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Abstract Solutions for distinct clinical conditions that arise due to the application 
of nanotechnology, pertaining to refined diagnostics and therapeutics, are steadily 
revolutionizing the medical field. Presently, distinct modalities have emerged which 
advocate the manipulation of nanomaterials to produce medical devices. While 
several of these constructs are actively being used in the clinic, a greater number are 
being audited for clinical safety and efficacy, and many more are under various 
stages of development. Nanomaterials that are frequently investigated and that have 
been approved for clinical use include capsules, dendrimers, polymeric nanoparti-
cles, nanocages, nanoshells, biopolymer nanocarriers, fullerenes, carbon nanotubes, 
and various inorganic materials. Due to the vibrancy of the nanomedical field, novel 
solutions are continuously being developed and adapted to meet standard patient 
needs and to exceed the capabilities of antiquated hospital diagnostic and treatment 
systems. In this review, the integration of biomaterials and nanotechnology, to yield 
nanomaterial building blocks, is investigated, especially with pertinence to the fab-
rication of contemporary medical devices that can be used to treat or diagnose a 
broad range of bacterial infections. Although nanotechnology has been credited 
with advancing numerous clinical breakthroughs, substantial efforts must be 
directed toward extensive cytotoxicity, biodegradation, administration, distribution, 
and metabolic analyses, among other performance identifiers, prior to the adoption 
of nanoparticles and/or nanomaterials as dependable drug substitutes, carriers, 
implants, or sensor elements.
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 Introduction to Nanotechnology

 Types of Nanomaterials

Presently, discoveries in biomaterials are enriched by breakthroughs in nanotech-
nology, and the medical research and clinical scene have been propelled substan-
tially forward through the foundation of technologies based on nanomaterials [1]. 
Since the inception of the US National Nanotechnology Initiative in 2000, the 
adoption of nanotechnologies for the enhancement of consumer or manufacturing 
products has been thoroughly well received on the world stage. Significantly, 
within the past two decades, various principles of nanotechnology have permeated 
into diverse sectors integral to societal advancement, including computing, manu-
facturing, energy, electronic devices, and, pertinent to the current review, health 
[2]. Such solutions are dependent on the manipulation of elementary constituents 
on the nanoscale, where the nano- prefix is dimensionally indicative of 10−9 units 
of measure.

In particular, as the result of a ubiquitous understanding that optimal quantum 
effects and enhanced surface area-to-volume ratios are associated with dimensions 
on the order of 100 nm or less, the nanoscale designation in scientific literature is 
generally assigned to constituents that meet this standard in size, from extremity to 
extremity [3, 4]. A variety of shapes, sizes, chemical compositions, and surface 
functionalities are, nevertheless, attributable to nanomaterials [5]. Commonly 
researched contemporary nanomaterials are classified according to structural prop-
erties as zero dimensional (0D), one dimensional (1D), or two dimensional (2D). 
0D, 1D, and 2D nanomaterials include nanoparticles; nanorods, nanotubes, and 
nanowires; and nanocoatings, nanofilms, and nanolayers, respectively [6]. Different 
nanomaterial configurations are presented in Fig. 1. Materials that possess any of 

Fig. 1 0D, 1D, and 2D nanomaterials are naturally or synthetically derived [7, 8]. Common types 
of 0D, 1D, 2D, and 3D materials include organic nanoparticles like lipid micelles; inorganic 
nanorods; polymeric nanocoatings; and the carbon allotrope for diamond, respectively [9]
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these size distributions generally display excellent tunability with regard to their 
anticipated function, whether biological, electrical, optical, thermal, or magnetic in 
nature [5]. Innovative strategies, such as self-assembly or electrospinning, are con-
tinuously being adapted by scientists to generate complex higher-order architec-
tures from basic nanostructural units [6].

 Applying Nanotechnology to Resist Infectious Diseases

The application of nanotechnology has become prevalent among researchers as a 
unique strategy for counteracting antibiotic resistance in bacteria. Prions, parasites, 
fungi, bacteria, and viruses are the most widely recognized classes of virulent 
pathogens that contribute to transmissible infectious diseases worldwide, and over 
1400 microorganisms have been known to prompt disease in humans [10, 11]. Due 
to the prevalence of pathogenic illness among a global population, and as the result 
of the significant mortality rates attributable to these organismal types, infectious 
diseases are classified as a major health and well-being risk to humans. Actions are 
perpetually underway to counteract the prevalence, sustainability, and communica-
bleness of many major pathogens. Advanced pasteurization approaches, novel vac-
cines, and antibacterial agents are continuously studied and generated [2]. Despite 
these efforts, microorganisms are steadily evolving to overcome risks to their own 
security, and unique solutions are being sought. In recent years, the rapid maturation 
of antibiotic-resistant bacteria, set on by genetic mutations and propagated by hori-
zontal gene transfer, has weakened the efficacy of antibiotic therapies that have in 
the past demonstrated clinical feasibility [12]. As this evolutionary element contin-
ues to confer robustness to bacterial strains, new clinical practices that supplement 
or supplant antibiotics are needed to counter probable societal ill effects.

The scientific literature has been saturated with numerous studies investigating a 
diversity of approaches for utilizing nanomaterials to diagnose and treat infections, 
especially those caused by antibiotic-resistant strains of bacteria. Indeed, noble 
metal nanoparticles, metal oxide nanoparticles, carbon-based nanomaterials, bio- 
nanomaterials, and polymeric nanomaterials have all been demonstrated to aid in 
the detection or treatment of illnesses across a broad spectrum of disease states [13]. 
Acute or chronic bacterial infections are among the human afflictions that have been 
shown to be responsive to these nanomedicine therapies. This is an existential result 
of the ancillary properties conferred to nanoparticles and materials due to their engi-
neered shape and size characteristics. Modifications in the synthesis parameters or 
conditions of nanomaterials frequently result in unique architectures that combat 
disease through elaborate and sometimes uncommon mechanisms. In the following 
sections, a variety of nanomaterials with the capacity to confer medically applied 
devices with capabilities ranging from sensing to diagnostics, therapeutics, and 
targeted therapy will be examined.
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 Noble Metal and Metal Oxide Nanoparticles as Antibacterial 
Agents

 Metal Nanoparticle-Induced Pathogenic Toxicity: Mechanisms 
and Actions

Among the classes of noble metal and metal oxide nanoparticles, gold (Au), silver 
(Ag), platinum (Pt), palladium (Pd), zinc oxide (ZnO), cerium oxide (CeO2), iron 
oxide (Fe2O3), and copper oxide (CuO) are distinguished due to the antibacterial 
effects either directly or indirectly associated with their application within in vitro 
and in vivo environments [13]. Common metal-based nanoparticle types are tabu-
lated in Table 1, and a few of their unique applications, besides antimicrobial effi-
cacy, are summarized [14–21]. Strategies for preparing nanoparticles include 
traditional hydrothermal and solvothermal syntheses, thermal decomposition, spray 
pyrolysis, ball milling, and chemical precipitation [14]. Emerging green methods 
are nutrient, plant, fungus, or polymer mediated [14].

Table 1 Common metal nanoparticle identities and their physical properties are tabulated

Nanoparticle 
identity Group Classification

Crystal 
structure

Select biomedical 
applications References

Cerium oxide 
(CeO2)

Ce 3 Lanthanoid HCP Alteration of mitochondrial 
metabolism
Reshaping immune 
microenvironment
Reduction in tumor growth

[14]

Copper oxide 
(CuO)

Cu 11 Transition 
metal

FCC Targeted cancer therapy
Wound healing

[15]

Gold (Au) Au 11 Transition 
metal

FCC Antifungal and anticancer
Excellent catalytic activity
Plasmonic properties

[16]

Iron oxide 
(Fe3O4, Fe2O3)

Fe 8 Transition 
metal

BCC MRI contrast agent
Magnetic hyperthermia for 
cancer treatment
Tissue repair

[17]

Palladium (Pd) Pd 10 Transition 
metal

FCC Anticancer and anti-tumor
Electrocatalytic uses

[18]

Platinum (Pt) Pt 10 Transition 
metal

FCC Catalytic activity
Anti-inflammatory

[19]

Silver (Ag) Ag 11 Transition 
metal

FCC Catalytic redox properties
Surface-enhanced Raman 
scattering
Calorimetric Sensing

[20]

Zinc oxide 
(ZnO)

Zn 12 Transition 
metal

HCP Use in positron emission 
tomography
Gene delivery

[21]

Select applications are additionally outlined [14–21]
Abbreviations: FCC face centered cubic, HCP hexagonal close packed, BCC body centered cubic

N. J. Bassous and T. J. Webster



361

Researchers have described extensively within the literature many strategies for 
experimentally inhibiting bacterial proliferation using elementally pure or hybrid-
ized metallic nanoparticles, and modifications have been investigated which facili-
tate these inhibition effects. The presentation of bacteriostatic and bactericidal 
properties by noble metal and metal oxide nanoparticles is attributable to their 
unique physiochemical properties, pertaining to size, morphology, and electronic 
responsiveness [22]. Often times, nanoparticle interactions with bacterial mem-
branes prompt, or invoke, critical processes that significantly deplete cells of their 
energy sources or disrupt internal mechanistic channels. Biomolecular impairment 
and ATP depletion are common responses that suppress bacterial activity [23].

Membrane damage and depolarization are significant stimulants of microbial cell 
degradation, and these are often brought on by antagonistic interactions with metallic 
nanoparticles. Frequently, the cationic nature of a number of metallic nanoparticle 
types, or of their constituents, promotes selective electrostatic interactions with 
anionic bacterial membranes. Positively charged nanoparticles have demonstrated the 
capability to invoke physical damage to the bacterial wall and to eventually exhaust 
the electron transport chain [2]. In the case of magnesium oxide (MgO) and magne-
sium hydroxide (Mg(OH)2) nanoparticles, for example, the main modes of action are 
adsorption onto and destruction of the cell wall [24, 25]. Here, preeminently in the 
case of Mg(OH)2, it is believed that extracellular nanoparticle aggregation damages 
the bacterial cell envelope and alters the normal texture or thickness of the cell. 
However, aggregation is not therapeutically admissible, due to the potential adverse 
impact on healthy human cells, blockage of normal blood flow, and the possible 
reduction in bacterial cell–particle interactions [26]. Penetration or endocytosis of 
adsorbed nanoparticles across the bacterial wall is common among alternative parti-
cles types, leading to selective intracellular damage and cytotoxicity effects [2].

Cellular damage caused by nanoparticles is characteristically propagated by a 
variety of processes, especially those involving the release of metal ions and oxida-
tive or non-oxidative stresses [22]. Metallic nanoparticles that are suspended in an 
aqueous environment can release charged ions as the result of a naturally imposed 
electrochemical potential. It is regularly observed among researchers that a greater 
degree of nanoparticle dissolution yields a higher concentration of ions, which is 
directly correlated with mammalian  cell toxicity [27–30]. Enhanced dissolution 
rates, and hence toxicity effects, are defined among smaller and rougher nanopar-
ticles [29]. Ions are soluble and therefore suited for uniformly confining bacterial 
cells [22]. The localization potential of intact, electrostatically interactive nanopar-
ticles about a membrane domain promotes the regional generation of ions. High, 
localized ion concentrations facilitate cell membrane disengagement. For instance, 
in the case of Ag nanoparticles, the uptake of silver particles or ions by the cell can 
be observed by the presence of irregular pits on the bacterial surface [31]. 
Alternative hypotheses, again with reference to silver, predict that Ag+ ions tran-
scend the cellular wall through cation-selective pathways [32]. The association of 
Ag  nanoparticles with bacterial walls has demonstrated an interplay in which the 
bacterial wall deteriorates or is transcended, to enable the influx of cytotoxic Ag+ 
ions into the cellular cytosol [33, 34].
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Evidence supporting the claim that metal ions incontrovertibly impose toxicity 
on bacterial cells is profound in the literature. For instance, exposing Escherichia 
coli (E. coli) cells to titanium dioxide (TiO2) or aluminum oxide (Al2O3) nanopar-
ticles, under uniform conditions, contributes to the body of evidence that substanti-
ates that Al2O3 is a more potent membrane disruptor than TiO2 [26]. This correlates 
with the assertion that ions contribute to bacterial death, in that Al2O3 releases Al3+ 
ions in solution, whereas Ti4+ ions are not detected in the case of the TiO2 formula-
tion [26]. To corroborate this theory, and to eliminate the possibility of alternative 
contributing factors, comparisons can be drawn between the effect of nanoparticle 
control treatments on bacterial cells and the effect of nanoparticle suspensions that 
are leached of their ions. Research has shown that, upon the removal of impurities 
from nanoparticle systems, especially of metal ions, nanoparticle toxicity is signifi-
cantly reduced [35].

Nevertheless, other factors come into play when evaluating the agents responsi-
ble for nanoparticle efficacy. For example, although CuO nanoparticles yield a 
higher ion count than Ag nanoparticles in solution, Ag nanoparticles are more bac-
tericidal. In this specific case, the cause is attributed to the understanding that Cu is 
an essential element and, as such, can be eliminated from the intracellular environ-
ment by pathways maintained due to natural homeostasis [36, 37]. In contrast, Ag is 
nonessential to cellular stability and can bind irreversibly to cysteine molecules 
[22]. This cysteine binding can impair intracellular enzymatic mechanisms, leading 
to possible perturbation of the electron transport chain or energy production.

Cellular leakage is a common disruption process that is compelled by metal 
nanoparticles and their ions. When examined under an electron microscope, bacte-
ria lysed by nanoparticle–cell interactions may exhibit partial or complete disen-
gagement of the intracellular environment from the cell wall, depending on the 
nature of the applied nanoparticle treatment [38]. Electron-dense inessential matter 
or granules, presumably generated by the interactions of anionic compounds found 
inside the bacterial cell wall with cationic species, are often detected in regions sur-
rounding the lysed cells [38, 39]. It is predicted that the release of ions destabilizes 
the bacterial wall and compels membrane dislocation. These processes are emula-
tive of the phenomena involved in plasmolysis, in which cells are depleted of their 
water sources [40]. Bacterial membrane impairment, resulting in leakage, has been 
observed from exposing gram-positive and gram-negative bacterial cells primarily 
to Ag, ZnO, MgO, and TiO2 nanoparticles [41–43]. By performing temporal growth 
and electron imaging experiments, researchers have concluded that, generally, 
nanoparticles such as Ag are more effective at cleaving the bacterial walls of gram- 
negative bacteria than of gram-positive bacteria. This is attributed to the thick pep-
tidoglycan layer that protects the bacterial cytoplasmic membrane in gram-positive 
organisms [29, 35, 38].

Membrane damage and cellular leakage due to nanoparticle agglomeration, 
adsorption, and ion production are not the only mechanisms responsible for  bacterial 
cell death, and nanoparticles are very multifaceted in their efficacy routes. 
Commonly, chemically responsive reactive oxygen species (ROS) are generated 
upon the interaction of metal nanoparticles and cell walls [41]. ROS, including 
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superoxides, peroxides, and free radicals, are produced naturally during basic meta-
bolic processes in which oxygen is passed through one or several states of reduc-
tion, and have critical roles in maintaining homeostasis and cell signaling pathways. 
However, the generation of ROS in excess, due to external or environmental stresses, 
could invoke cellular and biomolecular damage [44]. In fact, this effect is pro-
nounced with the adoption of nanoparticle regimens, since a variety of metal 
nanoparticle types have been proven experimentally to stimulate the production of 
high levels of ROS, especially free radicals. This outcome, of elevated ROS genera-
tion, is observed even among Cupriavidus metallidurans (C. metallidurans) strains 
upon exposure to nanoparticles, despite their known survivability in a heavy metal 
stress environment [26]. Moreover, nanoparticles can be subjected to auxiliary 
stresses to activate the production of more ROS. For example, light- and UV-activated 
ZnO nanoparticles that are introduced into a water-rich environment split the water 
molecules to produce H+ and OH−, which react to form H2O2 [45]. Similar phenom-
ena have been widely observed with Ag nanoparticles. The chemical processes 
involved in ROS production, and the activation of Ag nanoparticles to impose anti-
bacterial toxicity, are outlined in Fig. 2.

ROS that are present in excess within the vicinity of a cell, either intra- or extra-
cellularly, will alter the cell membrane by a number of mechanisms. Typically, the 
peroxidation of membrane lipids inhibits bacterial growth [46]. Moreover, DNA 
replication and ATP generation are impeded in the presence of ROS [47]. 
Nevertheless, the mechanisms involved in ROS toxicity are complex, and insuffi-
cient evidence is available to distinguish the primary mode of killing. Indicative of 
this complexity is the research observation that although DNA damage is imposed 
in the presence of ROS, it is not uncommon to distinguish intact bacterial  membranes 
among cells that are thus affected [48]. Moreover, research evidence indecisively 
marks the dominant antimicrobial mechanism as the cause of oxidative stresses or 
thiol-containing protein inactivation. In support of the oxidative or catalytic stress 
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Fig. 2 In Part I, the reaction mechanisms involved in ROS production and Ag nanoparticles toxic-
ity are represented. Part II outlines the impact of Ag nanoparticles on bacterial cells, including (A) 
cell wall disintegration, (B) periplasmic space separation, (C) DNA damage, (D) cell pit formation, 
(E) ribosomal inhibition, (F) ROS production, and (G) protein interactions [22]. Permissions for 
figure reuse were assumed under the terms of the Creative Commons Attribution 4.0 International 
License (http://creativecommons.org/licenses/by/4.0/)
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theory, a study was performed by Wang et al. that magnified the role of H2O2 in 
debilitating E. coli cells [49]. Here, it was also demonstrated that Ag+ ions generated 
by Ag nanoparticles aid in intracellular ROS production, although not to the extent 
in which extracellular ROS stimulate the production of intracellular ROS. The pro-
tein inactivation proposition was derived earlier in the research of Xiu et al., who 
observed that Ag+ ions demonstrated no significant differences in toxicity under 
aerobic versus anaerobic conditions [50]. From these contradictory hypotheses, it is 
practicable to conclude that the circumstances involved in metal nanoparticle–bac-
terial interactions are so complex that a diversity of interrelated events contributes 
to cellular toxicity. It is difficult to identify a single species, activity, or mechanism 
that predominantly compels bacterial cell death.

 Strategies for Modifying and Encapsulating Nanoparticles 
for Disease Applications

A variety of strategies have been devised to augment the properties, functions, and 
delivery of metallic nanoparticles. These include structural and surface modifica-
tions, such as doping, capping, and halogen treating; or encapsulation routines, in 
which one or more nanospecies are incorporated into polymer- or biomolecule- based 
nano delivery vehicles. Several cases examining the optimization of metal nanopar-
ticles for utilization in the clinic are highlighted here.

 Doping, Capping, and Halogenating

Physical and chemical fabrication methods for the preparation of doped metallic 
nanoparticles are described extensively within the literature. Physical techniques for 
the conversion of metal-organic precursors are classified according to the primary 
process utilized in nanoparticle preparation, including spray pyrolysis [51], thermo-
chemical/flame decomposition [52, 53], and vapor condensation [54]. Likewise, 
chemical routes entail the application of at least one characteristic technique such as 
sol–gel transition [55], thermal hydrolysis [56], or hydrothermal processing [57]. 
Due to the well-defined nature of conventional doping strategies, the process of 
incorporating different species into a crystal structure is quite feasible, despite the 
complications involved in synthesis. The inclusion of supplements that can comple-
ment the activity of, or positively alter, pure substances has been scrutinized exten-
sively in nanomedicine.

Recently, Azam et al. demonstrated that the doping of ZnO nanoparticles, using 
cobalt (Co) and/or magnesium (Mg), yielded enhanced antibacterial efficacy, in 
comparison to non-doped ZnO nanoparticles [2]. Moreover, the antibacterial prop-
erties of cobalt, for instance as a stable metal coordination complex [4], and magne-
sium, even in its pure elemental form, have been demonstrated in the literature [58]. 
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Quantitative and qualitative analyses were designed by Azam et al. to assess the 
auxiliary and synergistic properties afforded to ZnO species upon complexation [2]. 
Empirical trends indicated that the antibacterial characteristics of nanocrystalline 
ZnO were significantly enhanced by the addition of Co or Mg to the crystal lattice. 
This effect was slightly more pronounced in the circumstance of Co doping versus 
Mg doping. In vitro experiments were designed based on standard temporal growth 
curve and zone of inhibition procedures. The growth behaviors of four types of 
bacteria, including gram-negative Escherichia coli (E. coli) and Pseudomonas aeru-
ginosa (P. aeruginosa), and gram-positive Bacillus subtilis (B. subtilis) and 
Staphylococcus aureus (S. aureus), in the presence of the different nanoparticle 
types were analyzed [2]. The data indicated that all bacterial types underwent a 
perceptible and significant reduction in cell viability when treated with ZnO or 
doped ZnO nanoparticles. In particular, a positive trend was observed, in which a 
higher Co or Mg concentration within the primary aggregate ZnO nanostructure 
produced an increase in the antimicrobial activity. The minimum inhibitory concen-
tration (MIC) of the doped ZnO particles was lower than the MIC of the non-doped 
particles, and the zone of inhibition increased with nanoparticle doping. These 
observations align well with the characterization measurements, which indicate that 
an increase in the nanoparticle Co or Mg concentration corresponds with a decrease 
in particle size. The higher surface area-to-volume ratio attributed to smaller parti-
cle sizes promotes interactions between the nanoparticles and bacterial cells, which 
improves nanoparticle efficacy. Refer to Fig. 3 for relevant data representations.

It is postulated that several factors are at play in conferring bacteriostatic func-
tion to ZnO nanoparticles. Electrostatic interactions between the ZnO particles and 
the bacterial wall compel a complex series of processes that invoke cellular dys-
function. Zn+ ions invoke bacterial cell wall or membrane damage, which is aggra-
vated by an influx of nanoparticles and ions into the cell body. This influx stimulates 
cellular swelling and consequential bursting. Concomitantly, ZnO nanoparticles 
produce high yields of ROS, especially hydroxyl radicals and peroxides, which 
contribute to cell damage and death [59–62]. Further, modifications to the ZnO 
crystal lattice, that is, doping, can be applied to improve in the antimicrobial effi-
cacy of the composite nanospecies. Due to this wide range of action associated 
with pure ZnO nanoparticles, and due to their potential for optimization through 
structural modification, ZnO nanoparticles hold great promise for the clinical 
obstruction of infections. Moreover, doping has emerged as a practicle means for 
enhancing the properties of metal-based nanoparticles, although additional data on 
the in vivo interactions of such species must be obtained prior to their being applied 
as medical devices.

Alternative approaches to modifying the precise configurations of metallic 
nanoparticles involve the incorporation of capping agents or halogens into the 
 composite nanostructure. Nanoparticle fabrication strategies, implicating the use 
of a wide selection of capping agents are abundant. Generally, capping agents are 
associated with the enhanced stability and good dispersion of nanoparticles in sus-
pension [22]. Due to the tendency of capped nanoparticles to remain as separate 
entities for extended time periods, with minimal agglomeration, nanoparticle tox-
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icity in comparison to the standard, uncapped form is altered. Specifically, metal 
nanoparticles such as Ag significantly inhibit bacterial growth when applied in 
combination with common capping agents like chitosan, citrate, and polyvinyl 
acetate. In the case of Ag nanoparticle capping, the antimicrobial activity is signifi-
cantly enhanced through the incorporation of chitosan and citrate, potentially due 
to the increase in the generation of Ag+ ions that is propelled by the inclusion of a 
capping material [63]. 11-mercaptoundecanoic acid demonstrates improved viru-
lence in comparison to other types of organic layers such as citrate [64]. Generally, 
this effect may be attributed to the poor stability of 11-mercaptoundecanoic acid in 
solution, which promotes the release of destructive metal ions from the core 
nanoparticle body; the occurrence of Cd2+ ions in solution indicate the general 
instability of 11- mercaptoundecanoic acid. Moreover, in the case of Ag nanopar-
ticles capped by 11-mercaptoundecanoic acid, for example, adherence to the 
hydrophilic cell wall of P. aeruginosa indicates that specific interactions or affinities 
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Fig. 3 A survival assay of Bacillus subtilis bacteria in the presence of ZnO nanoparticles was 
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may be involved in the induction of 11-mercaptoundecanoic acid toxicity [64]. 
The microbicidal activities of citrate- and 11-mercaptoundenanoic acid-capped Ag 
nanoparticles, in comparison to a silver nitrate control, are outlined in Fig. 4.

Other types of stabilizers utilize the principles of green technology. In most cases, 
biogenic silver has been produced through routes involving the application of natural 
plant materials composed of -OH, -SH, -NH2, and -COOH functional groups. For 
instance,  the Ocimum sanctum (Tulsi) aqueous extract and gum arabic have been 
applied as capping agents, and their reception has been favorable, especially due to 
their overall efficacy and omission of hazardous organic solvents during synthesis 
[65]. Surfactants such as cetyltrimethylammonium bromide (CTAB) are additionally 
utilized during such syntheses in order to direct morphological arrangements during 
particle formation [65]. Besides chemical- and green-based capping agents, halogens 
have been investigated as feasible functional groups for improving the antimicrobial 
behaviors of metal nanoparticles. The ability of  halogens to confer potency to 
nanospecies is attributed principally to their oxidizing potential [42].
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 Polymeric Nanomaterials and their Usefulness as Drug or 
Particle Carriers

In addition to surface modifying metal nanoparticles in order to achieve enhanced 
efficacy or stability, nanoparticle encapsulation has been widely investigated as a 
means for providing adequate delivery or promoting therapeutic synergism. Variable 
particle types can be tuned to accommodate distinct functionalities and to address 
issues of biodegradability and biostability as they pertain to a particular end opera-
tion. In particular, carrier micro- and nanoparticles preferentially adopt dendrimer, 
micelle, liposome, polymersome, or other capsule-based morphologies. These par-
ticles typify possible cell body architectures. Particle selection is dependent on the 
intended final use or distribution route. Regularly, biomaterials that are facilely 
expelled from the body after performing their function are desired in particle assem-
bly, and biodegradable substances are favored in the fabrication of such 
nanomaterials.

For example, poly(lactic-co-glycolic acid) (PLGA), polylactide (PLA)-based 
enantiomers, and poly(ε-caprolactone) (PCL) are biodegradable and suitable for use 
in solid drug delivery vehicles, polymersomes, micelles, or other particles that 
assemble using synthetic polymers as their main body [66]. Nanoparticles assem-
bled using these or any of an array of biocompatible polymers commonly unload 
their therapeutic contents through cross-membrane diffusion, controlled polymer 
degradation (i.e., temperature, pH, or electrical sensitivity or stimulation), or vesic-
ular dissociation. Localized accumulation of these particles at the diseased site(s) 
may involve extended exposure of affected tissue to the therapeutic load. Particles 
can further be designed to accommodate a diverse group of therapeutic molecules, 
depending on their membrane properties.

It is possible to incorporate hydrophilic and/or hydrophobic species into several 
synthetic cell body types. One conceivable advantage of particle configurations, that 
is, capsules, retaining a hydrophobic core is the potential for solubilizing hydropho-
bic drugs within the core and, as a result, increasing the concentration and enhanc-
ing the effectiveness of this hydrophobic drug in an aqueous environment. Generally, 
excipients like Kolliphor EL, which cause autoimmunity or hypersensitivity, have 
been used to deliver poorly water-soluble drugs [67–71]. The solubilization and 
delivery of hydrophobic drugs utilizing a hydrophobic particle core would help cir-
cumvent comparable undesirable reactions or side effects.

In the fabrication of nano drug carriers, terminal particle size distributions must 
be optimized to satisfy the physical restrictions imposed by administration and dis-
charge routes. Cell bodies injected into or otherwise taken up by the vasculature 
should be designed to cap at 1–2 μm in their outer diameter in order to bypass 
 possible agglomeration in small blood vessels and capillaries [72]. The in vivo fate 
of these particles is further subjected to dimensionality constraints. Literature 
sources suggest that particles having a diameter of 200 nm or less experience an 
extended stay in circulation as compared to larger particles, due to a reduced rate of 
clearance from the body [72]. Extended circulation times may be attributed to a 
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decline in the efficiency of opsonin binding. The high radius of curvature character-
istic of smaller particles has been directly correlated with this phenomenon.

The intrinsic dimensionality of moderately sized nanoparticles brings about 
diminished renal clearance [73]. As a reference, a 10 nm effective pore size cutoff 
and a 30–50 kDa molecular weight cutoff are typically associated with glomerular 
filtration [74]. Therefore, prior to biodegradation, particles <200 nm in the outer 
diameter will avoid filtration by the kidneys. This general coupling, of a sufficiently 
small particle diameter and extended circulation times, has been demonstrated to 
enhance therapeutic reservoir discharge within tissue that is presumptively diseased. 
Within this context, presumptively diseased tissue constitutes regions of abnormal 
lymphatic drainage, as in tumor, inflammation, or infection sites, or otherwise 
excessively permeable vascular structures. This drug targeting strategy passively 
assists in the identification of disease and the concurrent evasion of healthy tissue, 
and is conventionally termed the enhanced permeability and retention (EPR) effect 
[75, 76]. As a result of this discussion, the majority of artificial cells considered as 
part of the current research will be nanoparticles, with diameters in the 1–1000 nm 
range, and preferentially in the 50–500 nm range. Dimensions will be defined, or 
the micro- prefix attached, for vesicles having spherical or longitudinal diameters 
exceeding 1000 nm.

From the literature, it is apparent that several materials can successfully self- 
assemble, and form the fundamental framework for guided biological, chemical, or 
sensory delivery [66, 77–81]. Proteins including albumin, collagen, and gelatin, and 
polysaccharides including alginate, starch, and dextran have all been utilized as 
solid particle drug carriers. Alternatively, phospholipids like phosphatidylcholine 
have been used to form lipid bilayer-containing vesicles called liposomes. 
Contemporary research predispositions favor the use of synthetic polymers instead 
of naturally extracted polymers or materials. This is due in part to documented or 
anticipated improved particle stability, tunability, and chemical versatility when 
select synthetic polymers are employed in place of other organic or inorganic mate-
rials. These synthetic polymers include the previously cited PLGA, PLA, and PCL, 
in addition to poly(vinyl alcohol) (PVA), poly(vinyl pyrrolidone) (PVP), 
poly(hydroxyethyl methacrylate) (pHEMA), poly(butadiene) (PBD), polyphospha-
zene, silicones, and polyanhydrides [66, 77–81]. Common polymers used to fabri-
cate drug delivery vehicles are outlined in Table 2.

Amphiphilic di- or tri-block copolymers are commonly used to synthesize a 
wide array of multifaceted nanoparticles. Block copolymers are derived via polym-
erization of multiple monomers within the same system. Preferentially, this results 
in a polymer with interconnected chains that have a local aversion or attraction 
toward aqueous mixtures or solutions. This dual hydrophobic and hydrophilic char-
acter enables subsequent facile production of functionalizable nanoparticles. 
Typically, when intended for use in clinical applications, these copolymers are con-
structed using biocompatible and biodegradable hydrophobic blocks made of 
poly(amino acids) or polyesters, for example. Ideally, the selected hydrophobic 
polymer block is covalently linked to a hydrophilic block that is similarly biocom-
patible. Although polyethylene glycol (PEG), or polyethylene oxide (PEO), is fre-
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quently adopted as the hydrophilic block of choice, suitable alternatives include 
PVP, poly(acrylic acid) (PAA), and poly(2-ethyl-2-oxazoline) (PEtOx) [82]. It is 
generally observed that particle circulation times are augmented by the incorpora-
tion of PEG, which has been until recently described as a “stealth” molecule—or an 
immune system evader [83], into nano drug delivery devices. Scientific evidence 
does demonstrate that water in the body forms a dense barrier around PEGylated 
surfaces that impedes opsonin adhesion [83]. However, recent literature by Abu Lila 
et al. suggests that anti-PEG antibodies are evolving in synchrony with the height-
ened utility of PEG in medical or other products. This anomaly is associated with 
the resulting so-called accelerated blood clearance (ABC) phenomenon [84], and 
alternatives to PEG are frequently investigated in the development of nanomaterials 
that will be applied or administered internally.

Several block copolymers have been studied that integrate an assortment of 
hydrophobic and hydrophilic blocks of variable block lengths and molecular 
weights. Often, amphiphilic block composition and synthesis routine influence the 
terminal structure of a polymeric nanoparticle. Refer to Table 3 for a summary of 
common methods of fabrication.

Table 2 The chemical structures, names, and abbreviations of select polymers that are used to 
fabricate organic nanoparticles

Table 3 Synthetic methods for producing polymeric vesicles

Method of 
preparation Type Size Additives Polydispersity

Film rehydration Solvent free SUV, MLV – High
Solid rehydration Solvent free SUV, MLV – High
Electroformation Solvent free GUV – Low
Gel-assisted hydration Solvent free GUV Agarose or PVA Low
Solvent injection Solvent displacement SUV Solvent High
Emulsion phase 
transfer

Solvent displacement GUV Solvent, surfactant Low

Microfluidics Solvent displacement SUV or 
GUV

Solvent, surfactant, 
polymer, and so on

Low

Abbreviations: SUV small unilamellar vesicles, MLV multilamellar vesicles, GUV giant unilamellar 
vesicles. This table is adapted from the work of Rideau et al. [85]
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Hydrophobic block identity further governs the release of therapeutic loads. For 
example, poly(d,l-lactide) (PDLLA) degrades at an accelerated rate at physiologi-
cal temperatures of 37  °C [86]. Similarly, poly(diethylaminoethylmethacrylate) 
(PDEAEM)-based assemblies will release their cargo as a result of abrupt changes 
in pH that are common, for example, at tumor sites [87]. A few amphiphilic block 
copolymers, especially mPEG-b-PCL, have the capacity to modulate species efflux 
across membranes that have P-glycoprotein expression [88]. This has significant 
implications for the transfer of therapeutic agents, for instance, across the blood–
brain barrier, drug-resistant tumors, or intestinal epithelia.

Researchers have described extensively within the literature many instances of 
successfully encapsulating polymer-based nanoparticles for various disease or imag-
ing applications. Synthetic polymeric bodies are rendered biofunctional through the 
integration of drugs, metal nanoparticles, proteins (including antibodies, peptides, 
and enzymes), DNA, fluorescent molecules, or other species that demonstrate the 
capacity to interact with local physiological events or conditions [89–93].

Spulber et  al. generated ceria nanoparticle-loaded nanoreactors made from 
poly(N-vinylpyrrolidone)-block-poly(dimethylsiloxane)-block-poly(N- 
vinylpyrrolidone) (PDMS-PNVP) that possess negligible cytotoxicity, in compari-
son to free ceria nanoparticles, toward HeLa cells [94]. The ceria-loaded vesicles 
were highly stable and possessed exceptional superantioxidant activity. In a similarly 
translatable study, Geilich et  al. developed dual Ag nanoparticle- and ampicillin- 
loaded mPEG-b-PDLLA polymersome vesicles, by a phase inversion strategy, that 
synergistically inhibited the proliferation of a multiple-drug resistant Escherichia 
coli (E. coli) strain that was mutated to express the bla gene for ampicillin resistance 
[95]. Here, in vitro bacterial proliferation assays confirmed that the dual delivery of 
metal nanoparticles and antibiotics inside a robust delivery vehicle effectively hin-
dered bacterial proliferation. There are a few mechanistic validations for this out-
come [95]. First, the bilayer membrane protected the antibiotics from hydrolysis by 
β-lactamase enzymes released by bacteria and promoted the sustained contact 
between the antibiotic and the bacterial membrane. Second, the Ag nanoparticles 
disrupted the bacterial cell membranes and weakened lipopolysaccharide permeabil-
ity barriers. This morphological debilitation was aggravated by the reactive oxygen 
species (ROS) of Ag ions released from the Ag nanoparticles.

A similar study was performed in which the mPEG-b-PDLLA polymersomes 
were encapsulated by superparamagnetic iron oxide nanoparticles (SPIONs) and 
methicillin [96]. This dual therapy was targeted toward Staphylococcus epidermidis 
(S. epidermidis) biofilms that often occur along the surfaces of medical devices 
post-implantation. Following the application of an external magnetic field to an 
in  vitro system containing S. epidermidis and co-functionalized polymersomes, 
bacterial biofilm permeation associated with cellular killing was significant, with 
20  μm of penetration depth ascribed to the interaction. Figure  5 illustrates the 
advantages of using dual-functionalized SPION–antibiotic polymersomes that are 
directed by a magnetic field.

Thus, fabricated nano drug carriers may be bound to medical devices including 
orthopedic prosthetics to counteract the likelihood of rejection due to autoimmunity 
or bacterial seeding onto the implant. The principle of self-defending surfaces by 
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the immobilization of PMOXA-b-PDMS-PMOXA polymersomes was explored by 
Langowska et al. [97]. Specifically, vesicles loaded with the biocatalyst penicillin 
acylase were anchored onto solid support surfaces by Schiff base formation and 
reductive amination [97]. The resulting surfaces were bioactive, stable, and antibac-
terial, enzymatically releasing regulated levels of antibiotics that effectively 
restricted E. coli cell growth [97]. Such models can be feasibly adapted to satisfy 
various clinical objectives related to implant antifouling or biosensing.

 Disease Detection Through the Application of Imaging 
Methods and Nanoparticles

Nanoparticles for treating bacterial infections and for delivering antimicrobial 
agents have been reviewed. A novel possibility that has been explored in the scien-
tific literature is the application of these nanoparticles as integral components of 
combination therapies, and in conjunction with microscopy and imaging methods, 
to diagnose or sense infections before they intractably progress. Augmented disease 
diagnostics is crucial for the management of infectious agents, as the early detection 
of pathogens could aid hospital workers to subdue interperson transmission and to 
more effectively treat affected individuals. Conventional diagnostic approaches can 
be time-consuming, inefficient, and inaccurate; and they typically involve some 
form of microscopy, cell culture, enzyme-linked immunoassay (ELISA), lateral 
flow immunoassay (LFA), or polymerase chain reaction (PCR), applied either 
independently or in combination. Novel approaches facilitate the use of nanomaterials, 

Antibiotics can control planktonic
bacteria but cannot penetrate biofilms.
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SPIONs can treat portions of biofilms
when directed by a magnetic field.

IOPs synergistically eradicate biofilms
by combining SPIONs and antibiotics.
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Fig. 5 Combination strategies for inhibiting bacterial biofilms are shown in Part I [96]. Summarily, 
SPIONs and antibiotics, delivered concurrently within IOPs, can penetrate and eradicate bacterial 
biofilms when directed by a magnetic field. Abbreviations: IOP iron oxide-encapsulating polymer-
some, SPION superparamagnetic iron oxide nanoparticle. TEM images in Part  II illustrate the 
morphology of S. epidermidis biofilms and the surrounding polymer matrix (a) before and (b) after 
IOP treatment
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such as quantum dots, gold nanoparticles, and magnetic nanoparticles for diagnostic 
purposes. Moreover, various detection modalities have emerged recently, involving 
for example fluorescence-, electrochemical-, or thermometry-based biosensing 
techniques in combination with various nanoparticle formulations. A few of the 
nanoparticle types reported in this chapter will be reintroduced as potential diagnos-
tic aids, and detection modes will be briefly examined.

Nanoparticles with unique physiochemical properties, including magnetic iron 
(III) oxide (Fe3O4) and gold (Au), serve as good contrast agents for imaging appli-
cations [98, 99]. Nanoparticles decorated with ligands enable the enhanced, non-
invasive imaging of diseased regions and provide a platform for the targeted 
delivery of large therapeutic and diagnostic loads. These nanocarriers effectively 
function as molecular imaging probes, maintaining some capacity for quantifying 
the pervasiveness of an infection and the efficacy of targeted treatments. Ideally, 
the operability of discrete imaging modalities is reinforced by the incorporation 
of compatible probes.

Ultrafine Fe3O4 nanoparticles, otherwise classified as SPIONs, have been shown 
to enhance the resolution of images obtained using magnetic resonance imaging 
(MRI) and to aid in adaptability studies of targeted cells or molecules [98, 99]. 
SPIONs can be further modified to track tissue abnormalities and to detect the onset 
of inflammation or disease, to serve as gene therapy or magnetic hyperthermia 
devices for the treatment of medical conditions, and to aid with the sequencing of 
biomolecules that require magnetic separation. In fact, with their high magnetization 
potential and unique properties, SPIONs greatly enhance the resolution of MR 
images without the emergence of acute side effects in vivo. In relation to infection 
monitoring, Lefevre et al. demonstrated the usefulness of ultrasmall SPIONs in the 
MRI monitoring of macrophage levels in vivo [100, 101]. Septic arthritis was induced 
by the inoculation of methicillin-susceptible S. aureus into the joints of adult female 
New Zealand White rabbits. It was determined noninvasively that, in comparison to 
control organisms that underwent antibiotic treatment, macrophage infiltration was 
more highly detectable within the synovium of rabbits that were not administered an 
antibiotic [100]. Indeed, SPION formulations (e.g., Feridex I.V. and Combidex) have 
been previously approved by the Food and Drug Administration (FDA) for applica-
tions in MRI contrast imaging, although currently many of these formulations have 
been discontinued clinically until further validations of their safe administration 
[102]. Alternatively, empirical evidence corroborates the usefulness of colloidal Au 
nanoparticles (AuNPs) in optical imaging, surface-enhanced Raman imaging 
(SERS), and in dark-field imaging. Qian et al. developed PEGylated Au nanoparti-
cles modified by Raman reporter molecules and conjugated with anti- epidermal 
growth factor receptor (EGFR) antibodies [103]. These tumor-targeting probes 
applied under SERS are capable of identifying human cancer cells with high speci-
ficity and, in animal models, of localizing along tumor xenografts containing EGFRs. 
Au nanoparticles coated with Raman reporter molecules have been utilized in the 
detection of Rift Valley and West Nile fever viruses, by the specific identification of 
capsid and surface envelope antigens. Numerous research studies further validate 
the application of SERS-based methods for the detection of bacterial biomarkers, 
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such as those indicating pathogenic assault in common urinary tract or periprosthetic 
joint infections, for example [104, 105].

These principles can be extended to the detection of bacterial infections. Stimuli- 
responsive micelles, made out of polypyrrole, have been self-assembled and coated 
onto the surfaces of implantable devices that are designed to sense the proliferation 
of bacteria [106]. Antibacterial or anticancer drugs and nanoparticles incorporated 
into the cores of such micelles may be exploited as in vivo imaging probes. For bet-
ter diffusion and transport properties, the polypyrrole micelles have been embedded 
into temperature-sensitive hydrogels. The properties described here are applicable 
to other drug delivery systems.

Recall that Ag nanoparticles indent bacterial membranes and facilitate the con-
trolled influx of antibiotics into bacterial cells when used as part of Ag–antibiotic 
combination therapies. Similarly, formulated polymersomes can be utilized dually 
in disease treatment and prognosis. Ag nanoparticles are viable agents for molecular 
labeling using SERS [98]. This is a direct result of the optical properties, including 
surface plasmon resonance (SPR) and extensive light scattering effects, associated 
with Ag nanoparticles. Alternate imaging modalities that are enhanced by the incor-
poration of metallic nanoparticles include computed tomography (CT), X-ray, ultra-
sound (US), and positron emission tomography (PET).

Due to the versatility and potential for novel applicability in the clinic attributed 
to Raman spectroscopy, this technique, in addition to inherent shortcomings and 
enrichment strategies, will be discussed in greater detail. Raman spectroscopy is an 
optical and analytical tool for evaluating the chemical constitution of the cellular 
matrices, and fluids that occupy biological moieties [107, 108]. In particular, a spec-
trum is generated when incident light strikes vibrating molecules in the region of 
interest (i.e., the sample), which prompts inelastic light scattering. The user main-
tains the ability to retrieve diverse spectra obtained from the analysis of similar 
samples and to develop a cumulative multivariate model that supports precise diag-
nostics of independent specimens. An important feature of Raman spectroscopy is 
its capacity to generate precise molecular data with minimal sample preparation or 
perturbation (i.e., staining, labeling, etc.). Due to characteristic light backscattering, 
light transmission through a specimen is not required, and Raman spectroscopy can 
be applied effectively for direct in vivo imaging or in the analysis of dense or other-
wise bulky tissue samples.

The applicability of Raman spectroscopy as an imaging modality is both qualita-
tively and lucratively feasible, and it is anticipated that Raman spectroscopy will 
achieve autonomy as a diagnostic tool when critical deficiencies have been redressed. 
Classically, Raman spectroscopy is associated with poor signals and protracted 
acquisition periods, which could be circumvented by spatial under-sampling and 
poor signal-to-noise fractions [107, 108]. Strategies have been devised to counteract 
these base infrastructural defects and to enable a clinically pertinent imaging tech-
nology. For instance, Raman signals have been augmented using nonlinear optics 
and metallic nanoparticles. Further, integration of photonic devices including min-
iature lasers and optical fibers improve intrinsic performance and acquisition times. 
SERS generally refers to the use of metallic nanoparticles for improving poor 
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Raman signals. Metallic nanoparticles that reside along the sample region excite 
surface plasmons that interact resonantly with incident light and generate an 
enhanced electric field in the area being investigated. Raman bands for the mole-
cules under inspection are effectually amplified about 105–106 fold. Figure 6 shows 
the Raman bands of the biomolecule adenine, where an improvement in the Raman 
spectroscopy detection limit is observed upon the addition of Ag nanoparticles. 
Chemisorption of sample molecules and metallic nanoparticles complements this 
effect. Chemisorption may additionally be useful in the attachment of Raman 
reporter molecules to metallic nanoparticles prior to imaging, which propagates 
extrinsic SERS processing. Thus, decorated nanoparticles may further be PEGylated 
and appended by homing devices.

Raman microscopy has been implemented in vivo and in vitro by researchers 
investigating the molecular anomalies associated with brain, breast, lung, skin, 
esophageal, prostate, and colorectal cancers; subtle protein chemistry changes 
caused by bone diseases like osteoarthritis; blood serum or biofluid constitutions 
that aid in the diagnosis of asthma or other diseases, including malaria, and enable 
the quantification of disease severity; blood glucose changes in diabetics; fibrinogen 
and heparin levels in blood samples obtained from patients undergoing surgery or 
medical procedures that require enhanced or reduced blood coagulation; and con-
centration fluctuations of C-reactive protein (CRP) in the blood plasma that are 
indicative of a developing or subsiding inflammatory response [107, 108]. This final 
consideration, regarding blood plasma CRP levels, can be synchronized with 
research that investigates the efficacy of antimicrobial polymersomes or other drug 
delivery vehicles, for example. CRP concentration in the blood plasma is generally 
correlated with the intensity of a bacterial infection, and a strong intensity grade 

Fig. 6 From the Raman bands for adenine under non-SERS and SERS conditions, the detection 
limit is improved by the application of SERS and Ag nanoparticles [109]
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obtained by Raman spectroscopy suggests the presence of an infection. In addition, 
precise biomarkers have been identified using Raman spectroscopy that discrimi-
nate, with an 80% success rate, between physiological sepsis and systemic inflam-
matory response syndrome (SIRS) [107, 108]. In the orthopedics research scene 
specifically, SERS has been adapted for the rapid and precise diagnosis of prosthetic 
joint infections and osteoarthritis [110, 111]. Fargašová et  al. demonstrated the 
 efficacy of this detection route in their SERS-based analysis of knee joint fluid 
infected by Staphylococcus aureus and Streptococcus pyogenes [110].

 Future Perspectives in Nanoparticle Research

The biomedical applications of nanoparticles have spanned the delivery of thera-
peutics, genes, and contrast agents for the treatment of various disease conditions, 
and imaging and tissue engineering practices have been enhanced through the incor-
poration of nanostructured materials [112–115]. Moreover, characteristics have 
been defined which correlate the efficacy of varying nanospecies with their mor-
phologies [116, 117]. Reported in the literature are several in vitro and animal stud-
ies recommending the use of nanoparticles in the clinic to treat pathogenic infections 
and various cancers, among other conditions, and nanoparticle treatments are 
already being actively administered to patients [118, 119]. For instance, albumin- 
and liposomal carriers loaded with anticancer drugs have been introduced to the 
market since 1995, starting with Doxil®, and are available for intravenous or intra-
muscular applications [120].

However, a noticeable margin of difference exists between the extent of nanopar-
ticle research performed, and the volume of clinically authorized nanoproducts that 
are approved for human use. This could be attributed to several factors, including 
the nature of the mechanisms involved in nanoparticles syntheses, the considerable 
toxicity effects that nanoparticles have been determined to impose on healthy mam-
malian cells in vitro or in vivo, and the uncertainty with respect to the long-term 
consequences of nanoparticle treatments [121]. Conventionally, for example, strate-
gies involved in the production of nanoparticles regularly incorporate the use of 
harsh chemicals, and the energy expenditure associated with synthesis is often quite 
high. Interestingly, green synthesis is currently being adapted to aid in overcoming 
these issues [122]. Biogenic methods that utilize bacteria, plant extracts, fungi, or 
yeasts are prominent in the nanoparticle fabrication scene. Further research is addi-
tionally anticipated to better define the morphological elements of varying nanopar-
ticle types in guiding cellular toxicity. This latter aim is of particular interest since 
nanoparticles tend to impose cytotoxicity to healthy mammalian cells, in addition to 
disease-causing target cells. Ideally, an optimal nanoparticle architecture could be 
engineered that would diminish healthy cell toxicity while promoting the perturba-
tion and destruction of disease-producing cells. Indeed, an ingrained challenge must 
be overcome in the early stages of nanoparticle research before nanotechnology can 
evolve into a common applicatory mode for disease diagnostics and treatment.
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Guidelines are available which prescribe the efficacy and safety standards that 
therapeutic or diagnostic agents must comply with in order to obtain approval for 
clinical use [123]. General and directed toxicity studies are often time-intensive, 
involving variable dose injections over 28 days in at least two different large animal 
species. Histological and other evaluations must be conducted to assess the general 
effect of the agents on mammalian tissues and to define the concentration limits that 
produce nephrotoxicity, neurotoxicity, reprotoxicity, genotoxicity, immunotoxicity, 
and carcinogenicity in an organism. For nanoparticles that are too large for clearance 
by the excretory system, biodegradation studies must be performed to define the tem-
poral behaviors of non-endogenous particles or particle fragments and to identify their 
potential side effects prior to discharge. Contingent on the particle excretion or degra-
dation rate, these studies could be short term or long term, and in the latter case, 
developmental study costs could rise sharply. Administration, distribution, and meta-
bolic analyses must be performed to supplement the excretion data. These validations 
would all supersede comprehensive physiochemical characterizations that would 
ensure the uniformity and standard marketability of nanoparticle products.

The relative newness of the nanotechnology field and the ongoing drive toward 
nanoparticle modifications that would eliminate their toxicity effects on healthy 
mammalian cells, combined with the need for immediate procedural and time- 
demanding evaluations, directly implies that nanoproducts will one day play a sig-
nificant role in medicine, although time and testing are vital before major changes 
are introduced to the clinic. This is especially true when considering the current 
context in which diagnostics and treatments are administered. Since a multitude of 
medicinal agents are readily available to patients, novel solutions must be proven to 
match or supersede current therapeutics in terms of efficacy or safety, or a combina-
tion thereof. Risk–benefit analyses must be performed extensively for any new 
medical product that would potentially enter the market, and intellectual property 
rights must be resolved, although the complexity of this often accrues with the com-
plexity of the product. From an economic perspective, nanotechnology in medicine 
would be recommended upon the development of cost-effective and efficient pro-
cesses that enable the production of nanodevices in high yields. Regarding these 
issues and established practices, nanotechnology is currently within a developmen-
tal stage, and continuing research is anticipated to prompt the widespread adoption 
of nanomedicine. Within the next few years, drug delivery or enhancement tools, 
diagnostic systems, sensor technologies, and self-healing materials, among other 
aspects of medical pertinence, may benefit, in terms of efficacy, safety, and reduced 
clinical expenditure, by the adaptation of nanotechnology to existing therapeutics.

 Conclusions

Advances in nanotechnology will inevitably yield mature devices that greatly out-
perform primitive treatment and diagnostic tools currently utilized in the clinic. 
Specifically, natural and synthetic materials, modified through variable nanoassembly 
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approaches, are anticipated to supplant current medical devices or medications used 
the in the treatment of pathogenic infections, especially those related to bacteria. In 
this review, noble metal and metal oxide nanoparticle types are examined, and their 
mechanisms of action in disrupting the colonization of in vitro or in vivo systems by 
bacteria are elaborated. Strategies that address the improvement of metal nanopar-
ticle functional and structural features, especially by the consolidation of distinct 
materials by doping, capping, or functionalization techniques, are outlined. 
Nanoparticle encapsulation within nanocarriers, such as nanospheres, nanocap-
sules, and micelles, was explored as a viable method for the targeted delivery of 
therapeutic loads. This is especially relevant for the elimination of antibiotic- 
resistant bacteria and bacterial biofilms, which require innovative and potent treat-
ment strategies that are reciprocally non-cytotoxic toward healthy human cells. The 
desired end result is an index of safe and versatile nanoparticle treatments that func-
tionally exceed current regimens or that warrant clinical solutions to otherwise 
untreatable complications or conditions acquired through exposure to bacteria and 
other pathogens.
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