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Infections are a dominant contributor to the global disease bur-
den. High mortality rates are associated with lower respiratory 
infections, diarrhoea, tuberculosis (TB), human immunode-

ficiency virus (HIV) infection and malaria (Fig. 1a)1. Mortality 
rates are highest in developing countries, where resources such as 
vaccines and anti-infectives may be limited (Fig. 1b)1. Temporal 
trends in mortality show that although the overall number of deaths 
is declining, the gap between deaths in high socio-demographic 
index (SDI) countries and low SDI countries remains substantial  
(Fig. 1c)1. Unfortunately, clinical trials for these infectious diseases 
(IDs) are also lagging compared with conditions such as cancer and 
cardiovascular diseases (Fig. 1d)1 and there is thus an urgent need 
to identify practical and impactful strategies that enable better treat-
ment of IDs.

A host of challenges must be overcome to effectively manage 
IDs. The lack of safe and effective drugs is central to our inability 
to treat IDs2. In some cases, a lack of drug efficacy can be attrib-
uted to pathogen resistance, which then requires a more expensive 
drug regimen for cure3. Challenges to treating IDs are often com-
pounded in low SDI countries. Poor patient adherence to therapies 
and the need for sustained patient monitoring are major obstacles 
to effective treatment4. Poor procurement practices, the inability to 
pay for drugs and poor stability of drug products at high tempera-
ture and humidity prevent access to effective treatments5. A con-
certed effort on scientific and policy levels is necessary to overcome  
these challenges.

Nanotechnology has the potential to transform both detection 
and treatment of a wide range of diseases. These technologies, 
involving systems with a diameter of about one-thousandth of the 
thickness of a hair, stand to substantially impact the globe’s main 
sources of morbidity and mortality. Nanosystems have been the 
subject of intensive research over the past few decades, resulting 
in Food and Drug Administration (FDA)-approved chemothera-
peutics, anaesthetics, imaging agents, nutritional supplements and 

others6. Not surprisingly, nanotechnology has been extensively eval-
uated to improve the treatment of IDs. In this Review, we examine 
the opportunities presented by nanotechnology for the treatment 
of IDs and discuss preclinical and clinical progress in this area with 
a focus on HIV, TB and malaria. Additionally, we recognize the 
ongoing impact nanotechnology is having in the form of successful 
mRNA and protein vaccines for SARS-CoV-2. Finally, we discuss 
challenges to translating these technologies from the laboratory to 
the clinic. We do not include polymicrobial IDs, other monomicro-
bial IDs, metal nanoparticles7 and vaccination8,9—all of which are 
areas of intensive research.

Nanotechnology in treating IDs
The availability and correct use of safe and efficacious medications 
are imperative for treating IDs. Nanotechnology-based approaches 
have been the topic of intensive preclinical evaluation to improve 
the therapeutic index of ID drugs and simplify their use. We high-
light promising preclinical studies and discuss challenges to their 
clinical translation.

Sustained systemic delivery of anti-infectives. The management 
of several IDs involves chronic treatment, which places a major 
burden on the patient and the health care system. HIV-infected 
individuals require lifelong treatment to ensure control of the viral 
burden10. To treat TB, a combination of pills must be consumed 
over a period of several months to years—often multiple times a 
day11. Prolonged and complicated dosing regimens with high pill 
burden result in lower patient adherence and, ultimately, failure of 
treatment. At times, providers administer medications only once a 
day for programmatic ease even though this may not achieve opti-
mal drug levels. Hence there is interest in developing systems that 
reduce dosing frequency and ease the dosing regimen. Injectable 
nanocarriers that deliver drugs for sustained periods have been 
actively pursued. Broadly, these systems can be classified into two 
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categories—systems that control drug release with an excipient 
(such as a polymer or lipid) and those that rely on the slow dissolu-
tion of poorly soluble drug crystals in interstitial fluid (Fig. 2).

Considerable research has focused on polyester-based drug 
delivery systems that degrade in the presence of physiological 
esterases (for example poly(lactide-co-glycolide) (PLGA) and 
poly(caprolactone)). Drug release occurs via bulk degradation of 
the polymer and drug diffusion12 and can be modified by altering 
the hydrophobicity of the monomer, polymer chain length and 
particle size13. Other polymers used for sustained release include 
poly(anhydrides), poly(orthoesters), poly(cyanoacrylates) and 
poly(amides)12.

Sustained release can also be obtained by encapsulating drugs 
in liposomes, which are lipid vesicles with the capacity to load both 
hydrophobic and hydrophilic drugs. NeXstar Pharmaceuticals 
developed MiKasomes—a liposomal formulation of amikacin14, a 
drug requiring frequent dosing and continuous therapeutic moni-
toring. In a rat model, intravenously administered Mikasomes 
distributed to several tissues, where they released drug gradually 
resulting in an eightfold increase in drug half-life. Despite early 

positive results in clinical trials for urinary tract infections and 
Mycobacterium infections15, development of the formulation was 
discontinued in 2000.

A drawback of some polymeric and liposomal formulations is 
that they require large quantities of excipients to control drug release. 
This increases the size of the injection and limits the amount of drug 
that can be administered. To circumvent this, aqueous dispersions 
of nano-milled drug crystals are being developed16,17. Following 
subcutaneous or intramuscular injection, drug absorption into sys-
temic circulation is dictated by the rate of dissolution of the drug 
crystals in the interstitial fluid16. Hence, physicochemical properties 
of the drug and size of the drug crystals play an important role in 
determining drug release kinetics. A common technique to prolong 
drug absorption is to convert the drug into salt forms of lower solu-
bility or into prodrugs that have greater hydrophobicity18.

An important consideration with sustained release systems is the 
potential for prolonged exposure to sub-therapeutic concentrations, 
which may lead to drug resistance19. Dwindling amounts of drug 
released during the terminal phase of the release period may lead 
to a ‘long pharmacologic tail’20, a period of slowly declining drug 
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Fig. 1 | Global burden of IDs. IDs represent a chronic healthcare burden around the world and as such are high priority targets for investigational drugs. 
a, The communicable diseases with the five highest mortality rates are lower respiratory infections, diarrhoeal diseases, TB, HIV infection and malaria. 
b, Low SDI countries are disproportionately affected by these top five communicable diseases. c, Temporal trends in mortality rate for the five diseases. 
Although mortality rates from these communicable diseases is declining, there is considerable disparity between low and high SDI countries. The solid 
lines represent the mean values and the dotted lines show the uncertainty interval. d, The number of clinical studies listed in clinicaltrials.gov for various 
diseases. Data in a–c are from ref. 1. Credit: Ohaiyoo/Adobe.
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levels. Pulsatile release formulations, instead of sustained release 
formulations, may help address this issue. Alternatively, minimally 
invasive means of removing the depot at the end of the therapeutic 
period may be attractive.

Local delivery. As epithelial surfaces are common sites of entry 
and residence for pathogens, regional drug delivery to these sur-
faces holds great promise. Compared with systemic administra-
tion, local delivery to the site of infection is likely to enhance 
on-target (and minimize off-target) drug exposure. Of course, its 
utility is limited for systemic infections. Preclinical studies, pre-
dominantly in rodents, have identified several advantages of using 
nanoformulation for local therapies. Encapsulation of drugs in 
nanocarriers allows for sustained drug delivery, thereby reducing  
dosing frequency. Nanocarriers can be engineered to release  
drugs in the presence of certain triggers and provide temporal con-
trol on drug exposure. Nanocarriers may enhance drug uptake in 
cells and improve efficacy against intracellular pathogens. Finally, 
encapsulation in nanocarriers may protect labile drugs (such as 
nucleic acids) in harsh physiological conditions such as low pH or 
the presence of enzymes.

Vaginal drug delivery. HIV and herpes simplex virus (HSV) can 
enter the body via the vaginal tract. Prophylactic local administra-
tion of microbicides can reduce the chance of infection. Ensuring 

maximal coverage throughout the vaginal tract at the time of infec-
tion is likely to minimize the chances of infection. Several barriers  
impede complete coverage of the vaginal tract and prolonged res-
idence of the drug delivery system21. First, formulations can leak 
out of the vaginal tract following application of a drug delivery sys-
tem. Second, the vaginal mucosa is covered by a layer of mucous  
(a viscous biopolymer made of glycoproteins called mucins), which 
acts as a diffusional barrier trapping the drug particulate matter. 
Third, the mucous layer is shed frequently, and particles trapped 
within it can be lost22. Fourth, the vaginal surface has several folds or 
rugae reducing drug accessibility. Finally, the low pH and enzymes 
present in the vaginal fluid may degrade susceptible drugs21.

To enhance vaginal residence, a common theme has been to 
develop systems that are rapidly transported across the mucous 
into the mucosa. In a study from the Saltzman group23, the authors 
compared the vaginal uptake of dye-loaded PLGA nanoparticles 
that were surface coated with either avidin or poly(ethylene glycol)  
(PEG) or left uncoated. Leakage out of the vaginal tract was high-
est for uncoated nanoparticles (~13% of the dose within 0.5 h). 
Vaginal lavage, which presumably enabled collection of the mucous 
layer, was rich in the mucoadhesive avidin-coated nanoparticles. 
The highest tissue uptake was achieved with PEG-coated nanopar-
ticles; however, tissue uptake was limited to the lower reproductive 
tract. Improved tissue uptake of PEGylated nanoparticles may be 
attributed to their higher diffusivity through the mucous layer—an 
observation shown using multiple particle tracking experiments by 
the Hanes lab24. An alternative strategy to enhance vaginal reten-
tion is to administer nanoparticles embedded in films. Although 
nanoparticle dispersions can rapidly leak out of the vagina, films 
may hold the nanoparticles in place for some duration. Cunha-Reis 
et al. demonstrated that nanoparticles loaded with an anti-HIV drug  
(efavirenz) and embedded in a water-soluble film showed lower 
leakage and enabled higher tissue concentrations than nanopar-
ticle dispersions25. However, the improved tissue concentrations 
were observed only within the first hour of administration, and 
not at later times. These studies highlight two challenges with 
nanoparticle-based vaginal drug delivery systems. First, there is 
minimal nanoparticle uptake in the upper reproductive tract, bring-
ing into question the coverage offered by these systems. Second, in 
rodent models, drug concentrations become undetectable at about 
24 h post-dose, suggesting that sustained delivery may be possible 
for only a relatively short time. The issue of residence may be over-
come by loading nanocarriers in macro-drug delivery systems such 
as vaginal rings, which have been clinically shown to have extended 
residence times.

Despite their limitations, vaginal delivery with nanosystems 
has shown therapeutic potential in murine models. Ensign and 
colleagues showed that PEGylated PLGA nanoparticles dosed 
in a hypotonic solution were rapidly taken up into vaginal folds 
via advection26. Acyclovir monophosphate nanoparticles pro-
tected ~54% of the mice that were infected with HSV-2 30 min 
post-treatment. In contrast, the soluble drug protected only 16% of 
the mice from viral challenge. In a mouse model of lethal HSV-2 
infection, intravaginal administration of oligofectamine-complexed 
small interfering RNA (siRNA) targeting genes encoding viral enve-
lope and DNA binding proteins resulted in improved survival com-
pared with untreated controls27. Interestingly, PLGA nanoparticles 
containing cationic spermidine have been used for siRNA-based 
knockdown of the same target, and have shown better protection 
than lipofectamine lipoplexes28. The authors found that the PLGA 
nanoparticles had a similar knockdown efficiency to lipoplexes, 
but elicited lower inflammation (as observed by measuring neu-
trophil invasion using immunohistochemistry). They attributed 
the improved protective activity of PLGA nanoparticles to their 
ability to cause minimal inflammation. It must be noted that in all  
studies described here, exposure to the pathogen was within a few 
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Fig. 2 | Nanocarriers for sustained local and systemic delivery. The 
encapsulation of drugs in nanocarriers such as liposomes, polymer 
nanoparticles, or prepared drug nanocrystals can enable sustained drug 
delivery in a localized manner (left). These systems have been evaluated 
for treating local infections of the female reproductive tract, lungs and  
skin. Injectable nanocarriers are also being explored for systemic drug 
delivery (right).
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minutes to hours of treatment. Such treatment schedules are dif-
ficult to reduce to practice in resource-limited settings10, under-
scoring the need for long-acting local systems. Even so, the recent 
regulatory success of Starpharma’s VivaGel, a dendrimer antimi-
crobial with demonstrated efficacy against HIV, HSV and bacterial 
vaginosis and formulated both as gels and as a surface coating for 
condoms, highlight the vast potential for growth and the versatility 
of nanotechnological systems in this area.

Pulmonary delivery. Pulmonary delivery is an attractive route for the 
treatment of respiratory infections as it may enable greater on-target 
drug exposure. However, formulations that cannot penetrate 
mucous layers and biofilms have low pulmonary bioavailability due 
to rapid enzymatic deactivation, sequestration and elimination by 
coughing22,29. In the lungs, mucous is secreted by goblet cells within 
the epithelium of mucous membranes. Biofilms are produced 
when microbes aggregate on a surface and produce an extracellular 
matrix comprising high-molecular-weight polysaccharides (such as 
alginate and N-acetyl glucosamine), DNA and proteins30.

Greater local bioavailability of therapeutics has been observed 
following pulmonary administration compared with oral or intrave-
nous administration. In mouse studies, pulmonary delivery of amor-
phous itraconazole nanoparticles resulted in a tenfold higher drug 
concentration in the lungs compared with oral administration of its 
commercial formulation (Sporanox) and the unformulated drug31. 
In a murine Aspergillus fumigatus infection model, the same group 
observed an increased median survival in the pulmonary nanopar-
ticle treated group (7.5 days) compared with oral Sporanox treated 
group (5 days)32. These benefits cannot be attributed completely to 
nanoformulation as changing the route of administration from oral 
to pulmonary is likely to contribute heavily to this improvement. 
However, the poor aqueous solubility of itraconzole may have pre-
cluded the pulmonary administration of the unformulated drug. 
In a study with ciprofloxacin (a drug with higher water solubility), 
Wong et al. compared the activity of liposome-encapsulated and 
free drug upon pulmonary administration33. The half-life of the 
liposome-encapsulated drug in mouse lungs was about double that 
of the free drug (~3 h versus ~1.5 h). Importantly, in a Francisella 
tularensis infection model, survival of mice in the untreated and 
free-drug-treated groups was similar, in that all mice succumbed 
to the infection within 14 days. In contrast, there were no deaths 
observed in mice treated with pulmonary liposomes. Interestingly, 
the authors found the liposomes to be effective even when  
administered via the intravenous route. Direct comparison of 
the pharmacokinetics of intravenous and pulmonary liposomes 
would have yielded important information regarding on-target and 
off-target exposure.

Bacteria regulate their cooperative growth and form biofilms by 
secreting and sensing molecules that signal for virulence. Inhibitors 
of this quorum sensing phenomenon have the potential to disrupt 
biofilms. However, the mucous covering, especially in patients suf-
fering from cystic fibrosis, retards drug delivery to the bacterial bio-
films. To overcome mucous resistance in the respiratory tract, Nafee 
and colleagues encapsulated the quorum sensing inhibitor in lipid 
nanoparticles surface coated with polysorbate 80—a co-polymer 
surfactant containing PEG34. In comparison with the free drug, the 
nanoparticle-encapsulated quorum sensing inhibitor showed better 
in vitro control of virulence as measured by quantifying levels of 
a bacterial product (pyocyanin). Confocal microscopy also dem-
onstrated that polysorbate 80-coated nanoparticles diffused across 
porcine mucous. However, transport of the quorum sensing inhibi-
tor in its free-drug form and nanoparticulate form was not assessed. 
Although these studies introduce an interesting concept, in vivo 
evaluation in a model of cystic fibrosis will be critical.

Another biofilm-disrupting approach involves the use of nitrous 
oxide-releasing polymeric nanoparticles. To enable sustained release 

of nitric oxide, which has a short half-life, Duong et al.35 conjugated 
nitric oxide with star-shaped polymers. Using a bacterial reporter 
strain, the authors confirmed sustained release of nitric oxide 
from the star-shaped polymer nanoparticles in vitro. Furthermore, 
they found that nanoparticles were able to decrease Pseudomonas  
aeruginosa biofilm formation by >70% compared with untreated 
controls35. However, in vivo validation was not performed.

Mucolytic agents, such as N-acetyl cysteine, can be used to 
improve the penetration of nanocarriers by reducing disulphide 
bonds in mucous. N-acetyl cysteine enhanced the diffusivity of 
DNA-loaded poly(lysine) polyplexes in the sputum of cystic fibrosis 
patients by more than fivefold36. To validate the benefit of N-acetyl 
cysteine in vivo, the authors treated mice with inflammatory lipo-
polysaccharide from P. aeruginosa, which led to enhanced mucous 
secretion in the lungs. Compared with healthy mice, the transfec-
tion efficiency of the polyplex in mice treated with lipopolysaccha-
ride was reduced by about tenfold. Impressively, pre-treatment with 
N-acetyl cysteine restored transfection efficiency in the inflam-
mation model. This study demonstrates the inhibitory effects of 
mucous on drug delivery to lungs and the benefits of combining 
mucolytics with nanotherapeutics.

Topical delivery. Chronic and non-healing wounds are a source of 
increasing healthcare cost and mortality37. These wounds occur due 
to breakdowns in the wound repair pathway and chronic infection 
caused by opportunistic pathogens. Unlike acute infections, which 
occur due to the presence of a large burden of individual (plank-
tonic) pathogens and have a more serious symptomatology, chronic 
infections are localized and recur periodically. Furthermore, while 
acute infections may be managed effectively by medications, 
chronic infections do not respond to conventional antibiotic ther-
apy. Interestingly, a study found that 60% of clinical samples from 
chronic infection sites contained biofilms compared with 6% found 
in acute infections38. These results suggest that the presence of bio-
films plays a role in chronic infections and non-healing wounds, 
and strategies that overcome biofilm resistance may help treat  
these infections.

Topical drug delivery shares both challenges and therapeutic 
targets with pulmonary delivery—biofilm-forming opportunistic 
pathogens such as Staphylococcus aureus and P. aeruginosa have  
been implicated in both lung and skin infections. As such, many 
principles of engineering biofilm-penetrating nanosystems for pul-
monary delivery can be leveraged for topical delivery. Sustained 
release of nitric oxide was achieved by fabricating nanoparticles 
containing reducing sugars and sodium nitrite. These nanoparticles 
were capable of releasing nitric oxide for over a month. In murine 
skin infection models of S. aureus and methicillin-resistant S. aureus 
biofilms, nitric oxide-releasing nanoparticles decreased overall 
wound bacterial burden compared with both unloaded nanopar-
ticles and the control group39.

One strategy for treating wound infections is the application 
of silver solutions using a cotton gauge. However, due to the short 
retention and sudden exposure to high concentrations, the treat-
ment needs to be applied very frequently and it can be toxic to host 
cells40. One proposed solution is to encapsulate porous silver mic-
roparticles in a poly(lactide) nanofibre scaffold. It was hypothesized 
that the slower release of silver from the scaffold may minimize its 
toxicity to human cells while maintaining its anti-infective prop-
erties. The scaffold did enable the slow release of silver; however, 
toxicity to host cells was not reduced40. Further work in this field 
could be valuable.

Targeted delivery to sites of infection. There is considerable 
interest in designing systems that enable targeted drug delivery  
to sites of infection. This is motivated by cases of low drug  
penetration into infected tissues (for example, low penetration 
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of antiretrovirals into the brain and lymph nodes10 and anti-TB 
drugs into cavitary lesions41), drug distribution into sites of toxic-
ity (such as aminoglycosides in the ear42) and killing of commensal 
microbiota43. Encapsulation in nanocarriers offers the possibility of 
achieving drug targeting (Fig. 3), but there is considerable room for 
improvement. Improved on-target accumulation occurs because of 
enhanced nanocarrier permeability at sites of infection compared 
with uninfected tissue. Nanocarrier surfaces can also be function-
alized with ligands that bind to infected tissues or microbes. This 
latter strategy has been termed active targeting or ligand-mediated 
targeting. Strategies that do not rely on specific ligands have thus 
been dubbed passive targeting.

Passive targeting. Nanoencapsulation of anti-infectives has been 
pursued for two divergent goals—targeting drugs to macrophages 
and to infected tissues. The mechanisms by which nanocarriers 
deposit drugs at these two sites, and hence formulation strategies, 
are distinct.

Macrophages are common targets for bacteria (such as 
Mycobacterium tuberculosis), fungi (for example Aspergillus spe-
cies) and viruses (such as HIV). As nanocarriers are predominantly 
cleared by these cells (Fig. 3a), they have been widely used for tar-
geting drugs to macrophages. Administering the antiretroviral azi-
dothymidine in poly(hexacyanoacrylate) nanoparticles improved 
its accumulation in reticuloendothelial system (RES) organs such 
as the liver, lungs and spleen44. In rats, 60% of the drug dose was 
found in the RES organs 8 h after treatment with nanoparticles. In 
contrast, after treatment with the soluble drug alone, only 12% of 
the drug was recovered in the RES tissues.

Nanocarriers have been used to enhance drug accumulation at 
sites of infection other than the RES organs. This is based on the 
observation that blood vessels at infection sites are leaky, promoting 
greater nanocarrier entry (Fig. 3b). To study vascular permeability 
at infection sites, Evan’s blue was injected intravenously into guinea 
pigs following intradermal injection of microbial peptidases. As the 
dye binds to albumin in the blood, accumulation of this dye in tis-
sues has been used as a marker of vascular permeability. Although 
there was no accumulation of the dye at sites of saline injection, 
dye accumulation was elevated at sites of peptidase injection. These 
effects were observed with enzymes isolated from Candida albi-
cans45, Pseudomonas aeruginosa, Aspergillus meleus and so on46. 
There have also been several studies that show higher accumulation 
of nanocarriers at sites of infection compared with non-infected 
sites (reviewed in ref. 47). In these studies, following a unilateral bac-
terial infection in the calf muscle of rats, the animals were treated 
intravenously with radiolabelled liposomes. In one study48, there 
was an ~40-fold greater liposome concentration (per cent injected 
dose per gram of tissue) in the abscess compared with the muscle. 

The change in vascular permeability and drug targeting depended, 
in part, on the infectious agent.

Enhanced circulation time can lead to more passes across  
the target and non-target tissues. Modelling studies suggest that if 
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Fig. 3 | Nanocarriers for targeted drug delivery. Targeting delivery of  
drugs to sites of infection can improve efficacy and reduce toxicity.  
a, On systemic injection, serum proteins are adsorbed on the surface of 
nanocarriers (opsonization; i) leading to phagocytosis by macrophages (ii). 
Hence, nanocarriers have been used for targeting drugs to macrophages, 
which are common sites of infection. b, Vascular permeability at 
sites of infection is higher than that observed in non-infected tissue. 
Increased vascular permeability is due to pathogens (shown as red and 
green shapes), which activate the kallikrein-kinin pathway, and due to 
inflammation, which results in enhanced reactive oxygen species. While 
entry of free drug (yellow circles) is possible at both uninfected and 
infected sites, entry of nanocarriers (blue circles) at uninfected sites is 
limited. This phenomenon has been exploited for targeting anti-infectives 
to sites of infection. c, Coating nanocarriers with ligands that bind receptors 
on the surface of infected host cells (right) or pathogens (left) have also 
been used for increasing drug targeting.
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permeability into the target tissue is greater, longer circulation times 
can improve targeting efficiency49. Longer circulation times can be 
achieved by reducing the uptake of nanocarriers by macrophages. 
Hence, strategies orthogonal to those used to target drugs to macro-
phages are required. One approach involves modifying the surface 
of the nanocarriers with hydrophilic polymers such as PEG, which 
is thought to provide steric hindrance to opsonization50. The effect 
of circulation half-life on infection site accumulation was studied in 
a rat model of unilateral lung Klebsiella pneumoniae infection51,52. 
Gallium-67-labelled liposomes with different half-lives were 
administered to infected rats. Liposomes, regardless of their cir-
culation half-life showed higher accumulation in the infected lung 
compared with the uninfected lung, validating the enhanced per-
meability discussed above. Furthermore, the accumulation of lipo-
somes was proportional to the intensity of infection. Importantly, in 
rats that had the most severe lung infection, PEG-coated liposomes 
(half-life = 27 h) resulted in approximately fourfold higher concen-
trations compared with uncoated liposomes (half-life = 19 h)51. The 
benefit of PEG coating was reduced at low infection severity.

Ligand-mediated (active) and trigger-mediated targeted drug  
delivery. The expression of certain targets/receptors in diseased 
areas may be elevated. Conjugating ligands that bind these targets 
to the surface of nanocarriers can increase their accumulation 
in diseased sites (Fig. 3c). Ligand-conjugated nanocarriers can  
also increase their cell uptake, aiding in the treatment of intracel-
lular pathogens.

The mannose receptor is expressed on tissue-resident macro-
phages and dendritic cells, and serves to clear pathogens express-
ing mannosylated glycoproteins53. Nanocarriers functionalized with 
sugar moieties can highjack this uptake mechanism and enhance 
uptake into tissue-resident macrophages. Ciprofloxacin-loaded 
mannose-functionalized liposomes were administered as a pulmo-
nary spray to rats, and drug exposure in alveolar macrophages was 
studied54. Mannose-functionalized liposomes showed a 1.5-fold 
higher exposure in alveolar macrophages compared with unmodi-
fied liposomes. In comparison with the free drug, the targeted 
liposomes showed a 23-fold higher bioavailability in the alveolar 
macrophages. However, these studies were carried out in an unin-
fected model, and therapeutic efficacy was not studied.

Nanocarriers targeting epitopes displayed on the surface of 
the pathogen can improve drug delivery into infection sites. Arias 
et al. encapsulated pentamidine in PLGA nanoparticles for treating 
Trypanosoma brucei, the causative agent of African sleeping disease55. 
The nanoparticles were functionalized with a fragment of an anti-
body called a nanobody. These fragments were 7.5% of the mass of 
the original antibody, which enabled them to penetrate the glycopro-
tein coat on the microbe and access its epitope. Nanoparticle-based 
treatment enabled a tenfold dose reduction in vivo.

In vivo phage display screening has identified cyclic pep-
tides that bind the surface of S. aureus56. The distribution of 
vancomycin-loaded nanoparticles functionalized with this 
fluorescein-tagged peptide was measured by confocal microscopy 
and indicated preferential accumulation in S. aureus-infected 
lungs. In a 20 day efficacy study, 100% of the mice administered 
the peptide-functionalized nanoparticles survived, compared with 
roughly 40% survival in the non-functionalized-nanoparticle and 
free-vancomycin cohorts. These data suggest that targeted nanopar-
ticles enable greater therapeutic efficacy and may allow reduction of 
antibiotic doses.

The use of antibody-based targeting has also been employed in 
hyperthermia-based treatment of S. aureus infection. Kim et al.57 
decorated streptavidin-coated magnetic nanoparticles with bio-
tinylated anti-protein A monoclonal antibodies. Binding of the 
antibody-functionalized nanoparticles to cultures of S. aureus 
was quantified by flow cytometry and demonstrated a 2.5-fold 

increase in binding compared with the IgG-coated nanoparticles. 
Local injection of anti-protein A-functionalized nanoparticles 
was observed to be nearly twice as effective at killing S. aureus in 
murine cutaneous infection models compared with the control57. 
Similar antibody-targeted nanoparticles have been described in the 
literature58,59 but did not include determination of in vivo efficacy. 
Considerable inquiry is being conducted on similar ligand-based 
targeting in the context of drug delivery to cancers and specific tis-
sues, but further development of this technology in the space of ID 
is required.

Drug molecules released while nanocarriers are in circulation 
are subject to non-selective distribution. Hence, there is value in 
developing systems that are binary, whereby no drug is released 
in systemic circulation and then all of the content is released upon 
encountering the pathogen. Nanocarriers that disintegrate rapidly 
in the presence of bacterial phosphatase60 (made from diblock copo-
lymers of poly(phosphoesters) and PEG) and lipase61 (made from 
triblock copolymers of poly(phosphoester), poly(caprolactone) and 
PEG) have been used for pathogen-triggered release of vancomy-
cin. In a zebrafish model of methicillin-resistant S. aureus infec-
tion, the phosphatase-sensitive nanoparticles enhanced survival 
by 20 percentage points over free-drug controls. Stimuli-sensitive 
nanoparticles have also been used for treatment of sepsis, where the 
goal was to reduce bacterial load and inflammation in the lungs62. 
Nanoparticles were made with a cationic polyester (poly(β-amino 
ester)) to enable their degradation in the presence of bacterial 
enzymes and reduced pH, commonly found at sites of infection. 
The nanoparticles were surface functionalized with an antibody 
that binds intercellular adhesion molecule-1, a protein upregulated 
on the surface of endothelial cells of infected tissues. The nanoparti-
cles were dually loaded with an antibiotic and an anti-inflammatory 
agent. In a mouse model of pulmonary P. aeruginosa infection, 
treatment with targeted nanoparticles improved survival over the 
free-drug control by nearly 50 percentage points. A common limi-
tation of these studies is that comparison of the stimuli-sensitive 
nanoparticles with non-degradable nanoparticles was not per-
formed. Polymers such as poly(β-amino esters) also degrade rapidly 
even in the absence of enzymes, further underscoring the need for 
including the non-degradable nanoparticle controls.

Although nanoencapsulation may enhance drug accumulation 
at sites of infection, there are certain limitations when translating 
from rodent models to humans. It is not clear if enhanced perme-
ability is limited to rodent models or if it is observed in humans as 
well. Furthermore, some studies show that the degree of targeting is 
directly correlated with the severity of infection51,52. Hence, whether 
targeting can be achieved to treat low titres of persistent infection 
is unclear. It may also be interesting to compare the numbers of 
bacteria/viruses used in disease models in rats to those found in 
humans. If the numbers used in rodents are inordinately high, the 
data obtained thus far may need reinterpretation. Although drug 
accumulation at sites of infection is increased in rodent models, a 
substantial fraction of the drug is at off-target locations. Drugs with 
toxicity at these non-target sites are not good candidates for nano-
encapsulation. It must also be determined whether the increase in 
on-target accumulation is high enough to justify reformulation. 
Metrics such as the drug targeting index (which compares the 
ratio of nanocarrier bioavailability at sites of efficacy and toxic-
ity to those of the drug)49 may prove valuable in this regard. For 
triggered-release systems, some drug leakage is generally observed 
even in the absence of triggers. The specificity of release is unclear 
as even host enzymes may act as triggers. Moreover, due to the 
non-specific biodistribution of nanocarriers that typically pre-
cedes triggering, drug release at non-target sites cannot be avoided. 
Most importantly, it must be noted that the intravenous route of 
administration may not be practical in resource-limited settings or 
in mass drug administration campaigns. Hence, it will be critical 
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to understand whether these targeting strategies are applicable if 
the nanocarriers are administered via clinically relevant routes of 
administration.

Overcoming resistance to anti-infectious agents. Pathogen resis-
tance is a critical and ever-growing obstacle to treatment of IDs. 
Resistance results from the secretion of drug-inactivating enzymes 
and/or the pathogens switching to a state of reduced metabolic 
activity, forming biofilms, adopting an intracellular life cycle or 
being obligate intracellular pathogens3.

Poor drug diffusion across the host cell membrane and its active 
efflux via drug transporters can reduce activity against intracellu-
lar pathogens63. Another complexity is that both drug molecules 
and pathogens are unevenly distributed within host cells, and in 
the absence of colocalization, efficacy is compromised (Fig. 4a). 
For example, aminoglycosides largely accumulate in the lyso-
somes and are likely to be ineffective against cytosolic pathogens64.  
Hence, strategies that enhance intracellular accumulation of drugs 
and targeting to subcellular locations may improve efficacy.

Encapsulation in nanocarriers offers opportunities to increase 
cell uptake of anti-infectives and alter their intracellular disposi-
tion (Fig. 4b). Lutwyche et al. attempted to improve the delivery of 
gentamicin to cytoplasmic strains such as Salmonella typhirium and 
Listeria monocytogenes65. Gentamycin was encapsulated in fuso-
genic liposomes that are stable under neutral conditions but dis-
integrate under the acidic conditions of the endolysosomes. Upon 
disintegration, the lipids fuse with the endosomal membrane, desta-
bilizing it and releasing the drug in the cytoplasm. To validate the 
acid-mediated breakdown of the liposomes, the authors mixed two 
liposomal formulations—one formulation containing a fluores-
cence resonance energy transfer pair, and one formulation without. 
Owing to the proximity of the fluorescent molecules, this mixture 
had low baseline fluorescence. However, upon acidification of the 
mixture, the liposomes disintegrated and the lipids mixed, resulting 
in dequenching of the fluorescence. In an in vitro model of recom-
binant S. typhirium infection, gentamicin-loaded pH-sensitive lipo-
somes showed threefold higher activity than the free drug. Despite 
higher cell uptake of pH-insensitive liposomes, they showed infe-
rior activity to the pH-sensitive formulation. To understand the 
mechanism, authors loaded pH-sensitive and insensitive liposomes 
with a marker that fluoresced upon release and metabolism by cel-
lular enzymes. Confocal microscopy showed that only pH-sensitive 
liposomes released the marker intracellularly in murine macro-
phages. Marker release was abrogated by bafilomycin, an inhibitor 
of endosome acidification. This study showed excellent mechanistic 
details of the role of each formulation component, and the need for 
intracellular targeting.

Clemens et al. developed mesoporous silica nanoparticles loaded 
with isoniazid for treating intracellular M. tuberculosis66. The pores 
of the nanoparticles were plugged with β-cyclodextrin, which pre-
vents the drug from leaking out at a neutral pH. However, at an 
acidic pH, the plug is lost, resulting in drug release. Sémiramoth and 
colleagues conjugated penicillin G to hydrophobic squalene using a 
pH-sensitive ester bond67. Nanoparticles formed from this conjugate 
were rapidly taken up by cells and released drug in the endolyso-
somes. This resulted in improved activity over the free drug.

Reverse engineering of bacterial cell uptake mechanisms on the 
surface of nanocarriers has been used to improve intracellular deliv-
ery. Invasin, a Yersinia pseudotuberculosis protein, binds integrins 
on host cells, causes reorganization of its cytoskeleton and enables 
bacterial uptake into membrane enclosed structures. Labouta and 
colleagues68 reverse engineered this mechanism on the surface of 
liposomes by conjugating them to the C-terminal fragment of the 
invasin—InvA497. In vitro confocal microscopy studies in Hep-2 
cells showed that InvA497-functionalized liposomes had increased 
cell binding (>30-fold) compared with albumin-functionalized 

liposomes, and this was abrogated in competition experiments. 
InvA497-funtionalized gentamycin-loaded liposomes caused a 30% 
reduction in bacterial load in an in vitro model of Y. pseudotuber-
culosis infection, whereas albumin-functionalized liposomes had 
no effect68. This group has shown that surface functionalization 
with InvA497 is beneficial for enhancing both in vitro cell uptake 
and antimicrobial efficacy of polymeric nanoparticles69. This is a 
highly innovative concept that may benefit from in vivo evalua-
tion. Furthermore, in the event that these systems are applied orally, 
it may be important to understand the stability of the peptides in 
the enzyme-rich gastrointestinal environment. If the nanocarriers 
are administered systemically, it will be important to understand 
immune response to these systems as they are functionalized with 
peptides found in bacteria, and its effect on their pharmacokinetics 
and tolerability.

Intracellular delivery is of particular importance with molecules 
such as messenger RNA, which have gained much attention due 
their application in vaccination. Most polymer-based nucleic acid 
and protein delivery systems are inspired by initial work done by 
Langer and Folkman70, which showed that macromolecules such as 
proteins could be encapsulated in small polymer-based carriers—a 
system deemed unlikely to work due to the use of organic solvents 
during synthesis and the perceived imperviousness of polymers 
to macromolecules71. Following this initial proof-of-concept with 
polymers, encapsulation of RNA in lipid carriers72, and their utility 
in vaccination73, was demonstrated. A key feature of nanocarriers is 
that they aid in the transport of mRNA across the cell membrane, 
enable endolysosomal escape and release the nucleic acid in the 
cytoplasm74. In one example75, self-replicating mRNA encoding an 
antigen protein was complexed with a cationic dendrimer-based 
polymer. Animals treated with mRNA nanoparticles produced 
antibody-based and CD8+ T-cell immune responses, and were 
completely protected from lethal challenges of Ebola virus, H1N1 
influenza and Toxoplasma gondii. mRNA vaccines based on 
lipid nanocarriers have also been tested in the clinic by compa-
nies such as Moderna, Acuitas Therapeutics, Pfizer, BioNTech, 
GlaxoSmithKline, Sanofi, Translate Bio and others. Initial results 
with lipid-nanoparticle-formulated mRNA vaccines against H10N8 
and H7N9 influenza viruses and SARS-CoV-2 indicate that these 
vaccines are well tolerated and that they produce a robust humoral 
response76,77. Specifically, mRNA-based vaccines have shown >90% 
efficacy against SARS-CoV-2. The stability of mRNA-based vaccines 
during long-term storage and transport could also be major obsta-
cles to their application in resource-limited settings. Peptide-based 
antigen assembled into nanoparticles have also been developed for 
vaccination against SARS-CoV-278.

As bacteria and nanocarriers can accumulate in intracellular 
vesicles, nanoencapsulation has been used for intracellular target-
ing of antibiotics. Using confocal and transmission electron micros-
copy, Couvreur and colleagues showed that poly(cyanoacrylate) 
nanoparticles colocalized with S. typhirium in phagosomes  
of macrophages, resulting in enhanced intracellular targeting of 
ampicillin79. In another study, Toti et al. found that PLGA nanopar-
ticles loaded with a fluorescent dye accumulated with chlamydial 
inclusion bodies in infected human lung epithelial cells80. In vitro 
studies revealed that antibiotics (azithromycin and rifampicin)  
were effective if applied immediately after infection, but not if 
applied after 24 or 48 h. However, encapsulation in nanoparticles 
partly restored their activities even when applied at 24 and 48 h  
after infection.

Nanoparticles can prevent, disrupt and inhibit or disperse bacte-
ria from biofilm infections30 (Fig. 4c). By forming a diffusion barrier, 
the extracellular polymeric matrix in the biofilm protects bacte-
ria from high antibiotic concentrations, often leading to chronic  
infections. Teirlinck et al. showed that laser irradiation of gold 
nanoparticles resulted in the formation of nanobubbles that  
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disrupted this diffusional barrier81. Local disruption of the bio-
films increased the permeability and therefore susceptibility to the  
antibiotic tobramycin. Other examples of nanocarrier-mediated 
biofilm disruption are discussed earlier in this Review in the context 
of pulmonary drug delivery.

The evolution of antibiotic-degrading enzymes is a major 
mechanism causing bacterial resistance. These enzymes, such as 
β-lactamases and aminoglycoside-modifying enzymes, are readily 
transferred through horizontal gene transfer and have been impli-
cated in the pattern of increasing drug resistance3. Nanoparticles 
have been used to protect antibiotic agents from enzymatic degra-
dation and resensitize resistant bacteria to their bactericidal effects 
(Fig. 4d). Shaaban et al. developed poly(caprolactone) nanoparticles 
loaded with imipenem82 and found that drug-loaded nanoparticles 
conferred 250- and 62.5-fold decreases in minimal inhibitory con-
centrations compared with free imipenem in in vitro cultures of 
imipenem-resistant K. pneumoniae and P. aeruginosa, respectively. 
Furthermore, to verify the ability of the nanocarriers to protect the 
drug from carbapenem-degrading enzymes, the imipenem formu-
lations were tested with and without the addition of exogenous car-
bapenemase in Escherischia coli. The results demonstrated that while 
free imipenem had negligible effect when co-administered with 
the enzyme, the nanoparticles had comparable bactericidal effects 
regardless of whether carbapenemase had been co-administered. 
Liposomes have also been used for protecting drugs against bacte-
rial enzymes83. When co-administered with exogenous β-lactamase, 

piperacillin-loaded liposomes provided twofold growth inhibition 
compared with the free drug co-administered with β-lactamase. 
The authors posited that the lactamases were either unable to pen-
etrate the liposome or were sterically hindered by the liposomal sur-
face, but were unable to confirm these hypotheses experimentally. 
Further testing in animal biofilm models and mechanistic confir-
mation must be done to reliably demonstrate the ability of nanopar-
ticles to protect therapeutic payloads from enzymatic degradation.

Multiple antimicrobial agents can be packaged within the same 
nanoparticle to increase the likelihood of overcoming existing drug 
resistance mechanisms instead of using one drug alone (Fig. 4e). 
Schiffelers and colleagues evaluated the efficacy of gentamicin and 
ceftazidime as single agents and in combination when formulated 
as free-drug solutions and as liposomes84. Testing was performed 
in a rat unilateral lung infection model with drug-sensitive and 
drug-resistant K. pneumoniae. In the drug-sensitive model, ten 
doses of the soluble drug combination treatment resulted in com-
plete survival. Impressively, only a single dose of the liposomal 
combination produced the same effect. In the drug-resistant model, 
the dose of the drug combination was increased compared with 
that used in the drug-sensitive model—the dose of ceftazidime 
was 4-fold higher, and that of gentamicin was 66-fold higher. Ten 
treatments at these elevated doses produced complete survival in 
the drug-resistant model. However, only two treatments with sub-
stantially lower doses of the liposomal combination also produced 
100% survival. This system is attractive for two reasons—it enabled 
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dose reduction and the treatment of drug-resistant infection; 
and it dramatically reduced the number of administration events 
required to produce efficacy. This latter feature is of great value in 
resource-limited settings.

Advanced preclinical and clinical nanotechnologies
In this section, we highlight the most advanced nanotechnologies in 
major IDs—HIV infection, TB and malaria. The reader will glean 
that nanotechnology has been most actively studied in the clinic 
and in large animals for the treatment and prevention of HIV infec-
tion (Table 1). In contrast, for malaria and TB, nanotechnology 
has been pursued with less gusto. For these IDs, work has mainly 
been limited to preclinical trials in rodents. We also hope to con-
vey that the most advanced nanotechnologies are non-complex, yet 
highly impactful. Hence, perhaps for nanotechnology to benefit the 
patient, it needs to satisfy certain tenets such as simplicity in design, 
clinical need and financial enthusiasm.

HIV infection. HIV infection is one of the major IDs contributing 
to high rates of morbidity and mortality globally85. HIV primarily 
targets CD4+ T cells (Fig. 5) and weakens the patient’s immune sys-
tem making the individual susceptible to opportunistic infections. 
Although access to antiretroviral therapy has continued to improve 
for people living with the disease around the world—reducing mor-
bidity, mortality and ongoing transmission—more than 900,000 
people continue to die of acquired immunodeficiency syndrome 
each year. In 2017, there were 1.8 million people who became newly 
infected with HIV. Moreover, new HIV infections are increas-
ing at an alarming rate in some populations, including people of 
colour, men who have sex with men and younger women, as well 
as in certain geographic regions including Russia and other eastern 
European countries86,87.

Long-acting injectable antiretrovirals are the most clinically 
advanced nanotechnology in HIV treatment. Long-acting injectable 
nanoparticles reduce dosing frequency, which stands to improve 
patient adherence. They also allow drugs to be administered to dys-
phagic patients, for example individuals infected with HIV and suf-
fering from opportunistic oesophageal infections88. Moreover, there 
has been some interest in developing long-acting nanoparticles 
for prevention—including both pre-exposure prophylaxis (which 
requires long-term administration of two medications to achieve 
protection) and post-exposure prophylaxis (where administration 
of a single injection or long-acting oral medication would be espe-
cially valuable)89,90. Specifically, nanoparticles of two antiretrovirals, 
cabotegravir and rilpivirine, are being actively pursued in the clinic. 
Cabotegravir16 and rilpivirine17 were chosen owing to their efficacy 
at low oral doses and low water solubility.

The pharmacokinetics, safety and efficacy of rilpivirine and 
cabotegravir nanosuspensions (surfactant-stabilized drug nano-
crystals with a mean diameter of 200 nm) have been evaluated in 
clinical studies. Both nanosuspensions were safe and devoid of 
major adverse effects88. Estimated half-lives of rilpivirine and cabo-
tegravir in nanosuspensions were 44–61 days (ref. 91) and 25–54 days 
(ref. 91), respectively, enabling administration every 1–3 months. In 
contrast, half-lives of rilpivirine and cabotegravir in tablets have 
been estimated to be ~1–2 days (refs. 91,92). In Phase IIb clinical 
trials, the combination of rilpivirine and cabotegravir nanosus-
pensions enabled disease suppression equivalent to oral tablets of 
cabotegravir and abcavir-lamivudine93.

Two other injectable nanoparticles have shown promising results 
in non-human primates. One of these formulations was developed  
for the prolonged systemic delivery of dolutegravir, which has 
relatively high water solubility18,94. A water-insoluble prodrug of 
dolutegravir was produced by esterification with myristic acid 
and formulated into nanoparticles. In rhesus macaques, prodrug 
nanoparticles maintained therapeutic concentrations of dolutegravir  

for ~40 days and extended the half-life of dolutegravir to ~19.5 days. 
It is believed that the nanoparticles are engulfed by macrophages, 
leading to intracellular activation of the prodrug, followed by 
release of the active moiety from the macrophages18,94. Lipid-based 
nanoparticles loaded with three to four antiretrovirals includ-
ing lopinavir, ritonavir and tenofovir have also been studied in 
non-human primates95,96. Nanoencapsulation enhanced circula-
tion times of the antiretrovirals and increased their uptake into 
the mononuclear cells in peripheral blood and lymph nodes of 
macaques. This is especially notable for antiretrovirals, as HIV 
persists in macrophages for prolonged durations, even in patients 
receiving antiretroviral therapy.

Long-acting injectable antiretrovirals are widely considered 
breakthrough interventions; however, certain challenges remain. 
Despite most advanced nanosuspensions containing >90% drug, 
clinical use of this technology has been limited to drugs that have a 
daily oral dose of <25–50 mg. Patients treated with injectable nano-
suspensions are exposed to the drug for at least a month, and there 
is no mechanism to withdraw exposure in cases of adverse reac-
tions. This problem has been addressed in clinical trials by provid-
ing patients with a lead-in period of oral drug therapy before the 
injection. An alternative approach was recently tested in mice and 
involves injecting a solution of the drug and polymer in an organic 
solvent subcutaneously97. A surgically removable drug depot 
(~0.75 cm diameter in mice) forms as the organic solvent diffuses 
out of the injection site. Finally, in most clinical trials, the nanosus-
pensions have been administered by medical practitioners, and it is 
likely that patients will need to visit their caregiver for each injec-
tion. It remains to be seen whether the need for chronic visits to a 
clinic deters patient adherence. The ability to self-medicate at home 
with infrequently administered oral dosage forms may help address 
this issue. For this, we have developed an orally administered gastric 
retentive dosage form that can reduce dosing frequency from daily 
to weekly98. However, personal preferences may be highly varied 
and providing multiple options to the patient may aid in maximiz-
ing patient adherence.

Oral antiretroviral nanoparticles have been developed for pae-
diatric use with the intent to replace tablets (which are difficult to 
swallow) and alcohol-containing solutions (which contain harmful 
excipients). These nanoparticles are produced by a novel emulsion 
template freeze-drying approach and have been loaded with lopina-
vir and efavirenz99. In rats, the optimized nanoparticle formulation 
was bioequivalent to lopinavir dissolved in alcohol and propylene 
glycol99. The authors believe that the nanoparticles are probably 
absorbed via the lymphatic vessels in the gastrointestinal tract. 
However, further work may be required to validate this observation. 
Efavirenz and lopinavir nanoparticles made using this strategy are 
currently awaiting clinical testing (NCT02631473).

Malaria. Malaria, caused by the single-celled complex protozoan 
of the Plasmodium genus (Fig. 6), is the most prevalent parasitic 
disease in the world. In 2017, malaria cases rose for the second year 
in a row, reaching 219 million cases100. Around 90% of all malaria 
cases and deaths are in Africa, where the disease costs the conti-
nent’s economy US$12 billion yr−1 in direct losses and reduces GDP 
growth by 1.3% (ref. 101). Despite over 3 billion people being at risk 
of infection, funding for the global malaria response has plateaued 
since 2010, reaching only US$3.1 billion in 2017, which is less than 
half of the US$6.6 billion yr−1 funding target for 2020100. As part of 
the investment, both short-term and long-term solutions to malaria 
must be considered, such as using nanotechnology for treatment 
and vaccination. A vital consideration for development of new 
approaches will be their cost-effectiveness, given the target product 
profiles of US$1 day−1 for treatment of malaria.

Malaria is mainly treated using chemotherapy, with 
artemisinin-based combination therapy being integral to curing the 
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disease102. Unfortunately, due to the low uptake of artemisinin in 
parasite-infected red blood cells (RBCs), these drugs provide only 
symptomatic relief at low doses103. Killing parasites in the RBCs 
requires prolonged treatment with high doses, which results in tox-
icities, potential for missed doses and development of resistance104. 

Given that blood stage parasites are the main therapeutic target, 
researchers are developing various approaches to target antima-
larials to infected RBCs105–107, thereby maximizing their therapeutic 
window. Covalent attachment of heparin and monoclonal antibod-
ies to liposomes has been proven to selectively target infected RBCs 

Table 1 | Preclinical and clinical nanotechnologies for treatment of IDs

Disease Drug regimen Technology Motivation Limitations Stage of testing

HIV infection Cabotegravir Injectable nanoparticles • �Reduce dosing 
frequency

• Requires caregiver
• �Injection site 

reactions are 
common

Phase III, for 
example clinical 
trials NCT02951052, 
NCT02938520, 
NCT03164564 and 
NCT04542070)

Rilpivirine Injectable nanoparticles • �Reduce dosing 
frequency

• Requires caregiver
• �Injection site reaction 

are common
• �Requires  

refrigeration

Phase III, for 
example clinical 
trials NCT02951052, 
NCT02938520 and 
NCT04542070

Dolutegravir Injectable nanoparticles • �Reduce dosing 
frequency

• Target macrophages

• �Will require  
caregiver

Preclinical (non-human 
primates)

Lopinavir–ritonavir–
tenofovir

Injectable lipid nanoparticles • Target macrophages • �Will require  
caregiver

Preclinical (non-human 
primates)

Lopinavir–efavirenz Oral nanoparticles • �Avoids use of 
unfavourable 
excipients

• �Requires daily  
dosing

Preclinical (rodents)

TB Rifampicin–isoniazid–
pyrazinamide

Oral lipid nanoparticles • �Improve 
bioavailability

• �Reduce dosing 
frequency

• �Does not include 
ethambutol

• �Still requires frequent 
dosing

Preclinical (rodents)

Rifampicin–isoniazid–
pyrazinamide

Nebulized nanoparticles • �Improve 
bioavailability

• �Reduce dosing 
frequency

• �Uses organic  
solvent

• �Cost of synthesis 
higher than lipid 
nanoparticles

Preclinical (rodents)

Rifampicin–isoniazid–
pyrazinamide–
ethambutol– 
streptomycin

Oral polymer nanoparticles • �Target alveolar 
macrophages

• �Improve 
bioavailability

• �Avoid first-pass 
metabolism

• �Will require training 
patient

Preclinical (rodents)

BCG vaccine Aerosolized micro-nanoparticles • �Efficient delivery to 
the lung

• �Will require training 
patient

Preclinical (rodents)

Malaria Chloroquine derivative, 
new aminoalcohol 
derivative

Injectable immune-liposomes • �Target infected red 
blood cells

• �Improve solubility of 
lipophilic drugs

• �Will require caregiver Preclinical (rodents)

Artemether–tafenoquine Microemulsion • �Improve 
bioavailability

• �Ease of scale-up of 
microemulsions

• �Use of large 
concentrations of 
surfactant to stabilize 
microemulsions

Preclinical (rodents)

Artemether–lumefantrine Injectable nanoparticles • �Reduce dosing 
frequency

• �Better  
bioavailability than 
oral formulation

• Will require caregiver Preclinical (rodents)

Transmission-blocking 
vaccine antigen candidate 
Pfs25

Injectable nanoliposomes • �Suitable for 
multiplexed 
immunization

• �Increased antibody 
generation

• Will require caregiver Preclinical (rodents)
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in vitro105,108. These functionalized liposomes preferentially adhere 
to surface proteins decorating infected RBCs and reduce the overall 
parasitaemia. Further studies of parasite resistance and in vivo test-
ing of these systems will be needed, while potentially prioritizing 
heparin–liposome formulations due to their cheaper cost. Although 
liposomal drug delivery is an established platform with proven bio-
compatibility, the oral route of administration is typically not used 
due to instability in the gastrointestinal tract109. Therefore, research-
ers must continue to develop other targeting strategies to maximize 
the benefit to those living in malaria-endemic regions, where oral 
administration is preferred. These can include designing nanocar-
riers to selectively target other Plasmodium stages, such as at the 
parasite stage in the liver or during the transmissible sexual stages.

Nanotechnology can also improve the oral bioavailability of 
poorly water-soluble antimalarials, such artemether and tafeno-
quine. NanoAbsorb is a solid microemulsion pre-concentrate for-
mulation that can safely deliver the widely used drug artemether 
with higher antimalarial efficacy in vivo than the marketed formula-
tion Larither110. Another example is the use of self-microemulsifying 
drug delivery systems, which can be filled in hard gelatine capsules 
and rapidly transform into microemulsions in gastrointestinal  
fluids111. Long-chain-triglyceride-based self-microemulsifying  
systems containing β-artemether were demonstrated to be safe and 
have a notable improvement in the antimalarial activity in vivo 
compared with Larither. An oral lipid-based nano-emulsion of 
tafenoquine with sizes <20 nm enhanced drug solubility, bio-
availability and efficacy in vivo while also reducing the toxicity112. 

These approaches, using oily vehicles to enhance solubilization in 
the gastrointestinal tract, improve drug bioavailability and patient 
adherence.

Nanoformulation of multiple combined drugs is an efficient 
method for designing innovative therapeutics and can prevent resis-
tance of the malaria parasite. Polymer–drug conjugates were synthe-
sized into nanoparticles with substituted poly(phosphazenes) and 
the combination of primaquine and dihydroartemisinin. The com-
bination therapy exhibited promising antimalarial efficacy in vivo 
against a resistant parasite strain113. Artemether and lumefantrine 
are well accepted as a combination therapy for treating uncompli-
cated malaria, yet the current marketed formulation degrades in 
the gastrointestinal tract, leading to unpredictable pharmacokinet-
ics. Using co-loaded nanostructured lipid carriers with these drugs, 
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and infects new cells

Entry of viral RNA
and proteins into

host cell

Synthesis of
new viral RNA

and proteins

CD4+ T cell

Reverse
transcription
of viral RNA

Fusion of HIV to
host cell membrane

Integration of
viral cDNA into

host DNA

Fig. 5 | Life cycle of HIV. Fusion of the viral membrane with the host cell 
membrane enables entry of viral contents into the host cells. Viral RNA 
is reverse transcribed in complementary DNA (cDNA), which can be 
integrated into the host genome. This is followed by the formation of 
new copies of the viral RNA and proteins, which assemble into new viral 
particles that can infect new cells. Antiretrovirals work by inhibiting one or 
more steps of this pathway10.

 Infection
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Asexual
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Fig. 6 | Malaria life cycle in two hosts. The infection is spread to a human 
through the bite of a female Anopheles mosquito, which injects the parasite 
Plasmodium in the form of sporozoites that migrate through the skin into 
the circulation. Within minutes, the sporozoites reach the liver, where 
they invade hepatocytes and proliferate to form merozoites. Each infected 
hepatocyte releases thousands of merozoites into the bloodstream, 
beginning a cycle of invasion of RBCs. Merozoites replicate asexually 
through ring, trophozoite and schizont stages within RBC vacuoles to 
form new daughter cell merozoites that egress and infect other RBCs. 
Meanwhile, a small fraction of merozoites sexually differentiate into male 
and female gametocytes, which are ingested into the midgut of a mosquito 
from peripheral blood when it bites an infected human. The gametocytes 
further develop into gametes, zygotes, ookinetes, oocysts and finally 
sporozoites, which can resume the cycle of human infection when they 
migrate to the mosquito’s salivary glands and are injected into another 
human during a blood meal148.
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researchers showed that the systems resulted in greater clearance of 
parasites from infected mice and had a clear benefit over individual 
drug-loaded carriers in terms of survival period and parasitaemia 
progression114.

There is only one malaria vaccine candidate that has received 
a positive regulatory assessment: RTS,S/AS01 (RTS,S) (Mosquirix), 
which is an injectable vaccine that provides partial protection 
against malaria in young children115. The antigen is formulated as 
virus-like particle and combined with a liposomal adjuvant system. 
In July 2015, European regulators approved the use of the vaccine, 
although it is at most 50% effective115. Vaccine development is an 
active area of research, and a recent study used spontaneous nano-
liposome antigen particleization to show efficacy of a multistage, 
multi-antigen vaccine in mice and rabbits116. Further research and 
development with affordable large-scale production is necessary for 
a successful malaria vaccine, and nanotechnology could play a criti-
cal role in providing new approaches to protect all ages.

TB. TB, which claims the lives of over 3,500 people every day, is the 
world’s leading killer among IDs117. According to the World Health 
Organization (WHO), 10 million people developed TB in 2017 
with a global economic burden amounting to US$12 billion annu-
ally117,118. The burden of TB is concentrated in Asia and Africa—only 
6% of global cases were in the WHO European Region and WHO 
Region of the Americas117. Furthermore, M. tuberculosis (Fig. 7)  
is the most critical pathogen in the global antimicrobial resis-
tance crisis119. Unless radical action is taken, drug-resistant strains  
of M. tuberculosis will account for 25% of antimicrobial 
resistance-related deaths and cost the global economy US$16.7 tril-
lion by the year 2050119.

WHO guidelines recommend treating drug-susceptible TB for at 
least 6 months with an oral drug regimen of four antibiotics taken 
daily11. Because of the prolonged and frequent dosing, and side 
effects, patients find it difficult to adhere to these regimens and are 
at risk of developing drug-resistant strains4. Several of the current 
antibiotics are poorly soluble, unstable in gastric acid and unable 
to penetrate the alveolar macrophages where the bacilli reside120. 
Given that bedaquiline was the first new drug approved in more 
than 40 years (ref. 121) and the dearth of others in the pipeline, refor-
mulating existing drugs in nanocarriers is an attractive way of hav-
ing an immediate impact on the treatment of TB.

Several oral nanotechnology-based systems have been designed 
with existing TB drugs and tested in animal models. Solid lipid 
nanoparticles have been tested in rodents with the goal of improv-
ing the bioavailability of rifampicin and the combination of rifam-
picin, isoniazid and pyrazinamide122,123. In the lungs and spleen of 
infected mice, no tubercle bacilli could be detected after five oral 
doses of drug-loaded solid lipid nanoparticles administered every 
tenth day, whereas 46 daily doses of oral free drugs were required 
to achieve the same therapeutic benefit123. Polymer-based nanopar-
ticles (PLGA and sodium alginate) have also been developed to 
improve the oral bioavailability of rifampicin, isoniazid, ethambu-
tol, pyrazinamide and streptomycin124–127.

Inhalable nanocarriers of TB drugs have been a major focus of 
research given that pulmonary TB is the most common TB form128. 
Researchers have developed nebulized solid lipid particles129 and 
sodium alginate nanoparticles130 incorporating rifampicin, isoniazid 
and pyrazinamide to improve targeted bioavailability in the lungs 
and reduce hepatotoxicity. Interestingly, pulmonary administration 
of rifampicin-loaded solid lipid nanoparticles in rats enabled deliv-
ery to alveolar macrophages131. These examples highlight the prom-
ise of pulmonary administration of nanocarriers, although they 
must be designed for delivery with portable and easy-to-operate 
cost-effective devices such as inhalers.

There is no effective vaccine that comprehensively protects 
against TB infection. Bacillus Calmette–Guerin (BCG), which was 

introduced in 1921, is the sole approved TB vaccine, but it offers 
only limited protection132. Therefore, researchers are attempting 
to improve the existing BCG vaccine and derive new vaccines to 
prevent TB133. When guinea pigs were administered an aerosol-
ized formulation of BCG nanomicroparticles, they generated better 
immune protection and enhanced resistance to TB infection than 
when they were immunized with the standard parenteral BCG for-
mulation134. The nanomicroparticles are a single-particle form with 
two nanometre-scale axes and a third of micrometre dimension. 
These dimensions facilitate better aerosolization compared with 
particles with similar dimensions in all axes. Pulmonary administra-
tion of the common TB antigen 85B conjugated to poly(propylene 
sulphide) nanoparticles demonstrated improved protection in mice 
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Fig. 7 | Pathogenesis of TB infection. TB is caused by the inhalation of 
droplet nuclei containing M. tuberculosis that enter the respiratory tract and 
infect the alveoli of the lungs. During the first stage, alveolar macrophages 
recognize, engulf and attempt to destroy the bacilli. The second stage of 
symbiosis occurs when the bacilli grow logarithmically within infected 
alveolar macrophages that are unable to stop the bacilli from growing. 
Eventually, the infected areas transform into a granuloma, a hallmark of 
TB characterized by a wall of lymphocytes and severe chest pain. This 
third stage of the disease results in a solid caseous centre, where the 
bacteria can survive for years. Most humans infected with TB do not exhibit 
progression of the disease, as it remains in a latent state. It is estimated 
that 1.7 billion people, or 23% of the world’s population, have latent TB. 
However, some infected individuals progress to the fourth and final stage 
of the disease, where the caseous centre liquefies and cavitates to fill the 
lungs with free-floating bacteria and spread in the lungs, causing pulmonary 
TB. These bacteria can disseminate to more distant tissues and organs via 
the lymphatic system or bloodstream to result in extrapulmonary TB. The 
cycle is complete when an infected TB individual coughs, sneezes, speaks 
or sings to release highly transmissible infectious droplet nuclei into the air 
for a susceptible individual to inhale149.
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after they were challenged with aerosolized M. tuberculosis (ref. 135). 
Researchers are also exploring chitosan, a biodegradable and  
biocompatible polycationic polymer, for its ability to bind and 
protect DNA from nuclease degradation and for its mucoadhesive 
properties. A nano-chitosan-based recombinant DNA vaccine ele-
vated the immunologic and protective effects against TB in a mouse 
model136, and chitosan has a role as a vaccine adjuvant in the preven-
tion of TB137.

It is also recommended that people who are infected with TB but 
do not have active disease (latent TB) receive treatment to eradicate 
the mycobacteria and prevent progress to active disease138. These 
preventative regimens can last for 9 months and require multidrug 
therapy. Given that most people with TB infection do not have 
symptoms, it can be challenging for them to complete their regi-
mens139. Nanotechnology can potentially simplify dosing and mini-
mize adverse events in this population, thereby greatly contributing 
to the elimination of TB.

Challenges and outlook
The examples above highlight many promising therapeutic strat-
egies for developing nanomedicines to treat and prevent IDs. 
However, to have the maximum impact, nanotechnology solutions 
will need to overcome several financial, manufacturing and regu-
latory challenges. First, reducing the cost will be the major hurdle 
in developing new drugs and nanotechnology-based systems. For 
global health solutions, development of new drugs is expensive. 
Reformulating existing drugs in nanocarriers may help to achieve 
similar targets of enhanced efficacy and safety at a considerably 
lower cost. However, one currently approved nano-system (an 
amphotericin B liposomal formulation) is not cost-effective in 
developing countries140. Excipients used in nanosystems, such as 
lyoprotectants, can increase the cost of many treatments. Second, 
the synthesis and storage conditions of some nanoparticles may not 
be conducive to conditions in low-resource countries141. Researchers 
will need to enable the reproducibility and bulk production while 
considering the environmental effects of these nanosystems. 
Nanomedicines are likely to be three-dimensional constructs of 
multiple components with preferred spatial arrangements. Subtle 
changes in process or composition can adversely affect the complex 
composition of nanomedicines142,143. Third, regional and national 
differences within and between regulatory authorities, especially 
when running multi-centric international trials, will be a challenge 
during the clinical trial stage144. Finally, patient acceptability of these 
nanosystems will need to be addressed. In 2006, the International 
Centre for Technology Assessment and other consumer groups filed 
a legal petition against the FDA for perceived lack of initiative in 
regulating nanomaterial-containing products under their jurisdic-
tion. The FDA created a Nano Task Force in response145. To achieve 
successful translation of nanomedicines, a network of stakehold-
ers will need to converge. This includes academics, investors from 
industry and the government, and contract research and manufac-
turing organizations. Nanotechnology is a multi-disciplinary field 
that also requires intellectual property and commercialization strat-
egies to grow146. Nonetheless, the rapid translation of nanotechnolo-
gies from the bench to the people, and the impact that these systems 
have had on the SARS-CoV-2 pandemic provide great promise. 
This example suggests that similar feats may be possible in treating 
other infectious diseases as well.

Conclusion
IDs are a major driver of morbidity and mortality globally, and their 
impact on low SDI countries is particularly grave. Simplifying the 
use of medicines and making drugs safer and more efficacious can 
improve patients’ quality of life and reduce disease burden. In this 
Review, we highlighted how nanotechnology-based approaches can 
enable oral drug administration, infrequent drug administration 

and drug targeting to sites of infection, ultimately improving treat-
ment efficacy. Finally, we discussed examples of nanotechnologies 
that are in clinical trials for the treatment of HIV and in preclini-
cal development for the treatment of malaria and TB. Innovative 
and cost-effective nanotechnologies that take into consideration the 
challenges that are encountered low SDI countries are most likely to 
benefit patients.
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