] 
[PMC]

84.     

Kalelkar PP, Riddick M, García AJ. Biomaterial-based delivery of antimicrobial therapies for the 
treatment of bacterial infections. Nat Rev Mater. 2022;7:39–54. [DOI] [PubMed] [PMC]

85.     

Adam R, Mussa S, Lindemann D, Oelschlaeger TA, Deadman M, Ferguson DJP, et al. The avian 
chorioallantoic membrane in ovo--a useful model for bacterial invasion assays. Int J Med Microbiol. 
2002;292:267–75. [DOI] [PubMed]

86.     

García-Gareta E, Binkowska J, Kohli N, Sharma V. Towards the Development of a Novel Ex Ovo Model 
of Infection to Pre-Screen Biomaterials Intended for Treating Chronic Wounds. J Funct Biomater. 
2020;11:37. [DOI] [PubMed] [PMC]

87.     

Wong EA, Uni Z. Centennial Review: The chicken yolk sac is a multifunctional organ. Poult Sci. 2021;
100:100821. [DOI] [PubMed] [PMC]

88.     

Caplar BD, Togoe MM, Ribatti D, Pop D, Sinescu C, Rominu M, et al. The Chick Embryo Chorioallantoic 
Membrane (CAM) Assay: A Novel Experimental Model in Dental Research. Cureus. 2024;16:e74714. 
[DOI] [PubMed] [PMC]

89.     

Naik M, Brahma P, Dixit M. A Cost-Effective and Efficient Chick Ex-Ovo CAM Assay Protocol to Assess 
Angiogenesis. Methods Protoc. 2018;1:19. [DOI] [PubMed] [PMC]

90.     

Castañeda CD, McDaniel CD, Abdelhamed H, Karsi A, Kiess AS. Evaluating bacterial colonization of a 
developing broiler embryo after in ovo injection with a bioluminescent bacteria. Poult Sci. 2019;98:
2997–3006. [DOI] [PubMed]

91.     

Braukmann M, Sachse K, Jacobsen ID, Westermann M, Menge C, Saluz H, et al. Distinct intensity of 
host-pathogen interactions in Chlamydia psittaci- and Chlamydia abortus-infected chicken embryos. 
Infect Immun. 2012;80:2976–88. [DOI] [PubMed] [PMC]

92.     

Jacobsen ID, Grosse K, Berndt A, Hube B. Pathogenesis of Candida albicans infections in the 
alternative chorio-allantoic membrane chicken embryo model resembles systemic murine infections. 
PLoS One. 2011;6:e19741. [DOI] [PubMed] [PMC]

93.     

Radwan IA, Salam HS. Fungi associated with dead-in-shell embryos of chicken and Turkey layers. 
Egypt J Vet Sci. 2015;1:67–78. [DOI]

94.     

Furuta PI, Mineo TWP, Carrasco AOT, Godoy GS, Pinto AA, Machado RZ. Neospora caninum infection 
in birds: experimental infections in chicken and embryonated eggs. Parasitology. 2007;134:1931–9. 
[DOI] [PubMed]

95.     

Dos Reis TFM, Hoepers PG, Azevedo VAC, da Silva GR, Notário FO, Soares MC, et al. Chicken embryos 
are a valuable model for the selection of Bacillus subtilis for probiotic purposes. Arch Microbiol. 
2022;204:715. [DOI] [PubMed]

96.     

Nnadi EN, Enweani IB, Ayanbimpe GM. Infection of Chick Chorioallantoic Membrane (CAM) as a 
Model for the Pathogenesis of Cryptococcus gattii. Med Mycol J. 2018;59:E25–30. [DOI] [PubMed]

97.     

Alnassan AA, Shehata AA, Kotsch M, Lendner M, Daugschies A, Bangoura B. Embryonated chicken 
eggs as an alternative model for mixed Clostridium perfringens and Eimeria tenella infection in 
chickens. Parasitol Res. 2013;112:2299–306. [DOI] [PubMed]

98.     

Zhang J, Wei B, Cha S, Shang K, Jang H, Kang M. The use of embryonic chicken eggs as an alternative 
model to evaluate the virulence of Salmonella enterica serovar Gallinarum. PLoS One. 2020;15:
e0238630. [DOI] [PubMed] [PMC]

99.     

Dolka B, Czopowicz M, Dolka I, Szeleszczuk P. Chicken embryo lethality assay for determining the 
lethal dose, tissue distribution and pathogenicity of clinical Enterococcus cecorum isolates from 
poultry. Sci Rep. 2022;12:10675. [DOI] [PubMed] [PMC]

100.     

https://dx.doi.org/10.1007/s12275-018-8331-9
http://www.ncbi.nlm.nih.gov/pubmed/30047081
https://dx.doi.org/10.1093/femsre/fuad011
http://www.ncbi.nlm.nih.gov/pubmed/36906279
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10045907
https://dx.doi.org/10.1038/s41578-021-00362-4
http://www.ncbi.nlm.nih.gov/pubmed/35330939
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8938918
https://dx.doi.org/10.1078/1438-4221-00209
http://www.ncbi.nlm.nih.gov/pubmed/12398217
https://dx.doi.org/10.3390/jfb11020037
http://www.ncbi.nlm.nih.gov/pubmed/32498233
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353597
https://dx.doi.org/10.1016/j.psj.2020.11.004
http://www.ncbi.nlm.nih.gov/pubmed/33518342
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7936120
https://dx.doi.org/10.7759/cureus.74714
http://www.ncbi.nlm.nih.gov/pubmed/39655138
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11626256
https://dx.doi.org/10.3390/mps1020019
http://www.ncbi.nlm.nih.gov/pubmed/31164562
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6526448
https://dx.doi.org/10.3382/ps/pez053
http://www.ncbi.nlm.nih.gov/pubmed/30789222
https://dx.doi.org/10.1128/IAI.00437-12
http://www.ncbi.nlm.nih.gov/pubmed/22689815
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3418749
https://dx.doi.org/10.1371/journal.pone.0019741
http://www.ncbi.nlm.nih.gov/pubmed/21603634
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3094387
https://dx.doi.org/10.21608/ejvs.2015.819
https://dx.doi.org/10.1017/S0031182007003344
http://www.ncbi.nlm.nih.gov/pubmed/17686190
https://dx.doi.org/10.1007/s00203-022-03307-9
http://www.ncbi.nlm.nih.gov/pubmed/36400871
https://dx.doi.org/10.3314/mmj.17-00018
http://www.ncbi.nlm.nih.gov/pubmed/29848908
https://dx.doi.org/10.1007/s00436-013-3392-5
http://www.ncbi.nlm.nih.gov/pubmed/23515571
https://dx.doi.org/10.1371/journal.pone.0238630
http://www.ncbi.nlm.nih.gov/pubmed/32911523
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7500061
https://dx.doi.org/10.1038/s41598-022-14900-9
http://www.ncbi.nlm.nih.gov/pubmed/35739309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9225985


Explor BioMat-X. 2026;3:101362 | https://doi.org/10.37349/ebmx.2026.101362 Page 21

Warncke P, Fink S, Wiegand C, Hipler U, Fischer D. A shell-less hen’s egg test as infection model to 
determine the biocompatibility and antimicrobial efficacy of drugs and drug formulations against 
Pseudomonas aeruginosa. Int J Pharm. 2020;585:119557. [DOI] [PubMed]

101.     

de Oliveira JE, van der Hoeven-Hangoor E, van de Linde IB, Montijn RC, van der Vossen JM. In ovo 
inoculation of chicken embryos with probiotic bacteria and its effect on posthatch Salmonella 
susceptibility. Poult Sci. 2014;93:818–29. [DOI] [PubMed]

102.     

de Souza JB, Sommerfeld S, Almeida-Souza HO, Vaz ER, Bastos LM, Santos FAA, et al. A new 
standardization for the use of chicken embryo: selection of target from the phage display library and 
infection. Appl Microbiol Biotechnol. 2024;108:412. [DOI] [PubMed] [PMC]

103.     

Bahrami S, Rezaie A, Boroomand Z, Namavari M, Ghavami S. Embryonated pigeon eggs as a model to 
investigate Neospora caninum infection. Lab Anim. 2017;51:191–203. [DOI] [PubMed]

104.     

Gow NAR, Knox Y, Munro CA, Thompson WD. Infection of chick chorioallantoic membrane (CAM) as 
a model for invasive hyphal growth and pathogenesis of Candida albicans. Med Mycol. 2003;41:
331–8. [DOI] [PubMed]

105.     

Jacobsen ID, Grosse K, Hube B. Embryonated chicken eggs as alternative infection model for 
pathogenic fungi. Methods Mol Biol. 2012;845:487–96. [DOI] [PubMed]

106.     

Jacobsen ID, Grosse K, Slesiona S, Hube B, Berndt A, Brock M. Embryonated eggs as an alternative 
infection model to investigate Aspergillus fumigatus virulence. Infect Immun. 2010;78:2995–3006. 
[DOI] [PubMed] [PMC]

107.     

McGrew MJ, Holmes T, Davey MG. A scientific case for revisiting the embryonic chicken model in 
biomedical research. Dev Biol. 2025;522:220–6. [DOI] [PubMed]

108.     

Mühlenpfordt M, Nymark E, Åslund AKO, van Wamel A, Bye I, Jarmund AH, et al. Real-time Imaging 
of Vascular Changes and Extravasation in the Chicken Chorioallantoic Membrane (CAM) Model 
Exposed to Ultrasound and Microbubbles. Ultrasound Med Biol. 2025;51:1971–83. [DOI] [PubMed]

109.     

Schusser B, Collarini EJ, Pedersen D, Yi H, Ching K, Izquierdo S, et al. Expression of heavy chain-only 
antibodies can support B-cell development in light chain knockout chickens. Eur J Immunol. 2016;
46:2137–48. [DOI] [PubMed] [PMC]

110.     

Sutovska H, Babarikova K, Zeman M, Molcan L. Prenatal Hypoxia Affects Foetal Cardiovascular 
Regulatory Mechanisms in a Sex- and Circadian-Dependent Manner: A Review. Int J Mol Sci. 2022;23:
2885. [DOI] [PubMed] [PMC]

111.     

Acharya B, Dey S, Sahu PK, Behera A, Chowdhury B, Behera S. Perspectives on chick embryo models 
in developmental and reproductive toxicity screening. Reprod Toxicol. 2024;126:108583. [DOI] 
[PubMed]

112.     

Kovács L, Domaföldi G, Bertram P, Farkas M, Könyves LP. Biosecurity Implications, Transmission 
Routes and Modes of Economically Important Diseases in Domestic Fowl and Turkey. Vet Sci. 2025;
12:391. [DOI] [PubMed] [PMC]

113.     

Schwein A, Magnus L, Markovits J, Chinnadurai P, Autry K, Jenkins L, et al. Endovascular Porcine 
Model of Iliocaval Venous Thrombosis. Eur J Vasc Endovasc Surg. 2022;63:623–30. [DOI] [PubMed]

114.     

https://dx.doi.org/10.1016/j.ijpharm.2020.119557
http://www.ncbi.nlm.nih.gov/pubmed/32565284
https://dx.doi.org/10.3382/ps.2013-03409
http://www.ncbi.nlm.nih.gov/pubmed/24706958
https://dx.doi.org/10.1007/s00253-024-13227-x
http://www.ncbi.nlm.nih.gov/pubmed/38985354
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11236870
https://dx.doi.org/10.1177/0023677216652373
http://www.ncbi.nlm.nih.gov/pubmed/27236141
https://dx.doi.org/10.1080/13693780310001600859
http://www.ncbi.nlm.nih.gov/pubmed/12964726
https://dx.doi.org/10.1007/978-1-61779-539-8_34
http://www.ncbi.nlm.nih.gov/pubmed/22328397
https://dx.doi.org/10.1128/IAI.00268-10
http://www.ncbi.nlm.nih.gov/pubmed/20421382
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2897382
https://dx.doi.org/10.1016/j.ydbio.2025.02.013
http://www.ncbi.nlm.nih.gov/pubmed/40015500
https://dx.doi.org/10.1016/j.ultrasmedbio.2025.07.007
http://www.ncbi.nlm.nih.gov/pubmed/40754508
https://dx.doi.org/10.1002/eji.201546171
http://www.ncbi.nlm.nih.gov/pubmed/27392810
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5113765
https://dx.doi.org/10.3390/ijms23052885
http://www.ncbi.nlm.nih.gov/pubmed/35270026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8910900
https://dx.doi.org/10.1016/j.reprotox.2024.108583
http://www.ncbi.nlm.nih.gov/pubmed/38561097
https://dx.doi.org/10.3390/vetsci12040391
http://www.ncbi.nlm.nih.gov/pubmed/40284893
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12031076
https://dx.doi.org/10.1016/j.ejvs.2021.12.022
http://www.ncbi.nlm.nih.gov/pubmed/35272950

	Abstract
	Keywords
	Introduction
	Antibiotic resistance (AR): drivers and challenges
	Environmental and anthropogenic drivers of AR
	Mechanisms of bacterial resistance
	Stagnation in antibiotic discovery and emerging solutions

	Role of NPs in the treatment of bacterial infections
	Mechanisms of antibacterial nanoparticle action
	Comparative landscape of antimicrobial nanocarriers
	Lipid nanoparticles as a privileged antimicrobial platform
	Clinical advantages and future potential of lipid nanoparticles
	Relevance of nanoparticles to the chicken embryo model

	Preclinical evaluation of nanoparticle-based antimicrobials
	Invitro screening of nanoparticle therapeutics
	Invivo and exvivo screening models

	Chicken embryo model as an intermediate screening platform
	Avian immune development in the CEM
	Methodological approaches in the CEM
	Pathogen studies using the CEM
	Applications of the CEM in NP research
	Limitations of the CEM
	Proposed framework for standardization of CEM-based studies
	Future research directions

	Conclusions
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

