Open Forum Infectious Diseases ST
SETDSA (Ve

Infectious Diseases Society of America hiv medicine association

Nanotechnology Fundamentals Applied to Clinical
Infectious Diseases and Public Health

Ellis Tobin,"“ and Sara Brenner?

'College of Nanoscale Science and Engineering, State University of New York Polytechnic Institute, Albany, New York, USA, and “Office of In Vitro Diagnostics and Radiological Health, Office of
Product Evaluation and Quality, Center for Devices and Radiological Health, US Food and Drug Administration, Silver Spring, Maryland, USA

Nanotechnology involves the discovery and fabrication of nanoscale materials possessing unique physicochemical properties that
are being employed in industry and medicine. Infectious Diseases clinicians and public health scientists utilize nanotechnology
applications to diagnose, treat, and prevent infectious diseases. However, fundamental principles of nanotechnology are often pre-
sented in technical formats that presuppose an advanced knowledge of chemistry, physics, and engineering, thereby limiting the
clinician’s grasp of the underlying science. While nanoscience is technically complex, it need not be out of reach of the clinical prac-
titioner. The aim of this review is to introduce fundamental principles of nanotechnology in an accessible format, describe examples
of current clinical infectious diseases and public health applications, and provide a foundation that will aid understanding of and

appreciation for this burgeoning and important field of science.
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Nanotechnology has aptly been defined as “the design, char-
acterization, production and application of structures and
systems by controlled manipulation of size and shape at
the nanometer scale (atomic, molecular and macromolec-
ular scale) that produces structures, devices and systems
with at least one novel/superior characteristic or property”
[1]. Nanomedicine is the application of nanotechnology
to the diagnosis, treatment, and prevention of disease [2].
Prevailing wisdom suggests that nanotechnology represents
a very recent area of scientific endeavor and that its applica-
tion to the field of clinical infectious diseases is a modern-day
phenomenon. While this statement is correct in strictly sci-
entific terms, it is interesting to note that the earliest appli-
cation of nanomaterials to human health, dating back many
centuries, involved the use of silver and gold colloids (ie,
compounds composed of silver nanoparticles [AgNPs] and
gold nanoparticles [AuNPs]) to keep food and water from
spoiling and to prevent wounds from becoming infected [3,
4]. Aluminum salt nanoparticles (NPs) have been used as ad-
juvants in vaccines for nearly a century [5]. One of the first
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engineered NPs approved for clinical use in the treatment of
human diseases was liposomal amphotericin B (LAmB) in the
1990s [6]. The red lines that develop on the lateral flow chro-
matography (LFC) assays, long used to detect the presence of
pathogens, are functionalized NPs [7].

Today, clinical infectious diseases practitioners utilize a
growing array of tools that harness the unique properties asso-
ciated with nanotechnology [8]. These tools include rapid and
point-of-care diagnostic tests (POCTs), antibiotics and anti-
biotic delivery vehicles, vaccines, and materials to purify food
and water. The convergence of nanotechnology with clinical in-
fectious diseases is robust and rapidly expanding. This review
will present fundamental concepts of nanotechnology and will
illustrate how this growing field of science is being applied to
clinical infectious diseases.

Fundamental Nanotechnology Principles

Nanoscience is an amalgam of solid-state physics, materials
science, surface chemistry, and quantum mechanics. Although
the underlying science is complex and most often presented in
highly technical formats, the fundamentals can be distilled into
a few straightforward concepts that provide a strong working
knowledge of nanoscience and an appreciation for its potential
as a valuable clinical tool (Table 1). Nanotechnology involves
the discovery, synthesis, and engineering of organic and inor-
ganic materials having at least 1 dimension in the size range of
approximately 1 to 1000 nanometers (nm); 1 nm equals 1 x 10~
meter. All materials within this size range possess unique phys-
ical properties relative to their bulk (macroscopic) counter-
parts. In addition, a variety of nanomaterials inherently display
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Table 1.

Fundamental Principles of Nanotechnology Relevant to Nanomedicine

Nanoparticle sizes place them at a unique transition state between bulk material and individual atoms.

® They are comprised of several hundred to a few thousand atoms confined within the nanoparticle’s boundary

e They are typically smaller than the wavelengths of visible light
Nanoparticle properties are governed by both classical and quantum physics.

e Depending on the elemental constituents (eg, metals, silica, carbon), quantum physics can play a significant role in unique nanoparticle behavior

¢ The addition or subtraction of single atoms can profoundly affect nanoparticle size, shape, and energy levels

Nanoparticles have high surface area-to-volume ratios.

* High surface area imparts unique catalytic, adsorptive, and surface charge properties

Nanoparticle surface atoms tend to be reactive.

¢ Reactive surface atoms are amenable to surface coatings and ligand functionalization

Nanoparticle size is at the subcellular and biomolecule scale.

* The interactions at this scale underlie the nanotechnology-infectious diseases interface

distinctive optical, electric, magnetic, and thermal behaviors
that can be harnessed for medical purposes.

Nanomaterials represent a transition state between bulk
solids and individual atoms resulting in unique behaviors gov-
erned by both classical and quantum physics [9]. Whereas
bulk materials are composed of billions of atoms, NPs, by
contrast, are composed of several hundred to a few thousand
atoms. NP physical and chemical properties are a function of
their constituent elements confined within small dimensional
boundaries, and this differs significantly from properties at the
macroscale. Depending on the materials involved, (eg, metals,
semi-conductors, carbon, graphene), the addition or subtrac-
tion of only a few atoms can change the size and shape of the
nanostructure, affect their discrete (quantized) electron energy
levels, and profoundly alter NP properties. While the underlying
nature of these quantum confinement effects is fundamentally
complex and best left to quantum physicists to contemplate, the
applications to clinical infectious diseases can be readily under-
stood. As will be illustrated herein, these properties can be har-
nessed and tuned when engineered nanomaterials interact with
biomolecules [8-10].

Nanomaterials have very large surface area-to-volume ratios.
To illustrate this key concept, consider the following example:
A cube having a 1-centimeter (cm) edge will have a volume of
1 cm’ and a surface area of 6 cm”. Were the same cube to be
divided into 1-nm cubes, the volume remains the same, but the
resulting total surface area now equals 60 x 10° cm? [2]. This
fundamental characteristic lends itself to biologically relevant
catalytic and adsorptive behaviors [9, 11]. Moreover, this ratio
dictates that as the size of a material decreases, the proportion
of its surface atoms increases. Thus, at the nanoscale, surface
atoms comprise a significant proportion of the NP structure.
NP surface atoms, having fewer neighbors with whom to form
chemical bonds, tend to be reactive. As a consequence of this
reactivity, it is relatively easy to attach a variety of coatings and
ligands to them. Surface coatings can modify NP solubility, bi-
ocompatibility, and pharmacology. A variety of biologically
active ligands capable of being attached to NP surfaces in-
clude immunoglobulins, oligonucleotides, proteins, aptamers,

enzymes, avidin, biotin, sugars, phospholipids, polymers, and
drugs [12]. These NP bioconjugates are described as being
functionalized; they have been engineered to perform a specific
biological function.

As in the case of LAmB, NPs may possess surface and core
structures that are amenable to carrying biologically active
payloads and in so doing alter pharmacokinetic, pharmaco-
dynamic, and toxicological properties [13]. Similarly, a variety
of NP-based vaccines incorporating antigens and adjuvants
on their surface or within their matrix structures are capable
of eliciting strong immunogenicity [14, 15]. Furthermore, re-
activity of certain nanomaterials can be exploited to preserve
food, decontaminate water, and disinfect wounds [16-18].
NPs are comparable in size to subcellular structures and bio-
molecules; interactions at this scale represent the key feature of
the nanotechnology—clinical infectious diseases interface. This
is beautifully illustrated in the photomicrograph of LAmB lo-
calized to the cell wall and cell membrane of Candida albicans
(Figure 1) [19].

Applications to Clinical Infectious Diseases

There are currently numerous approved applications of nano-
technology that aid in the diagnosis, treatment, and prevention
of infectious diseases. Many more nanotechnology applications
are in various stages of development [8]. While a detailed dis-
cussion of each of these applications is beyond the scope of this
review, a general description of their underlying nanotech-
nology features will provide a foundation upon which their
clinical potential can be understood. Several examples of nan-
otechnology applications in current use and those in late stages
of development as of this writing will be presented.

Nanotechnology and Infectious Diseases Diagnosis

The large surface area-to-volume ratio and reactive nature of
their surface atoms create the opportunity to functionalize
nanostructures with affinity ligands capable of binding to
pathogen-associated analyte targets. These functionalized
nanostructures transduce the binding events into optical, elec-
tric, mechanical, or magnetic output signals [8]. Rapid analysis,
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Figure 1. Electron micrograph images of Candida albicans incubated with
AmBisome, showing intact liposomes in the outer (4, C, and D) and inner (4, B,
C, and £) cell wall and at the cell membrane (F), indicated by arrows. The granular
particles in the cytoplasm are ribosomes, not liposomes. Bars represent 100 nm.
The photomicrograph originally appeared in Walker et al [19] (open access journal
published by the American Society of Microbiology).

multiplexing capacity, ability to identify resistance determinants,
and POCT capabilities are valuable features of the technology
[20-22]. Currently, there are hundreds of nanobiosensing assays
in various stages of development for which performance char-
acteristics and economic impact remain to be defined [23, 24].
Two nanobiosensing platforms in current clinical use utilize
optical and nuclear magnetic resonance (NMR) signals to detect
a variety of infectious diseases agents [7, 25]. Moreover, they are
rapidly expanding their capabilities by adding pathogen targets
and antimicrobial resistance determinants to their existing di-
agnostic panels. When applied to the detection of fungal and
bacterial bloodstream infections, these nanobiosensing modal-
ities can shorten the time to initiate optimal antibiotics [26-28].

Optical Nanobiosensors
Assays based on optical nanobiosensors can harness the unique
interaction of AuNPs and AgNPs with the electromagnetic
photon energy of light [29-31]. These noble metal NPs, com-
prised of several hundred to a few thousand atoms, have dimen-
sions much smaller than the wavelengths encompassed by the
visible light spectrum (Figure 2). The incident light wave causes
the ensemble of the metal’s free surface electrons to collectively
oscillate in resonance with the light’s discreet (quantized) wave-
length frequency. The collective, coherent, oscillating NP sur-
face electrons are called plasmons, and their surface plasmon
resonance (SPR) produces strong light absorption and emission
phenomena [7, 11, 31].

SPR can be tuned by modifying NP composition, size, shape,
proximity to other NPs, and the surrounding polarizable envi-
ronment (dielectric medium) [32]. Because of their relative ease

Figure 2.  Schematic representation of metal nanoparticles in localized surface plasmon resonance. Interaction of the electromagnetic waves with the gold nanoparticle
(Au) surface electrons (e7) induces a surface plasmon resonance that produces strong light emission. The figure originally appeared in Cordeiro et al [30] (open access

journal published by MDPI).
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of fabrication, functionalization, stability, and unique SPR prop-
erties, AuNPs and AgNPs are widely employed as plasmonic
nanobiosensors. SPR light emission by these NPs is several or-
ders of magnitude greater than that of organic fluorophores.
Moreover, unlike the rapidly fading fluorescence of fluorophore
dyes, the light emission induced by SPR in metallic NPs does
not fade. Interestingly, these unique SPR properties were har-
nessed centuries ago by artisans who incorporated colloids of
gold and silver NPs into stained glass [31].

The application of SPR to infectious diseases diagnostics
is best illustrated by the commonly used LFC platform, a fa-
miliar assay technique exemplified by the home pregnancy test.
When functionalized AuNPs bind to their target analytes and
aggregate on the LFC test strip, their optical signals appear as
easily visible red lines; in this case the AuNPs absorb light in
the green region and emit light in the red region of the visible
light spectrum [23, 33]. In addition to the most commonly em-
ployed LFC formats that rely on the SPR properties of AuNPs,
there are other less often used optical LFC methods that utilize
functionalized NPs such as colored latex nanobeads, fluorescent
dye containing liposomes, carbon, and selenium [23, 34, 35].

In general, LFC assays are qualitative, or semi-quantitative,
and can be less sensitive compared to nucleic acid amplifica-
tion tests. Given their relative low cost, ease of use, and rapid
detection capability, LFC assays are often used as screening tests
and are commonly employed in clinical laboratory, POCT, and
at-home settings. In addition, LFC assays are frequently em-
ployed to detect contaminated food and water sources [33].
There are many variables including, but not limited to, pretest
probability, presence or absence of symptoms, pathogen con-
centration and viability at the time of testing, proper sample
collection, sensitivity, and specificity that require careful con-
sideration when interpreting LFC test results (and, for that
matter, all diagnostic test results) and influencing medical de-
cision making. Discussion of these very important and complex
considerations with respect to LFC assays are beyond the scope
of this review, and the reader is directed to excellent references
on the topic [23, 33, 35-42].

The World Health Organization (WHO), the US Food and
Drug Administration (FDA), and other regulatory agencies
have authorized and/or approved hundreds of LFC assays for
detection of a variety of viruses, bacteria, fungi, and parasites
[23, 33, 37, 43-47]. We provide a representative sample of com-
monly used diagnostic LFC tests (Table 2).

It is particularly noteworthy that, at this moment in time,
there are >100 nanobiosensor-based LFC tests that have re-
cently received WHO and FDA emergency use authorization
(EUA) for detection of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) [36, 38, 39, 48]. Of these, several have
received EUA for at-home settings [36]. This highlights the crit-
ical public health importance of rapid, simple-to-perform, and
available POCTs during outbreaks (eg, SARS-CoV-2, influenza,

Ebola). Consequently, there is enormous interest in the role that
nanobiosensor-based strategies play in this context.

Automated SPR-based nanobiosensing assays are capable of
rapid, multiplexed detection of a variety of pathogens (Luminex
VERIGENE System) [49, 50]. In this example, the presence
of target oligonucleotides bound to functionalized AuNPs are
optically identified at specific locations on a chip microarray
[49, 51]. Sensitivity is enhanced by the strong SPR emission of
AgNPs that are subsequently added to the assay sample where
they chemically combine with the microarray’s bound AuNPs.
The assay requires use of an integrated instrument that per-
forms the test, reads, and records the microarray optical signals.
Bacterial panels are culture based and performed on oligonu-
cleotide targets extracted from the sample; where applicable,
the target analytes can include specific resistance genes. Viral
panels incorporate nucleic acid amplification steps in the au-
tomated procedure. In general, performance characteristics in-
cluding sensitivity, specificity, and limit of detection (LOD) are
excellent; their details can be obtained in the respective tech-
nical support package inserts (Luminexcorp.com).

The potential to integrate optical nanobiosensors with mini-
aturized, self-contained, and low-cost digital health tools and
mobile communication technologies (eg, mobile phone ap-
plications, or “apps”) represents an important area of applied
nanobioscience [52, 53]. In their proof-of-concept study,
Chin and colleagues [52] developed a hand-held, automated
human immunodeficiency virus (HIV) enzyme-linked immu-
nosorbent assay that uses antibody functionalized AuNPs for
ligand-receptor binding and signal transduction. Their system
integrates assay performance with Web-based readout and re-
porting of results. Its low cost, ease of use, and self-contained
capability have important implications for POCTs in both
resource-poor and resource-rich regions of the world [53].
Other important benefits of digitally integrated diagnostic test
workflows include (1) the ability for standardized data sets (in-
cluding harmonized coding specifications) to be captured and
transmitted directly from the testing device to clinicians and/or
public health authorities in real time; (2) improvements in di-
agnostic data quality, completeness, interoperability, and utility;
(3) data prepopulation in software or digital health tools that are
used with tests, which dramatically reduces user burden associ-
ated with data capture and reporting; and (4) high quality real-
world data captured, aggregated, and analyzed at scale, which
supports a robust evaluation of postmarket device performance.
This type of digital diagnostic test technology has recently been
commercialized and applied to smartphone apps that accom-
pany point-of-care and at-home SARS-CoV-2 LFC tests (eg, BD
Veritor At-Home COVID-19 Test, Abbott BinaxNOW COVID-
19 Antigen Self-Test, Ellume COVID-19 Home Test) and an
at-home SARS-CoV-2 molecular test (eg, Cue COVID-19 Test
Kit) capable of capturing standardized data sets and reporting
results to public health authorities.
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NMR Nanobiosensors

NMR nanobiosensing assays harness the signals produced by
the nuclear spins of the billions of water molecules present in
the assay sample. The technology (T2 Biosystems) is funda-
mentally similar to that used in magnetic resonance imaging,
albeit on an in vitro and much smaller scale. When the sample
being assayed is subjected to a strong external magnetic field,
the magnetic moments of the water protons uniformly align
parallel to the external magnetic field vector. A radiofrequency
pulse aligned perpendicular to the external magnetic field in-
duces the magnetic moments of the water protons to tip 90° in
the transverse plane. The now-energized water protons release
their energy over time as they return to their more thermo-
dynamically relaxed state. This transverse relaxation is desig-
nated T,, and its time sequence is detected in the form of an
NMR signal [10, 25]. When ligand functionalized magnetic
nanoparticles (MNPs) are added to the assay sample they bind
to and aggregate around their analyte targets. The aggregated
MNPs create localized magnetic field nonuniformities that alter
the T, relaxation rate of the nearby water protons and hence the
NMR signals produced (Figure 3).

Since it relies on NMR as the output signal, this
nanobiosensing platform can be performed on turbid samples
such as whole blood. Moreover, the automated format incorp-
orates nucleic acid amplification of the specific target analyte.
The method is rapid and non-culture based. It is capable of
detecting bloodstream infections due to a variety of commonly
occurring Candida and bacterial species with LOD as low as 1

Monodisperse (~38 nm)

o )
P O =W¢
o o

Clusters (~300 nm)

Enzyme

Magnetic
nanoparticles
E 3 Long T, E 3 Short T,
gﬂ gl) Lol d ]
| M | | 1
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& &
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Z _3 Z _3
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Figure 3. Magnetic relaxation switching assays involve assembly of magnetic
nanoparticle.clusters using target biomarker as cross-linking bridge, or disas-
sembly of preformed clusters using an enzyme or competitive binding. Clustering
magnetic nanoparticles causes them to more efficiently dephase the nuclear spins
of neighboring water molecules, shortening the transverse relaxation time (T,).
Likewise, disassembly of clusters increases T, relaxation time. Reproduced with
permission from Haun et al [25]. Abbreviation: NMR, nuclear magnetic resonance.

colony-forming unit/mL, sensitivity of >90%, and specificity of
>98% [54-56]. The assay platform has recently received FDA
EUA for detection of SARS-CoV-2 in respiratory specimens.
The NMR nanobiosensing equipment is not currently portable;
however, attempts at miniaturizing the components are being
pursued [57].

Nanotechnology and Infectious Diseases Therapeutics

At a time when multidrug resistance is emerging at an alarming
rate, the development of novel nanoantibiotics and the refor-
mulation of existing antibiotics with nano-based drug delivery
platforms represent an area of great importance. There are 2
major classes of NPs in infectious disease therapeutics. The
first NP class consists of a variety of inorganic and organic
nanomaterials that possess intrinsic antimicrobial activity [58-
61]. The second NP class utilizes their small size, large surface,
and unique surface chemistry to incorporate antimicrobials ei-
ther on the surface of, or within the core of biodegradable and
biocompatible NPs, thus allowing for effective drug delivery
[62, 63]. Extensively studied and currently relevant examples
of these nanoantimicrobials include AgNPs, liposomes, and
nanosuspensions.

AgNPs

Metallic silver, silver salts, and AgNP colloids have a long his-
tory of preventing and treating infectious diseases [3, 18]. Silver-
based compounds were the mainstay of antimicrobial therapy
until the 1940s when they were supplanted by antibiotics. Due
to the rise in antibiotic resistance, there has been a resurgence
of interest in the antimicrobial activity of silver in the form of
AgNPs. While their precise antimicrobial mechanisms of action
have not been fully elucidated, studies suggest a direct toxic ef-
fect by the AgNPs on bacterial cell walls and their release of
silver ions (Ag+) capable of disrupting the cell membrane and
a variety of intracellular functions [18, 64]. These antimicrobial
mechanisms confer both broad-spectrum activity and a high
barrier to resistance.

AgNP antimicrobials are predominantly utilized as topical
agents where they are incorporated into a variety of wound
dressings, and have been found to promote wound healing [18,
65]. The small size and large surface area of the dressing’s inte-
grated AgNPs enhance their solubility, promote wound coverage
in high concentration, and release Ag+ in relatively low (non-
toxic) and sustained concentrations. Attempts at incorporating
AgNPs on the surface of catheters and implantable medical de-
vices in an effort to prevent biofilm formation and infections
has not yet achieved universal success, and remains an area of
active investigation [66-68].

Silver possesses antimicrobial activity against viruses, bac-
teria, fungi, and parasites. However, several concerns exist
regarding the use of silver nanoparticles. Pharmacokinetics
of silver has not been standardized and Ag+ has exhibited
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toxicity to animal cells in vitro. In humans, gray skin discolora-
tion (argyria) can occur from dermal deposition of silver [69].
Argyria is not associated with significant dermal toxicity, and is
reversible upon cessation of the silver product. Reversible eleva-
tions of liver enzymes and serum silver levels due to absorption
of AgNPs from burn wound dressings have been reported [70].
The unregulated use of AgNPs in household items, textiles, cos-
metics, and paints, along with concerns for environmental con-
tamination and potential for human toxicity, warrant careful
study [69, 71].

Liposomes

Liposomes are NPs that are currently being used as vehicles
for drug delivery [6, 13]. Their large surface area-to-volume
ratio and unique surface structure allows engineering of
pharmacologically active, biocompatible, and biodegradable
nanostructures. LAmB incorporates amphotericin B (AmB)
into the phospholipid and cholesterol bilayer of liposomes
measuring 60-80 nm in diameter [72]. When administered in-
travenously, the liposomes remain intact for prolonged periods
within the bloodstream and produce high AmB peak and area
under the concentration-time curve levels. Attenuation of
renal and infusion-related toxicities is achieved through the in-
corporation of AmB in the lipid bilayer. The reasons for these
attenuated toxicities have not been fully elucidated. Studies
suggest that the encapsulation of AmB into liposomes signif-
icantly reduces proinflammatory cytokine release by mono-
nuclear cells [73, 74]. Nephrotoxicity may also be attenuated
due to liposome size that limits glomerular filtration, and the
preferential deposition of LAmB into reticuloendothelial-rich
organs [73-75]. Ultrastructure analysis suggests that the lipo-
somes transit through the fungal cell wall (Figure 1) where they
bind with ergosterol in the cell membrane [19]. In addition to
the direct antifungal action of AmB, liposomes possess intrinsic
immunomodulatory activity that can have additive antifungal
effects [73]. LAmB is administered intravenously as well as via
the inhalational route. In the latter case, both treatment and
prophylaxis of pulmonary fungal infections are being explored.
Details of LAmB pharmacology are described in excellent re-
views [13, 73].

Liposomal amikacin administered by the inhalational route,
has recently been FDA- approved for the treatment of refrac-
tory Mycobacterium avium complex [76]. Currently, this NP
is also in late stages of clinical investigation for the treatment
of Pseudomonas aeruginosa infection in cystic fibrosis patients
[77]. This approach provides for a targeted, localized drug ad-
ministration that reduces systemic exposure of potentially
toxic antibiotics. Moreover, the liposome’s ability to penetrate
biofilms and be taken up by alveolar macrophages may reflect
additional pharmacologic benefits [73]. LAmB ability to pene-
trate biofilms is inferred on the basis of animal model, in vitro
catheter, and ultrastructural studies that demonstrate its activity

in Candida biofilms relative to AmB and other comparator
antifungals [78-80].

Nanosuspensions

A variety of nanotechnology approaches to the treatment and
prevention of HIV infection are being developed. Long-acting
nanosuspensions of the antiretroviral drugs cabotegravir
and rilpivirine have recently been FDA-approved [81-83].
Nanosuspension technology involves the preparation of poorly
water-soluble drugs at nanoscale size where the large surface
area and associated surface charge significantly enhance dis-
solution solubility and bioavailability [84]. The combination
of small size, low aqueous solubility, long half-life, and high
potency permits high drug loading in relatively small injec-
tion volumes, thus facilitating depot administration [85].
Nanosuspension technology is also being applied to a variety
of antibiotic formulations that are in varying stages of develop-
ment [86, 87].

Nanotechnology and Prevention of Infectious Diseases
Nanotechnology applications to clinical infectious diseases will
have its greatest public health impact in the area of vaccine de-
velopment, as well as food and water safety. NP size, surface
characteristics, and the ability to engineer and manipulate their
physicochemical properties are actively being applied to these
infectious diseases prevention strategies.

Vaccines

Despite a wealth of accumulated knowledge regarding vaccine
science, there remain gaps in our understanding of the detailed
events that take place at the subcellular and biomolecular level.
However, it is reasonable to assert that what does happen at that
level occurs at the nanoscale, and its implications with respect
to vaccine development cannot be overstated [5, 14, 15, 88].
To emphasize this point in the current era of the SARS-CoV-2
pandemic, it is worth considering a quote from Shin et al:
“Nanoparticles and viruses operate at the same length scale—
this is what makes nanotechnology approaches in vaccine de-
velopment and immunoengineering so powerful” [88].

The presentation and processing of immunogens is de-
pendent on particle size and epitope conformation. On that
basis, nanotechnology applications have played a significant
role in both traditional, modern, and next-generation vaccine
development. For example, subunit vaccines employ a variety
of nanoparticles capable of mimicking natural virus size and
conformation. They often require the addition of nanoparticle
adjuvants to elicit enhanced immunogenicity at targeted sites of
action [5, 14, 15]. Virus-like particle (VLP) vaccines are com-
prised of self-assembling, nonreplicating protein and peptide
subunits, and are in current use against hepatitis B and human
papillomaviruses [15]. The vaccines also contain aluminum salt
adjuvant nanoparticles whose large surface area adsorbs and/
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Figure 4. Electron micrograph image of severe acute respiratory syndrome co-
ronavirus 2 nanoparticle subunit vaccine candidate demonstrating rosette con-
formation (thick circles) of full-length spike proteins attached to polysorbate 80
detergent. In addition, a saponin-cholesterol phospholipid adjuvant nanoparticle
(Matrix-M) displays a cage-like structure (thin circle). Reproduced with permission
from Bangaru et al [89].

or clusters around the VLP antigens and initiates a localized in-
flammatory response.

Nanotechnology is being applied to the development of next-
generation vaccines, several of which are in late stages of de-
velopment. Examples include vaccines against SARS-CoV-2
and respiratory syncytial virus, where protein antigen subunits
combine to form rosette-like nanoparticle arrays that mimic the
size and conformation of native virus (Figure 4) [89, 90]. These
vaccines also require nanoparticle adjuvants for enhanced
immunostimulation. Messenger RNA (mRNA) vaccines that
utilize lipid nanocarriers have recently been authorized by the
FDA and WHO for use against SARS-CoV-2 [91]. The lipid NPs
carry the mRNAs within their core, protect them from enzyme
degradation, promote cell entry, and possess adjuvant properties
[92]. At the time of this writing, there are many vaccines in var-
ious stages of development to combat SARS-CoV-2 infection.
They are utilizing traditional, modern, and next-generation
vaccine strategies, and they are all employing nanotechnology.

Food and Water Safety

From a public health perspective, nanotechnology is being em-
ployed in water decontamination and disinfection, as well as
in food preservation and safety [16, 17, 93-95]. Nanomaterial
characteristics, including mechanical strength, large surface
area, and reactive surfaces possessing catalytic, adsorptive, and
antimicrobial properties, are being exploited to de-foul, disin-
fect, and preserve [96]. In addition, nanobiosensing strategies
similar to those being used in infectious diseases diagnostic

efforts are being utilized to identify contaminated water and
food before they are consumed [33, 94].

Water and food safety sciences are complex. They require
consideration of the delicate balance between the benefits of
safety measures and the potentially harmful effects of forming
toxic disinfection byproducts, often encountered with chemical
disinfectants [95]. The potential for NP environmental contam-
ination as a byproduct of food and water safety requires con-
sideration and careful study [95]. With respect to water safety,
additional considerations include the applicability and advan-
tages of point-of-use vs centralized water treatment strategies.
This is well illustrated by the development of an affordable,
portable filtration device that utilizes nanocomposites to pu-
rify water and its widespread applicability to geographic regions
with limited resources [17]. The ingenious filtration device util-
izes green technology to produce self-assembled sheets con-
taining chitosan fibers, aluminum hydroxide NPs, and AgNPs.
The sheets remove both chemical toxins and microbial contam-
inants. The portable device was developed in India by Pradeep
et al, and costs the equivalent of approximately US$16, thus
making it widely affordable in resource-poor countries [17, 97].
Currently, scaled-up versions of the nano-based filtration de-
vice is providing centralized water purification to >10 million
people in India [98].

With respect to food preservation, a variety of nanofilms,
nanocoatings, and nanocomposites possessing unique gas per-
meability, thermal, moisture, and antimicrobial properties are
being evaluated for packaging and storage [16, 94]. The avail-
ability of raw materials, ease and cost of fabrication, and envi-
ronmental impact of nanostructures used for these purposes are
just some of the many complex issues that impact these public
health measures.

CONCLUSIONS

Nanotechnology has enhanced our ability to diagnose, treat, and
prevent infectious diseases. It has significantly benefited health-
care in resource-rich as well as resource-poor parts of the world.
There are concerns to be addressed and studied with respect to
its limitations, the potential for nanoparticle toxicities, and their
effect on the environment. Nanotechnology is based on inno-
vative science that, for the foreseeable future, will continue to
influence changes in the practice of clinical infectious diseases
and public health. In their effort to understand and appreciate
nanotechnology applications to medicine, clinicians and public
health practitioners can benefit from resources that communi-
cate and demystify the technical complexities of the science.
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