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Clostridioides difficile, a spore-forming bacterium, is a nosocomial infectious pathogen which can be found in animals as

well. Although various antibiotics and disinfectants were developed, C. difficile infection (CDI) remains a serious health

problem. C. difficile spores have complex structures and dormant characteristics that contribute to their resistance to

harsh environments, successful transmission and recurrence.
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1. Introduction

Clostridioides (formerly Clostridium ) difficile , a Gram-positive bacterium that causes severe antibiotic-associated

diarrheas and colitis, was first isolated from new-born infants in 1935 . It produces oval terminal endospores  and is

commonly acquired through community and hospital (nosocomial) infections . The disease is associated with

inappropriate antibiotic treatment, which causes an imbalance of the host’s intestine microbial flora, in turn activating the

dormant C. difficile . Clindamycin, carbapenems and fluoroquinolones are the antibiotics most commonly associated

with increasing the risk of C. difficile infection (CDI) . Additionally, gastric acid-suppressant and older age (>65 years)

are also important risk factors . The symptoms of CDI include watery diarrhea, fever, abdominal pain and toxic

megacolon . From a recent epidemiological analysis reported by NHS trusts in England, there were a total of 13,177

CDI cases diagnosed between 2019 and 2020 , a small increase of 7.4% compared to the previous year ( n = 12,274).

The incidence of hospital-onset CDI cases mirrors the trends in the incidence of all cases, with a decline between 2007

and 2014 followed by a relatively stable state till 2018. The rate (hospital-onset cases/100,000 bed-days) of hospital-onset

CDI cases increased from 12.2 to 13.6 between 2018 and 2020. In the USA, a statistical analysis revealed that CDI cases

in 10 hospitals increased between 2011 and 2017, while the adjusted estimate of the burden of hospitalizations for CDI

decreased by 24% . Whereas the adjusted estimates of the burden of first recurrences and in-hospital deaths did not

change significantly, suggesting the effectiveness of infection-prevention practices, and new more refined diagnostic

techniques, it is important to eliminate false positives and to improve infection prevention. However, reducing the burden

of CDI remains one of the imperative health care priorities in western countries. Different ribotypes occur according to

geographic localization and time of the episodes, associated with evolutionary sophistication. Ribotype 027 and 078

strains have spread worldwide since the millennium, and this was attributed to their ability to metabolize disaccharide

trehalose approved by the USA Food and Drug Administration (FDA) since 2000 . Epidemic C. difficile ribotypes yield

more toxins and have higher sporulation compared to non-epidemic ones , in spite of some controversial results .

The C. difficile spores play an important role in its pathogenesis and are well known to resist gastric acid, harsh

environments and antibiotics treatment, or even survive in dry inorganic surfaces for months . Hand washing has been

recommended as a good practice to reduce risk of pathogen transmission, not only among health care workers but also

visitors . Hand washing with soap and water is significantly more effective at removing C. difficile spores than

alcohol-based hand rubs . The unique structure of the spores helps the pathogen to overcome UV-A and UV-B

irradiation, heat (up to 71 °C), extreme freezing, biocides, chemical disinfectants, desiccation and nutrient deficiency 

. The exosporium is the outermost layer of the spore, containing cysteine (CdeC)-rich proteins that enhance their

surface adhesion and spore-host interactions  and were demonstrated to assist in resistance to heat, enzymes and

macrophage-inactivation . The next layer is the coat, which blocks oxidizing agents, hypochlorite and enzymes from

damaging the microorganism . Inside the coat is the outer membrane, and the cortex which keeps the spore in a

dehydrated state . The low permeability of the inner membrane prevents the core from invasion from water and other

small molecules . The innermost part of the spore is the dehydrated core, containing DNA, RNA, ribosomes, small acid-

soluble spore proteins (SASPs) and large amounts of calcium dipicolinic acid (Ca-DPA) . The high level of the Ca-

DPA increases their resistance to environmental stressors, such as disinfectants and ultraviolet radiation .
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2. Molecular Pathogenesis of C. difficile Infection

Transmission of C. difficile spores or vegetative cells occurs through the fecal—oral route, and from direct contact with

contaminated items . However, only spore-form C. difficile can pass through the gastric acid and achieve residence in

the large intestine . As the spores are exposed to an appropriate environment containing bile acid and co-germinant,

they can be reactivated into the vegetative state . C. difficile spores germinate mostly within the ileum due to the

higher environment pH (around 7.4) . At a molecular level, CspC serves as the bile acid germinant receptor, while CspA

acts as the co-germinant receptor. Upon activation, the signal is transmitted to CspB , which converts pro-SleC

into its active form to degrade the cortex . This leads to expansion of the germ cell wall and rehydration of the core,

together with the release of dipicolinic acid (DPA) . The outgrowth of C. difficile spores into a vegetative cell is the

result. The vegetative form of C. difficile proliferates and produces toxin A (TcdA) and toxin B (TcdB), which contribute to

the major pathogenesis process. TcdE protein contributes to the secretion of TcdA and TcdB whcih promotes C. difficile

growth by obtaining nutrients from toxin-mediated collagen degradation and suppression of competitors in the gut 

. Secreted TcdA binds to carbohydrates on the apical surface of colonic epithelial cells, while TcdB recognizes their Wnt

receptor frizzled family (FZDs) proteins . Both TcdA and TcdB toxins enter cells via endocytosis, followed by fusion with

the lysosome . Upon acidification of the organelle, protonation triggers conformation changes in TcdA and TcdB to

form hairpin pores; this is followed by release of the glucosyltransferase domains of the toxins from the organelles via

autoproteolysis . These domains further glycosylate Rho and Rac in the cytosol, preventing them from being

activated by guanine nucleotide exchange factors (GEFs), thereby triggering apoptosis and loss of tight junction integrity

in mucosal epithelial cells .

C. difficile cells start to sporulate when nutrients are scarce in the environment, although the quorum-sensing signals to

relay the environmental state are yet to be identified . Stage 0 sporulation protein A (Spo0A) is a transcription factor

critical for the C. difficile life cycle that regulates genes associated with biofilm formation, metabolism, toxin production and

sporulation . Phosphorylation of Spo0A is an early triggering factor for sporulation, followed by the activation of sigma

factor F (σF) to control the downstream effectors σG in the forespore compartment. Activation of σG is required for spore

cell wall synthesis and cortex formation . Spo0A also activates σE and further activates σk to modulate coat protein

expression and DPA synthesis, as well as their structural assembly after asymmetric division. At this stage, the replicated

DNA is already packed into the forespore . After completing the development of the membrane, spore coat and cortex

proteins, the mother cell will be lysed, and the mature spore will be released ( Figure 1 ).

Figure 1. Schematic illustration of C. difficile germination, sporulation, and the molecular mechanism of toxins action in

epithelial cells.
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Symptomatic C. difficile patients shed out the vegetative cells and spores leading to contamination of their environment

. The vegetative cells can survive 6 h in room air, while the spores may remain alive for as long as 5 months . As

the health-care workers and patients’ family members contact the spore-contaminated surface, the spores tightly attach to

the skin . Noticeably, asymptomatic C. difficile carriers can shed out spores and cause another CDI outbreak .

Prevention of C. difficile spore formation is, therefore, an important strategy for CDI management and could reduce the

threat of relapse .

Biofilm formation by vegetative cells and spores has been identified in several Clostridium species, including Clostridium

perfringens , C. thermocellum and C. acetobutylicum . Biofilm formation could play major roles in all phases of CDI,

especially in their recurrence , since it helps to enhance microorganism retention, enabling them to resist the flow of

luminal material in the gastrointestinal (GI) tract and to prevent the host immune system’s attack. Biofilms provide a

powerful shield against antibiotics and create a comfort zone for the microorganism to survive and prosper .

Intriguingly, biofilms could also reduce germination efficiency in C. difficile . Such controversy complicates the

development of treatment strategies.

3. Emergent Roles for Nanotechnology in Infectious Diseases

The use of nanotechnology to defeat multidrug resistance gained significant global attention as new effective antibiotic

development is extremely challenging and costly. Modifications in nanoparticles (NPs) could enable multifunctional

purposes and bring about advanced applications in medicine. Nanomaterials could be modified with specific targeting

moieties such as antibodies or aptamers, to enhance the therapeutic specificity and minimize collateral damage to healthy

tissues . Various types of nanomaterials have been shown to deliver drugs with good releasing profile and improve

efficacy. These nanomedicines have been extensively explored for applications in the infectious disease area as well 

.

Organic nanoparticles (e.g., liposomes, polymeric, micelles and ferritin) have been used to enhance the bioavailability of

therapeutic compounds and to increase their delivery and efficacy . They were developed as drug delivery systems,

offering a controlled-release profile and targeting the desired tissues or cells. These nanocarrier systems may control drug

release by an excipient that enabled slow dissolution of poorly soluble drug crystals, from the core compartment to the

interstitial space. Sustained release can also be obtained by encapsulating drugs in nanocarriers capable of loading both

hydrophobic and hydrophilic drugs. Organic nanocarrier systems have been evaluated for the treatment of local infections

of the female reproductive tract, lungs and skin. Injectable nanocarriers have also been explored for the systemic delivery

of drugs . Regarding the types of pathogens targeted, nanoparticles have also been extensively explored for treating

fungal , bacterial  and viral infections, including by Candida albicans and severe acute respiratory syndrome 2

(SARS-CoV-2) .

Inorganic nanoparticles (e.g., metals or metal oxides) have also been investigated for the prevention and treatment of

infectious pathogens. Some inorganic nanomaterials were discovered to exhibit diverse activities against multi-drug-

resistant pathogens . These include silver (Ag), zinc oxide (ZnO), iron-containing nanoparticles and more. The

antibacterial properties of the metallic nanoparticles may be attributed to the generation of reactive oxygen species

(ROS), disruption of cell membranes, ability to bind thiol groups (SH-)/disulfide bonds (R-S-S-R) in biomolecules and the

release of soluble metal ions . The most widely studied metallic materials in infection control are silver (Ag)

nanoparticles. The antimicrobial mechanisms of Ag nanoparticles are associated with ROS generation and silver ion

release from the nanoparticles. Ag nanoparticles and ions interact with the thiol group, sulfur and phosphorus in the

microbial cells subsequently bringing about DNA damage and protein dysfunction . In addition, Ag nanoparticles could

also anchor to the bacterial cell wall and cause structural changes in the cell membrane, thus radically affecting cell

membrane permeability and inducing cell death. Free radicals generated by Ag nanoparticles upon contact with the

bacterial cell membrane are another important mechanism for their anti-microbial activity, as confirmed by electron spin

resonance analysis . Compared to their bulk state, Ag nanoparticles also display efficient antimicrobial properties due

to their large surface-to-volume ratio, providing better contact interface with the microorganisms .

Nanotechnology has also been applied to disease prevention in vaccine formulation, the so called nanovaccinology. Over

the past decade, nanoscale size materials such as virus-like particles (VLPs), liposomes, polymeric, inorganic

nanoparticles and emulsions have gained attention as potential delivery vehicles for vaccine antigens, which can both

stabilize vaccine antigens and act as adjuvants . These advantages are attributable to the nanoscale particle size,

which facilitates uptake by antigen-presenting cells (APCs), leading to efficient antigen recognition and presentation.

Modifying the surfaces of nanoparticles with different targeting moieties permits the delivery of antigens to specific

receptors on the cell surface, thereby stimulating selective and specific immune responses . The most well-known

example is the liposome applied for encapsulating modified mRNAs and stimulating host immune response in SARS -
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CoV-2 vaccines developed by Moderna and Pfizer-BioNTech . Nanoparticles in the vaccine formulations allow for

enhanced immunogenicity and stability of the payload (antigen or nucleic acids encoding the expression of antigen), but

also targeted delivery and slow release for longer immunostimulation .

4. Nanomaterials for CDI Therapeutics

Organic nanoparticles for the delivery of anti-sense anti-microbial oligonucleotides have been reported recently for anti-

CDI therapy . The modified anti-sense oligonucleotides can specifically target five essential C. difficile genes

simultaneously. They used three (APDE-8, CODE-9, CYDE-21) novel cationic amphiphilic bolaamphiphiles (CABs) to form

nano-sized vesicles or vesicle-like aggregates (CABVs) and encapulate 25-mer antisense oligonucleotides (ASO). The

empty CABVs had little effect on C. difficile growth and could deliver an effective amount of ASO against C. difficile.

Through encapsulation by bolaamphiphile-based nanocomplex, the oligonucleotides could be effectively transported into

C. difficile to modulate the translation of specific mRNA which achieved inhibitory concentrations in C. difficile without

affecting normal microbiota .

Polyurethane containing crystal violet (CV) and 3–4 nm ZnO nanoparticles have been reported to present bactericidal

activity against hospital-acquired pathogens including multidrug-resistant E. coli , Pseudomonas aeruginosa , methicillin-

resistant S. aureus (MRSA) and even highly resistant endospores of C. difficile . However, recent studies showed that

ZnO nanoparticles may affect other microorganisms and impact normal intestinal microflora despite their widespread use

in biomedicine . DNA damage induced by ZnO also limits its biomedical application in clinical settings . Other types

of nanomaterials responsive to photonic energy (e.g., photodynamic or photothermal therapy) have also been developed

for anti-microbial therapy, to enhance drug delivery and local activation. However, the gastrointestinal tract is not the ideal

organ for light illumination.

Iron is the most abundant transition metal in the human body and participates in important physiological functions such as

oxygen transport and electron transfer. The human body has developed sophisticated systems for the uptake, transport,

storage and metabolism of iron. Iron-containing nanoparticles usually exhibited magnetic properties and are among the

pioneer nanomaterials used in a wide variety of biomedical and bioengineering applications. Many iron-containing

nanoparticles have been evaluated in preclinical and clinical trials, and some of those have reached the market. Zero-

valent-iron (ZVI) nanoparticles exhibited excellent biocompatibility while harboring prominently bactericidal efficacy

against E. coli . Iron oxide nanoparticles also have been widely used for biomedical applications, including hyperthermia

therapy and magnetic resonance imagining . There are reports describing that iron oxide nanoparticles have reduced

bacterial biofilm formation and viability via an increase in oxidative stress . The anti-bacterial mechanisms of these

metallic nanoparticles are attributed to their ability to generate reactive oxygen species, disrupt cell membranes, bind thiol

groups and release toxic ions. Iron oxide nanoparticles, widely used as T2 weighed MRI imaging contrast agents, were

recently used in CDI treatment. The Fe 3-δ O 4 magnetite nanoparticles (500 µg/mL) were reported to display sporicidal

activity against C. difficile spores without adversely affecting the gut microbiota of experimental mice . Fe 3-δ O 4

magnetite nanoparticles bind to the surface of C. difficile spores, decreasing Ca-DPA release from the spores. The

nanoparticles eventually inhibited spore viability in vitro and attenuated C. difficile -induced colitis in this mouse model.

However, Fe 3-δ O 4 nanoparticles did not kill the vegetative cells. A ZVI signal, detected in the Fe 3-δ O 4 nanoparticles

by X-ray diffraction, has been reported to involve the induction of intracellular oxidative stress and depleting mitochondrial

membrane potential in malignant cells . Generation of ROS may contribute to the inhibition of C. difficile spore

germination. As the Fe 3-δ O 4 nanoparticles only showed efficacy in anti-spore germination without killing the vegetative

form of C. difficile , vancomycin-loaded Fe 3-δ O 4 nanoparticles (van-IONPs) were synthesized to further enhance CDI

control. These nanoparticles demonstrated the ability to inhibit both vegetative cell growth and spore germination 

through direct binding to C. difficile spores and blocking their germination, while inhibiting vegetative cells by releasing

antibiotics in a synchronized manner ( Figure 2 ). Moreover, van-IONPs protected the intestinal mucosa from C. difficile

spore adhesion and significantly decreased the level of C. difficile -induced inflammation in mice. These nanoparticles

outperform both Fe 3-δ O 4 nanoparticles and free vancomycin in overall anti-CDI efficacy, due to the dual-function

activities of targeting both spores and vegetative cells . ROS production has also been reported as the cause for the

anti-bacterial properties of another type of Fe 3-δ O 4 nanoparticles . One important advantage of these iron-based

nanoparticles in CDI control is their selectivity for C. difficile spores and biocompatibility to intestinal mucosa cells. Such

properties preserved the normal intestinal flora critical for preventing invasion by other pathogens and protecting the host

from recurrence .

[73]

[74]

[75]

[76][77]

[78]

[79] [80]

[81]

[82][83]

[84]

[85][86]

[84][87]

[87]

[88]

[89]



Figure 2. Schematic illustration of nanoparticles (NPs) targeting essential pathways of C. difficile infection, including the

life cycle of vegetative cells and spores.
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