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Abstract

Nanoparticles are used in the clinic to treat cancer, resolve mineral deficiencies,

image tissues, and facilitate vaccination. As a modular technology, nanoparticles com-

bine diagnostic agents or therapeutics (e.g., elements, small molecules, biologics), syn-

thetic materials (e.g., polymers), and biological molecules (e.g., antibodies, peptides,

lipids). Leveraging these parameters, nanoparticles can be designed and tuned to nav-

igate biological microenvironments, negotiate biological barriers, and deliver thera-

peutics or diagnostic agents to specific cells and tissues in the body. Recently, with

the Emergency Use Authorization of the COVID-19 lipid nanoparticle vaccines, the

advantages and potential of nanoparticles as a delivery vehicle have been displayed

at the forefront of biotechnology. Here, we provide a 5-year status update on our

original “Nanoparticles in the Clinic” review (also a 2-year update on our second

“Nanoparticles in the Clinic” review) by discussing recent nanoparticle delivery sys-

tem approvals, highlighting new clinical trials, and providing an update on the previ-

ously highlighted clinical trials.
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1 | INTRODUCTION

Over the past 2 years, the nanomedicine landscape has evolved rap-

idly, driven by the worldwide clinical introduction of the Moderna and

Pfizer-BioNTech COVID-19 lipid nanoparticle mRNA vaccines.1 Given

this sudden expansion of nanoparticle use in the clinic, we are

updating our “Nanoparticles in the Clinic” review and providing an

update on the clinical landscape of nanomedicines. Our original

review was published in 2016 and highlighted >25 approved nan-

omedicines and >45 unapproved nanoparticles that were being evalu-

ated clinical trials.2 In 2019, our second review included three new

nanoparticle approvals, added >75 new clinicals trials for the previ-

ously highlighted unapproved nanoparticles, and added >15 new

nanoparticles that entered clinical trials.3 In this 2021 update, we pro-

vide a broad overview of the current clinical landscape by adding two

nanoparticles that recently received Emergency Use Authorization

(both in 2020), >30 new trials that have started for previously tabu-

lated unapproved nanoparticles, and >35 new nanoparticle technolo-

gies (associated with >55 new trials) that have recently entered

clinical trials.

2 | UPDATES ON CURRENTLY APPROVED
NANOPARTICLES AND NEW ADDITIONS

Over the past 2 years, the nanomedicine landscape has evolved rap-

idly, driven by the global need for new technologies to provide pro-

phylactic and therapeutic approaches against the coronavirus disease

2019 (COVID-19),4–6 which is caused by the severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2).7 Of the technologies that
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TABLE 1 Clinically approved nanoparticle therapies and diagnostics, grouped by their broad indication

Name Particle type Payload Approved application/indication Approval (year)

New additions

mRNA-1273

(Moderna)

Lipid nanoparticle mRNA COVID-19 vaccine FDA, Emergency

Use Authorization

(2020)

Tozinameran/

BNT162b2

(Pfizer-

BioNTech)

Lipid nanoparticle mRNA COVID-19 vaccine FDA, Emergency

Use Authorization

(2020)

Cancer

Doxil

Caelyx (Janssen)

PEGylated liposome Doxorubicin Ovarian cancer, HIV-associated

Kaposi's sarcoma, Multiple

myeloma

FDA (1995)

EMA (1996)

DaunoXome

(Galen)

Liposome (non-PEGylated) Daunorubicin HIV-associated Kaposi's sarcoma FDA (1996)

Myocet (Teva UK) Liposome (non-PEGylated) Doxorubicin Breast cancer EMA (2000)

Abraxane (Celgene) Albumin-particle Paclitaxel Advanced non-small cell lung

cancer, Metastatic pancreatic

cancer, Metastatic breast

cancer

FDA (2005)

EMA (2008)

Marqibo

(Spectrum)

Liposome (non-PEGylated) Vincristine Philadelphia chromosome-

negative acute lymphoblastic

leukemia

FDA (2012)

MEPACT

(Millennium)

Liposome (non-PEGylated) Mifamurtide Osteosarcoma EMA (2009)

NBTXR3

Hensify

(Nanobiotix)

Hafnium oxide

nanoparticles

Stimulated with external

radiation to enhance tumor

cell death via electron

production

Squamous cell carcinoma CE Mark (2019)

Onivyde

MM-398

(Merrimack)

PEGylated liposome Irinotecan Metastatic pancreatic cancer FDA (2015)

VYXEOS

CPX-351 (Jazz

Pharmaceuticals)

Liposome Cytarabine:daunorubicin

(5:1 molar ratio)

Acute myeloid leukemia FDA (2017)

EMA (2018)

Iron-replacement

CosmoFer

INFeD

Ferrisat

(Pharmacosmos)

Iron dextran colloid Iron Iron deficient anemia FDA (1992)

Some of Europe

DexFerrum

DexIron (American

Regent)

Iron dextran colloid Iron Iron deficient anemia FDA (1996)

Ferrlecit (Sanofi) Iron gluconate colloid Iron Iron replacement for anemia

treatment in patients with

chronic kidney disease

FDA (1999)

Venofer (American

Regent)

Iron sucrose colloid Iron Iron replacement for anemia

treatment in patients with

chronic kidney disease

FDA (2000)

Feraheme (AMAG)

Rienso (Takeda)

Ferumoxytol

Iron polyglucose sorbitol

carboxymethylether

colloid

Iron Iron deficiency in patients with

chronic kidney disease

FDA (2009)

Injectafer

Ferinject (Vifor)

Iron carboxymaltose colloid Iron Iron deficient anemia FDA (2013)

Iron
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TABLE 1 (Continued)

Name Particle type Payload Approved application/indication Approval (year)

Monofer

(Pharmacosmos)

10% iron isomaltoside

1000 colloid

Treating iron deficiency and

anemia when oral methods do

not work or when iron

delivery is required

immediately

Some of Europe

(2009)

Diafer

(Pharmacosmos)

5% iron isomaltoside 1000

colloid

Iron Iron deficient anemia Some of Europe

(2013)

Imaging agents

Definity (Lantheus

Medical Imaging)

Lipid microspheres Perflutren Ultrasound contrast agent FDA (2001)

Feridex I.V.

(AMAG)

Endorem

Iron dextran colloid Iron Imaging of liver lesions FDA (1996)

Discontinued (2008)

Ferumoxtran-10

Combidex

Sinerem (AMAG)

Iron dextran colloid Iron Imaging lymph node metastases Only available in the

Netherlands (2013)

Optison (GE

Healthcare)

Human serum albumin

stabilized microspheres

Perflutren Ultrasound contrast agent FDA (1997)

EMA (1998)

SonoVue (Bracco

Imaging)

Phospholipid stabilized

microbubble

Hexafluoride Ultrasound contrast agent EMA (2001)

Resovist (Bayer

Schering

Pharma)

Cliavist

Iron carboxydextran colloid Iron Imaging of liver lesions Some of Europe

(2001)

Discontinued (2009)

Vaccines

Epaxal (Crucell) Liposome Inactivated hepatitis A virus Hepatitis A vaccine Some of Europe

(2003; Now

discontinued)

Inflexal V (Crucell) Liposome Trivalent-influenza virus surface

antigens

Influenza vaccine Some of Europe

(1997; Now

discontinued)

Anesthetics

Diprivan Liposome Propofol Induction and maintenance of

sedation or anesthesia

FDA (1989)

Amyloidosis

ONPATTRO

Patisiran

ALN-TTR02

(Alnylam

Pharmaceuticals)

Lipid nanoparticle RNAi for the knockdown of

disease-causing TTR protein

Transthyretin (TTR)-mediated

amyloidosis

FDA (2018)

EMA (2018)

Fungal infections

AmBisome (Gilead

Sciences)

Liposome Amphotericin B Cryptococcal Meningitis in HIV-

infected patients

Aspergillus, Candida and/or

Cryptococcus species

infections (secondary)

Visceral leishmaniasis parasite in

immunocompromised patients

FDA (1997)

Most of Europe

Macular degradation

Visudyne (Bausch

and Lomb)

Liposomal Verteporfin Treatment of subfoveal

choroidal neovascularization

from age-related macular

degeneration, pathologic, or

ocular histoplasmosis

FDA (2000)

EMA (2000)

Note: Recent nanoparticles that have received Emergency Use Authorization are separately listed in the first rows.

Source: Modified with permissions from References 2 and 3.
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have emerged to combat COVID-19, lipid nanoparticles are the deliv-

ery vehicle used in the Moderna and Pfizer-BioNTech COVID-19 vac-

cines, both of which were granted Emergency Use Authorization in

the United States in 2020.8

The Moderna vaccine, mRNA-1273, is a lipid nanoparticle con-

sisting of the ionizable cationic lipid SM-102 (heptadecan-9-yl

8 ((2 hydroxyethyl) (6 oxo 6-(undecyloxy) hexyl) amino) octanoate),

DSPC (1,2-distearoyl-snglycero-3 phosphocholine), cholesterol, and

PEG-DMG (1 monomethoxypolyethyleneglycol-2,3-dimyristylglycerol

with polyethylene glycol).9 mRNA-1273 was granted Emergency Use

Authorization by the U.S. FDA on December 18th, 2020,10 based on a

number of clinical trials, including one that demonstrated anti-SARS-

CoV-2 immune responses in participants without trial-limiting safety

concerns11 and another clinical trial with 30,420 participants that

demonstrated 94.1% efficacy at preventing COVID-19 illness.12 The

Pfizer-BioNTech vaccine, BNT162b2, is also a lipid nanoparticle and

consists of the ionizable cationic lipid ALC-0315 ((4-hydroxybutyl)

azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate), DSPC

(1,2-distearoyl-sn-glycero-3-phosphocholine), cholesterol, and PEG-

DMA (2 [(polyethylene glycol)-2000]-N,N-ditetradecylacetamide).9

BNT162b2 was granted Emergency Use Authorization by the

U.S. FDA on December 11th, 2020,10 based on a number of clinical

trials, including one that demonstrated both safety and immunogenic-

ity of BNT162b2,13 and another clinical trial with 43,548 participants

F IGURE 1 Chronological nanoparticle approvals based on particle type

F IGURE 2 Chronological nanoparticle approvals based on indication
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that demonstrated BNT162b2 was 95% effective in preventing

COVID-19.14 Both lipid nanoparticle formulations are administered

intramuscularly in two separate doses and are used to encapsulate

mRNA that encodes for the SARS-CoV-2 spike glycoprotein, which

mediates attachment to host cells and thus enables viral entry.11 By

encoding for this spike glycoprotein, the host generates an immune

response to the presented antigenic proteins; thus, a neutralizing anti-

body response against SARS-CoV-2 is generated.15 In both formula-

tions, lipid nanoparticles enable delivery of the sensitive mRNA cargo

into the cytoplasm,16 which has been the major obstacle in translation

of mRNA technologies.17 By overcoming the challenges of intracellular

delivery using lipid nanoparticles, antigen presentation could occur and

the neutralizing antibody response against SARS-CoV-2 was achieved.

Collectively, mRNA-1273 and BNT162b2 are used in >35 countries10

with an estimated 3 billion (2 billion for BNT162b2 and 1 billion for

mRNA-1273) doses to be manufactured throughout 2021.18

Table 1 has been updated to list FDA/EMA approved injectable

nanomedicines up to 2021, including the lipid nanoparticle mRNA

vaccines against COVID-19. Figures 1 and 2 highlight key aspects of

these tabulated findings. Figure 1 shows the chronological approvals

of nanoparticles based on particle type. Lipid-based and inorganic

nanoparticles comprise the majority of clinically-approved nanoparticles.

Interestingly, the first (1989) and most recent (2020) clinically approved/

authorized particles highlight how lipid-based nanoparticles, as a platform

technology, enable controlled interactions between encapsulated thera-

peutics and complex microenvironments within patients. While the major-

ity of lipid-based nanoparticles are approved and clinically-used for

intravenous applications, lipid-based nanoparticles are also used to pro-

tect sensitive cargos (e.g., mRNA) after manufacturing, during storage,

and during intramuscular muscular injection and throughout their action

within the host. Figure 2 shows the chronological approvals of

nanoparticles based on indication, with the dominant applications being

cancer, anemia, and imaging.

In addition to this updated Table 1, we also report an update on the

number of clinical trials for approved nanoparticles that have appeared

since our previous two articles in 2016 and 20192,3: Figure 3 shows the

number of clinical trials for each of the approved nanoparticles (see

Table S1 for detailed summary) from 2016 (red) to 2019 (blue) to 2021

(green). Of particular note, we observe: (i) an increase in the number of clin-

ical trials for 21 of the 29 approved nanoparticles in Table 1 (excluding the

newly-added mRNA-1723 and BNT162b2), and (ii) an increase in the total

number of clinical trials for approved nanoparticles from 1220 (in 2016), to

1716 (in 2019), and to 1935 (in 2021). Together, this demonstrates the

continued success of nanoparticles that are being introduced into the clinic

and the continued investigation of already-approved nanoparticles toward

expanding or improving their clinical use.

3 | UPDATE ON PREVIOUS CLINICAL
TRIALS FOR UNAPPROVED NANOPARTICLES

In our previous article,3 >60 different non-approved nanoparticles were

listed as active in >100 clinical trials. Here, we are updating the cur-

rent clinical landscape for each of these clinically investigated

F IGURE 3 Chronological update on the number of clinical trials for each nanoparticle, based on the number of identified trials in our previous
“Nanoparticles in the Clinic” reviews in 20162 and 2019.3 These trials and nanoparticles have appeared on the ClinicalTrial.gov database
Source: Modified with permissions from References 2 and 3
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TABLE 3 Nanoparticle vaccines, therapies, and diagnostics which are not clinically approved and are currently active clinical trials that have
appeared on the ClinicalTrial.gov database since 2019

Name (company) Particle type Payload

Investigated application/

indication

Current ClinicalTrials.gov

identifiers (phase)

Lipid-based

mRNA-1283

(Moderna)

Lipid nanoparticle mRNA COVID-19 vaccine NCT04813796 (Ph I):

Recruiting

mRNA-1345

(Moderna)

Lipid nanoparticle mRNA Respiratory syncytial virus

vaccine

NCT04528719 (Ph I):

Recruiting

mRNA-1647

(Moderna)

Lipid nanoparticle mRNA Cytomegalovirus vaccine NCT04232280 (Ph II):

Recruiting

mRNA-1653

(Moderna)

Lipid nanoparticle mRNA Combined human

metapneumovirus and

parainfluenza virus type

3 vaccine

NCT04144348 (Ph I):

Recruiting

mRNA-2416

(Moderna)

Lipid nanoparticle mRNA Advanced solid tumor

malignancies

NCT03323398 (Ph I/II):

Recruiting

mRNA-2752

(Moderna)

Lipid nanoparticle mRNA Advanced solid tumor

malignancies

NCT03739931 (Ph I):

Recruiting

NCT02872025 (Ph I):

Recruiting

mRNA-4157

(Moderna)

Lipid nanoparticle mRNA Personalized cancer

vaccine

NCT03313778 (Ph I):

Recruiting

NCT03897881 (Ph II):

Recruiting

mRNA-5671/V941

(Merck)

Lipid nanoparticle mRNA KRAS vaccine NCT03948763 (Ph I):

Recruiting

AZD8601

(AstraZeneca)

Lipid nanoparticle mRNA Personalized cancer

vaccine

NCT03313778 (Ph I):

Recruiting

NCT03897881 (Ph II):

Recruiting

MEDI1191

(MedImmune)

Lipid nanoparticle mRNA Advanced solid tumors NCT03946800 (Ph I):

Recruiting

DS-5670a

(Daiichi Sankyo)

Lipid nanoparticle mRNA COVID-19 Vaccine NCT04821674 (Ph I/II):

Recruiting

BNT111

(BioNTech)

Size- and charge-based

RNA-lipoplex

nanoparticles for

targeting dendritic cells

RNA that elicits immune

response against four

antigens

Metastatic melanoma

vaccine

NCT04526899 (Ph II):

Recruiting

BNT112

(BioNTech)

Size- and charge-based

RNA-lipoplex

nanoparticles for

targeting dendritic cells

RNA that enables

expression of five

antigens

Prostate cancer vaccine NCT04382898 (Ph I/II):

Recruiting

BNT113

(BioNTech)

Size- and charge-based

RNA-lipoplex

nanoparticles for

targeting dendritic cells

RNA that elicits immune

response against

oncoproteins E6 and E7

Head and neck cancer

vaccine

NCT04534205 (Ph II):

Recruiting

BNT115

(BioNTech)

mRNA-lipoplex

nanoparticles

mRNA that increases

tumor associated antigen

expression

Ovarian cancer NCT04163094 (Ph I):

Recruiting

BNT122/RO7198457

(BioNTech and

Genentech)

Size- and charge-based

RNA-lipoplex

nanoparticles for

targeting dendritic cells

RNA that encodes

neoantigens

Colorectal cancer,

melanoma, lung cancer,

bladder cancer

NCT04486378 (Ph II):

Recruiting

NCT03815058 (Ph II):

Recruiting

NCT03289962 (Ph I):

Recruiting

BNT141

(BioNTech)

Liver-targeting lipid

nanoparticle

Solid tumors NCT04710043 (Ph I): Not

yet recruiting
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TABLE 3 (Continued)

Name (company) Particle type Payload

Investigated application/

indication

Current ClinicalTrials.gov

identifiers (phase)

mRNA that enables

systemic production of

IgG antibodies

BNT151

(BioNTech)

Liver-targeting lipid

nanoparticle

mRNA that enables

systemic production of

IL-2

Solid tumors NCT04455620 (Ph I/II):

Recruiting

BNT152 + BNT153

(BioNTech)

Liver-targeting lipid

nanoparticle

mRNA that enables

systemic production of

IL-7 and IL-2

Multiple solid tumors NCT04710043 (Ph I): Not

yet recruiting

CLDN6 RNA-LPX

(BioNTech)

Size- and charge-based

RNA-lipoplex

nanoparticles for

targeting dendritic cells

RNA that encodes a

receptor against CLDN6

Solid tumor NCT04503278 (Ph I/II):

Recruiting

CVnCoV

(CureVac)

Lipid nanoparticle mRNA COVID-19 vaccine NCT04860258 (Ph III):

Recruiting

NCT04838847 (Ph III):

Recruiting

NCT04674189 (Ph III):

Recruiting

NCT04652102 (Ph II/III):

Active, not recruiting

NCT04515147 (Ph II):

Active, not recruiting

NCT04449276 (Ph I):

Active, not recruiting

NCT04848467 (Ph III): Not

yet recruiting

CV7202

(CureVac)

Lipid nanoparticle mRNA encoding rabies

virus glycoprotein

Rabies vaccine NCT03713086 (Ph I):

Active, not recruiting

ARCT-021/LUNAR-

COV19

(Arcturus)

Lipid-enabled and unlocked

nucleomonomer agent

mRNA (LUNAR®)

mRNA COVID-19 vaccine NCT04728347 (Ph II):

Recruiting

NCT04668339 (Ph II):

Active, not recruiting

NCT04480957 (Ph I/II):

Recruiting

ARCT-810/LUNAR-OTC

(Arcturus)

Lipid-enabled and unlocked

nucleomonomer agent

mRNA (LUNAR®)

mRNA that enables

synthesis of ornithine

transcarbamylase

enzyme

Ornithine transcarbamylase

deficiency

NCT04442347 (Ph I):

Recruiting

BP1002

(Bio-Path Holdings)

Liposome Antisense designed to

inhibit protein synthesis

of Bcl-2

Advanced lymphoid

malignancies

NCT04072458 (Ph I):

Recruiting

SpFN_1B-06-PL + ALFQ

(U.S. Army Medical

Research and

Development

Command)

Army liposomal

formulation (adjuvant)

Spike-ferritin-nanoparticle

(vaccine)

COVID-19 Vaccine NCT04784767 (Ph I):

Recruiting

HDT-301

(SENAI CIMATEC)

Lipid-Inorganic

Nanoparticle (LION™);

15-nm

superparamagnetic iron

oxide

repRNA COVID-19 Vaccine

(repRNA)

NCT04844268: (Ph I): Not

yet recruiting

NTLA-2001

(Intellia Therapeutics)

Lipid nanoparticles CRISPR/Cas9 for knockout

edit to reduce

transthyretin

Transthyretin amyloidosis NCT04601051 (Ph I):

Recruiting

Pure drug

(Continues)
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nanoparticles (Table 2). In this update, >40 new trials have been

added. Regarding previous clinical trials that were available before

2019,3 11 have been updated to active status, 5 have been updated

to recruiting status, 5 have been terminated, 8 have been updated to

unknown status, 12 have been completed, 3 have been withdrawn,

and 12 have posted results that are viewable on ClinicalTrials.gov

TABLE 3 (Continued)

Name (company) Particle type Payload

Investigated application/

indication

Current ClinicalTrials.gov

identifiers (phase)

NanoDoce®

(NanOlogy)

Large surface area

microparticles

(nanoparticulates)

Docetaxel Urothelial carcinoma NCT03636256 (Ph I/II):

Active, not yet recruiting

NCT04060628: Available

NanoPac®

(NanOlogy)

Large surface area

microparticles

(nanoparticulates)

Paclitaxel Pancreatic

adenocarcinoma, lung

cancer

NCT04314895 (Ph II):

Recruiting

NCT03077685 (Ph II):

Recruiting

NCT03756311: Available

Polymeric

PRECIOUS-01

(Radboud University)

Poly(lactic-co-glycolic acid)

(PLGA) nanoparticle

Threitolceramide-6 and the

New York Esophageal

Squamous Cell

Carcinoma-1 cancer-

testis antigen peptides

New York Esophageal

Squamous Cell

Carcinoma-1 positive

cancers

NCT04751786 (Ph I):

Recruiting

Protein-based

GBP510

(SK Bioscience Co.)

Self-assembling protein

nanoparticle

immunogens

Various immunogens COVID-19 vaccine NCT04742738 (Ph I/II):

Recruiting

NCT04750343 (Ph I/II):

Recruiting

NanoFlu

(Novavax)

Recombinant

hemagglutinin protein

nanoparticle with

saponin-based Matrix-M

adjuvant

Recombinant

hemagglutinin protein

Influenza vaccine NCT04120194 (Ph III):

Active, not recruiting

NVX-CoV2373

SARS-CoV-2 rS/Matrix-

M1 adjuvant

(Novavax)

Recombinant spike protein

nanoparticle with

saponin-based Matrix-

M1 adjuvant

Recombinant spike protein COVID-19 vaccine NCT04611802 (Ph III):

Recruiting

NCT04368988 (Ph I/II):

Active, not recruiting

NCT04533399 (Ph II):

Recruiting

NCT04583995 (Ph III):

Recruiting

Inorganic

SPIONS

(Second Affiliated

Hospital, School of

Medicine, Zhejiang

University)

Superparamagnetic iron

oxide nanoparticles

(SPIONs) with spinning

magnetic field

Superparamagnetic iron

oxide nanoparticles

Osteosarcoma NCT04316091 (Ph I): Not

yet recruiting

EO2002

(Emmecell)

Magnetic nanoparticles

with cultured human

corneal endothelial cells

Cultured human corneal

endothelial cells

Corneal edema NCT04894110 (Ph I):

Recruiting

Carbon nanoparticles

(YE Yingjiang)

Carbon nanoparticles Carbon nanoparticle Lymph node tracer in rectal

cancer

NCT03550001: Not yet

recruiting

Carbon nanoparticles

(The First Affiliated

Hospital with Nanjing

Medical University)

Carbon nanoparticles Carbon nanoparticle Lymph node tracer in

breast cancer

NCT04482803: Recruiting

Carbon nanoparticles

(LI XIN-XIANG)

Carbon nanoparticles Carbon nanoparticle Lymph node tracer in

colorectal cancer

NCT04759820 (Ph II/III):

Recruiting

Note: Trials are grouped by particle type.
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(Table 2). Of particular note: (i) 10 new trials began for a

mitoxantrone hydrochloride liposome, used for the treatment of var-

ious cancers, (ii) 11 new trials began for Sonazoid, which is a lipid-

encapsulated formulation of F-butane for ultrasound imaging, and

(iii) results have been posted for PNT2258, DCR-MYC, SGT-53,

NK105, CRLX101, CRLX301, AuroLase, and Halaven. Table 2 pro-

vides a detailed tabulation of these recent updates.

4 | NEW NANOPARTICLE TECHNOLOGIES
IN CLINICAL TRIALS

Since our 2019 article,3 >35 new nanoparticle technologies have begun

clinical trials. Of these new additions, 28 are lipid-based (25 of which are

for mRNA-based vaccines). The remaining new nanoparticle technologies

are indicated for cancer treatment (two pure-drug nanoparticles are being

studied in five different clinical trials), imaging applications (three trials are

investigating carbon nanoparticles for imaging lymph nodes), and non-

mRNA vaccines (three protein-based nanoparticles are being investigated

as vaccines). Table 3 summarizes these new additions.

5 | CONCLUSION

The transformative role of lipid nanoparticles as mRNA delivery vehicles

for combating COVID-19 and their tremendous global impact during

2020 and 2021 has ushered in an unprecedented period for nanoparticle

therapeutics. To date, >30 nanoparticles have been used in various clinical

applications (Table 1) and >20 of these continue to be developed, with

chronologically increasing activity in clinical trials (Figure 3 and Table S1).

Of the 60 unapproved nanoparticle technologies currently being investi-

gated in clinical trials, >100 active trials exist with >40 being added in this

update alone (Table 2). Finally, since our previous update in 2019,3 there

has been a massive surge in clinical introduction of new nanoparticle

technologies, dominated by lipid nanoparticles for mRNA delivery; over

35 new nanoparticle technologies have entered clinical trials since 2019

(Table 3). Considering these recent updates and the global impact of

nanoparticles in the clinic, especially as it relates to combating COVID-19,

the field of nanoparticle drug delivery is entering a new phase, wherein

their development,19,20 manufacturing,21,22 and clinical utility23 is just

beginning to scratch the surface.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.
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