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Delivery strategies have greatly helped convert promising ther-
apeutics into successful therapies1–4. As the therapeutic land-
scape evolved, delivery strategies and technologies quickly 

adapted to reflect changing drug delivery needs. A few decades 
ago, small-molecule drugs were the primary class of therapeutic. 
Because the delivery of small molecules is largely dictated by their 
physicochemical properties, which heavily influence the bioavail-
abilities of the drugs, delivery efforts first focused on improving the 
solubility of the drugs, controlling their release, broadening their 
activity and adjusting their pharmacokinetics (PKs)5,6. Over time, 
new generations of therapeutics, including proteins and peptides, 
monoclonal antibodies (mAbs), nucleic acids and live cells, have 
provided new therapeutic functions. The new functions brought 
about additional challenges, notably in stability (for proteins and 
peptides, in particular), intracellular delivery requirements (espe-
cially for nucleic acids) and viability and expansion (for live cells). 
Drug delivery strategies had to evolve to address these challenges.

In this Review Article, we evaluate how delivery challenges asso-
ciated with the five classes of therapeutic—small molecules, nucleic 
acids, peptides, proteins and cells—led to the development of drug 
delivery approaches and of commercial products. By carrying out 
this analysis, we identify three core paradigms that have been used 
to overcome drug delivery challenges for each class of therapeutic 
(Fig. 1): modification of the drug itself; alteration of the environ-
ment around the drug; and creation of an interface (that is, a drug 
delivery system) that facilitates delivery by controlling the interac-
tions between the drug and its microenvironment. For each para-
digm, we outline how it can be used to push the boundaries of drug 
delivery and to address emerging challenges in the delivery of thera-
peutic live cells. We also discuss how the evolution of drug delivery 
technologies has been catalysed by each new class of therapeutic.

Classes of therapeutic and delivery challenges
For all drugs, the goal of delivery is to maximize therapeutic efficacy 
by transporting and releasing the drug (passively or actively) to the 
target site in the body and by minimizing off-target accumulation 
of the drug. This can be achieved by controlling drug PKs, reducing 

drug toxicity, increasing the accumulation of the drug at the target 
site and improving patient acceptance and compliance. Innovation 
in delivery technologies and strategies has been catalysed by the 
identification of unique delivery challenges associated with each 
class of therapeutic. In this section, we highlight the key innovations 
and their clinical and commercial successes (Table 1).

Small molecules. Small-molecule drugs (<900 daltons) such as 
chemotherapeutics, antibiotics and steroids have been identified, 
developed and used as pharmaceuticals since the late 1800s7. By vir-
tue of their size, small-molecule drugs can rapidly diffuse through 
biological fluids, across many biological barriers and through cell 
membranes8. These advantages enable small molecules to navigate 
the complex vasculature and to interact with nearly all tissues and 
cell types in the body. However, for rapid diffusion and access to 
the systemic vasculature, small molecules must be freely soluble 
in biological fluids; hence, this limits (or hampers) the therapeu-
tic utility of poorly soluble molecules9. About 90% of preclinical 
drug candidates are low-solubility compounds10, so this remains 
a challenge. Strategies to overcome low bioavailability focused on 
improving drug solubility by modulating the local microenviron-
ment (in particular, via the use of pH modifiers for small mol-
ecules with considerable pH-dependent solubility). This enabled 
clinical successes such as intravenous ciprofloxacin, which is for-
mulated with lactic acid to improve its solubility via pH modula-
tion11. Other strategies focused on altering the small molecules 
themselves to modulate their physicochemical properties for 
improved solubilization, diffusion or absorption. For example, the 
angiotensin-converting-enzyme inhibitors benazepril (brand name, 
Lotensin) and enalapril (Vasotec) are commercially formulated with 
alkyl ester prodrugs that mask ionizable groups, thereby improv-
ing the absorption and bioavailability of the drug12. Meanwhile, the 
commercial formulation of the critical protease inhibitor for HIV 
treatment ritonavir (Norvir) is thiazole-modified to improve its 
metabolic stability and aqueous solubility13.

Fundamental efforts to understand drug transport through the 
vasculature and into tissues or cells led to the establishment of PK 
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and pharmacodynamic (PD) principles14–16. As the relationship 
between PK/PD parameters and the efficacy, duration of action 
and toxicity of small molecules became clearer, early efforts focused 
on controlling the dose and dosing regimen (that is, the frequency 
of infusion and infusion rate) to improve drug efficacy17,18. These 
seminal PK studies and clinical investigations laid the foundation 
for controlled-release drug delivery systems designed to achieve 
predictable drug release kinetics over a specified period using the 
following four mechanisms of drug release: dissolution, diffusion, 
osmosis and ion exchange19. Notably, regulators have approved at 
least 16 delivery systems based on osmotic release oral systems (the 

use of osmotic pumps reduces side effects associated with the wide 
variations in drug concentration that traditional dosing caused20).

Moreover, topically applied non-invasive controlled-release 
delivery systems, such as transdermal patches, have facilitated the 
long-term administration of analgesics and smoking-cessation 
agents, which improves patient compliance21. Additionally, systems 
based on nanoparticles and microparticles have been used to over-
come solubility challenges, to enable the trafficking of small mol-
ecules to their site of action and to reduce off-target side effects. 
Nanoparticle therapeutics have been approved for a wide range of 
indications, from cancer treatment to vaccination22,23. The better 
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Fig. 1 | Classes of therapeutic and delivery paradigms. a, Each of the five generations of therapeutic (small molecules, proteins and peptides, antibodies, 
nucleic acids and cell therapies (live cells)) have their unique delivery challenges. b,c, These challenges have led to the development of the following 
delivery paradigms for improved therapeutic function: the modification of the drug or of its environment (b) and the design of drug delivery systems (c). 
Regardless of the class of therapeutic, drug delivery systems have adopted one or more strategies for drug modification or environmental modification.
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Table 1 | Challenges for each class of therapeutic and examples of clinically relevant delivery technologies that addressed these 
challenges

Class of therapeutic Challenge Example

Small molecules Controlling PK parameters (in 
particular, half-life, biodistribution, 
exposure and maximum 
concentration)

Osmotically controlled-release oral-delivery system of methylphenidate HCl 
(Concerta) to overcome the tolerance of the drug by controlling its PKs215

Improving solubility Ritonavir (Norvir), a protease inhibitor for HIV treatment, thiazole-modified for 
improved metabolic stability and aqueous solubility13

Improving permeability Benazepril (Lotensin), an alkyl ester prodrug to mask ionizable groups and increase 
lipophilicity216

Target development Ezetimibe (Zetia), a selective cholesterol-absorption inhibitor discovered through 
library screening217

Reducing off-target toxicity Naloxegol (Movantik), a PEGylated naloxone derivative to prevent crossing of the 
blood–brain barrier218

Proteins and peptides Improving physicochemical 
stability

Desmopressin (DDAVP), an analogue of vasopressin with non-natural amino-acid 
substitution for improved half-life and stability219

Controlling PK parameters 
(in particular, half-life and 
biodistribution)

Leuprolide acetate for depot suspension (Lupron Depot), a sustained-release 
microsphere formulation of luteinizing hormone-releasing hormone, providing 
extended half-life51

Non-invasive administration Insulin human inhalation powder (Afrezza), an inhaled insulin product consisting 
of microparticles formulated with fumaryl diketopiperazine to achieve suitable 
characteristics for inhaled delivery220

Bypassing biological barriers Semaglutide (Rybelsus), an oral GLP-1 agonist formulated with SNAC for improved 
absorption in the stomach46

Reducing immunogenicity Pegademase bovine (Adagen), a PEGylated protein therapy with extended half-life and 
reduced immunogenicity221

Improving target selectivity Belatacept (Nulojix), a fusion protein with amino acid substitutions for improved 
selectivity to CD86 and CD80 (ref. 222)

Antibodies Controlling PK parameters 
(in particular, half-life and 
biodistribution)

Certolizumab pegol (Cimza), the first FDA-approved PEGylated antibody fragment, it 
extends half-life and increases solubility223

Improving physicochemical 
stability

Blinatumomab (Blincyto), a lyophilized antibody with trehalose for improved stability 
of the antibody structure in the formulation224

Non-invasive administration Trastuzumab and hyaluronidase-oysk (Herceptin Hylecta), a subcutaneous depot with 
hyaluronidases for the sustained release of Herceptin225

Bypassing biological barriers Trastuzumab and hyaluronidase-oysk225

Reducing immunogenicity Panitumumab (Vectibix), the first FDA-approved fully human antibody, it reduces 
immunogenicity and prevents the generation of anti-antibodies226

Achieving high-dose requirements Tocilizumab (Actemra), a subcutaneous formulation with excipient, it delivers a high 
concentration of antibody (180 mg ml−1)227

Nucleic acids Controlling PK parameters 
(in particular, half-life and 
biodistribution)

Patisiran (Onpattro), the first FDA-approved siRNA-based therapy, the lipid 
nanoparticle improves trafficking to the liver and its uptake by target cells198

Improving physicochemical 
stability

Fomivirsen (Vitravene), the first FDA-approved antisense oligonucleotide, incorporates 
a phosphorothioate backbone modification for improved stability against nucleases228

Bypassing the target-cell 
membrane

Givosiran (Givlaari), a GalNAc–siRNA conjugate for improved uptake in liver 
hepatocytes229

Accessing the cytosol or nucleus 
following uptake

Patisiran (Onpattro), ionizable cationic lipids mediate endosomal escape following 
endocytosis198

Reducing immunogenicity Nusinersen (Spinraza), the first FDA-approved therapy for spinal muscular atrophy, 
the 2′-O-methoxyethyl phosphorothioate modification reduces immunogenicity and 
improves stability230

Preventing off-target gene editing CRISPR-CCR5-modified CD34+ cells for HIV-1 (NCT03164135); the CD34+ cells 
are edited ex vivo, and whole-genome sequencing performed after editing and after 
engraftment detects off-target effects231

Continued
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understanding of the effects of nanoparticle properties (size, shape, 

charge and surface material, in particular) on nanoparticle toxic-
ity and PKs has enabled improved control over the delivery of 
nanoparticle-based therapeutics24–27. Notably, early efforts iden-
tified the use of poly(ethylene glycol) (PEG) coatings as an effec-
tive technique to extend the circulation half-life of particles and to 
increase particle retention at tumour sites (Box 1). This led to the 
formulation of PEGylated liposomal doxorubicin (Doxil)28,29, the 
first nanoparticle therapeutic approved (in 1995) by the US Food 
and Drug Administration (FDA). Nanoparticles have since been 
extensively studied preclinically to address the outstanding chal-
lenge of site-selective delivery. Delivery systems are now widely 
used to control solubility, dosing and other delivery parameters for 
small molecules, and have subsequently been applied to each of the 
other classes of therapeutic.

Proteins and peptides. Although the foundation of drug delivery 
was built on the design needs for small molecules, their targets only 
represent 2–5% of the human genome30,31. Hence, alternative classes 
of therapeutic were needed. Peptides (2–50 amino acids) and pro-
teins (50 or more amino acids) have evolved with the human body 
to have excellent selectivity for specific protein targets. Indeed, their 
large size and diverse tertiary structures increase the points of con-
tact with specific protein pockets, granting the peptides and proteins 
higher potency and reduced toxicity than many small molecules32–34. 
As the clinical use of peptides and proteins increased, unique chal-
lenges that limited their delivery emerged35,36. Although the complex 
structure of peptides and proteins improves their potency and selec-
tivity (relative to the potency and selectivity of small molecules), it 
also contributes to their poor stability. In fact, they are readily 
degraded at ambient storage conditions, and, in vivo, are sensitive 
to the presence of ubiquitous proteases, physiological temperature 
and alterations in pH36. This is compounded by the rapid diffu-
sion of stabilizing excipients in physiological fluids37. Furthermore, 
peptides and proteins can activate the immune system through the 
immunogenicity of antigens on the protein structure or via their deg-
radation, aggregation or post-translational modification38. This typi-
cally leads to rapid drug clearance and to immunogenicity-driven 
adverse events39,40. To overcome the challenges arising from their 
structure, synthetic or humanized peptide analogues incorporate 
non-natural amino acids or are conjugated to chemical moieties 
known to improve the half-life, stability, receptor affinity or toxicity 
of the peptides or proteins (collectively referred to as drug-like prop-
erties)32,41,42. Clinical successes from these efforts are exemplified by 
desmopressin (DDAVP), an analogue of the natural peptide therapy 
vasopressin (Vasostrict) but with improved half-life and stability32.

The conjugation of PEG to a therapeutic protein is one of the 

most successful strategies for reducing protein immunogenic-
ity and for extending its half-life. PEG can shield immunogenic 
epitopes and increase the hydrodynamic diameter of the drug, 
thereby reducing its renal clearance and extending its circulation 
half-life43. Another strategy involves microenvironmental modula-
tion via the introduction of protease inhibitors that interfere with 
the degradation of the peptide or protein in physiological fluids44. 
By virtue of their large size, peptides and proteins exhibit size-based 
limitations in the penetration of biological barriers45. This inspired 
the development of penetration enhancers (such as sodium  
N-[8-(2-hydroxybenzoyl) amino caprylate]; SNAC) that modu-
late the microenvironment to buffer local gastric pH or to actively 
improve transcellular absorption of the peptide or protein. This 
strategy contributed to the recent clinical approval of semaglutide 
(Rybelsus), the first oral glucagon-like peptide (GLP-1)46.

Additional efforts towards improving the stability of peptides 
and proteins in physiological fluids, as well as their transport across 
biological barriers, led to the development of non-invasive delivery 
systems for improved patient compliance and convenience47,48. The 
focus on non-invasive delivery and the challenges associated with 
non-invasive routes of administration (oral, transdermal, inhalation 
and mucosal delivery, in particular) has played a key role in driv-
ing innovation in drug delivery strategies for peptides and larger 
therapeutics. Notable non-invasive alternatives include the follow-
ing examples: the oral delivery of cyclosporine in a self-emulsifying 
formulation that improved its solubility for increased bioavailability 
(Neoral); the use of permeation enhancers and pH modulators to 
increase the absorption of an oral GLP-1 analogue (Rybelsus); and 
the formulation of insulin with the small-molecule excipient fuma-
ryl diketopiperazine to form microparticles suitable for inhaled 
delivery (Afrezza)49,50. Research into non-invasive delivery systems 
has led to a better understanding of the kinetics of drug action, the 
biological barriers that prevent systemic drug access and the use of 
delivery systems to overcome these challenges.

Controlled-release technologies used for small-molecule thera-
peutics have similarly been adapted for peptides. An example is the 
extended release of the peptide hormone leuprolide from a micropar-
ticle depot, which reduced the number of required subcutaneous 
injections, lessened side-effects, and led to a long-term market suc-
cess (Lupron Depot)51. However, an outstanding delivery challenge is 
mimicking the natural host-regulated processes of peptide and pro-
tein secretion with stimuli-responsive delivery systems52. This is par-
ticularly important when the therapeutic replaces natural biological 
processes, such as the release of insulin in response to glucose fluctua-
tion or the pulsatile release of hormones throughout the day53,54.

Class of therapeutic Challenge Example

Live-cell therapies Controlling unpredictable PK 
parameters

Preclinical alginate-based biopolymer implants for the controlled release of CAR 
T cells directly at the site of action204

In vivo persistence and viability SIG-001, factor-VIII-secreting genetically engineered cells in an antifibrotic matrix 
(NCT04541628); it enables long-term cell persistence at the site of action203

Reducing immunogenicity Fludarabine conditioning chemotherapy for CAR T cells (NCT01865617); conditioning 
chemotherapy reduces the immune rejection of infused cells232

Maintaining therapeutic-cell 
phenotype

Sipuleucel-T (Provenge), the first FDA-approved cell-based (dendritic cell) 
immunotherapy, induces and maintains a therapeutic phenotype through ex vivo 
antigen presentation105

Targeting to disease location Matrix-induced autologous chondrocyte implantation for the maintenance of 
chondrocytes at the site of action233, the first FDA-approved cellularized-scaffold 
product

Manufacturing and scale-up Tisagenlecleucel (Kymriah), the first FDA-approved CAR T-cell therapy, established the 
manufacturing process for genetically engineered autologous cell therapies234

Table 1 | Challenges for each class of therapeutic and examples of clinically relevant delivery technologies that addressed these 
challenges (Continued)
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Antibodies. Antibodies are the predominant class of therapeu-
tic, amounting to more than 500 ongoing clinical trials and more 
than 70 clinical approvals in the United States47,55. The structure of 
antibodies (which differs substantially from that of other classes 
of biologic) allows for specific interactions between therapeu-
tic targets and the immune system (antibodies provide signals to 
the immune system by binding to cellular targets56). By binding 
to a target antigen, antibodies can neutralize it, preventing signal-
ling molecules from binding to it and initiating (undesirable) cell 
processes57. Additionally, antibodies can interact directly with host 
immune cells to initiate phagocytosis, antibody-dependent cellular 
cytotoxicity or complement-dependent cytotoxicity, triggering the 
death of undesirable cell populations58. However, the unique fea-
tures of antibodies that enable these specific interactions can also 
lead to the development of anti-antibodies, which can cause adverse 
events such as rashes at the injection site, influenza-like symptoms 

and the development of autoimmune diseases59–61. This is exempli-
fied by muromonab-CD3 (Orthoclone OKT3), the first clinically 
approved (in 1986) murine-derived mAb, which caused adverse 
events associated with both its mechanism of action and its recog-
nition as a foreign antigen by the immune system62. The drug was 
discontinued in 2010 after more favourable treatments entered the 
market63. Subsequent approvals for antibody therapies stalled until 
the 2000s owing to the immunogenicity of mouse-derived antibod-
ies64. In the intervening decade, advances in antibody manufac-
turing that allowed for the modification of the antibody structure 
itself65 enabled the production of daclizumab (Zinbryta), the first 
humanized therapeutic antibody, which is used for the treatment of 
adults with relapsing forms of multiple sclerosis, and of adalimumab 
(Humira), the first fully human antibody produced from display 
technologies66,67 and an anti-tumour-necrosis-factor (TNF) drug 
used to treat rheumatoid arthritis and many other inflammatory 
conditions. Additionally, directly modifying therapeutic antibodies 
through PEGylation, a strategy that was established for peptides and 
proteins, has improved antibody half-life and immunogenicity, and 
led to the clinical approval of certolizumab pegol (Cimzia) in 2008 
(ref. 68), which also binds to TNF and is used for the treatment of 
multiple chronic inflammatory conditions.

Because the PK/PD of antibodies can be highly variable, and their 
mechanism of action relies on engaging with the dynamic immune 
system, antibody treatments typically require high doses and inva-
sive administration69. A delivery strategy involving the use of hyal-
uronidases to modulate the local microenvironment by remodelling 
the subcutaneous space enabled the subcutaneous administration 
of high doses of antibodies and their subsequent absorption. This 
strategy led to the commercialization of hyaluronidase-based depot 
injections70. Agents that restructure the tumour microenvironment 
have also been used to facilitate the penetration of antibody-based 
immunotherapies in solid tumours71. Notably, antibodies them-
selves have been clinically used to modify the microenvironment, 
as is the case with anti-vascular endothelial growth factor (VEGF) 
therapy for the normalization of the tumour vasculature72, and 
anti-PD-1 and anti-CTLA-4 checkpoint inhibitors for improving 
the immunosuppressive tumour microenvironment73. Nearly all 
microenvironment-modulating antibody-based therapies are used 
to improve or enable chemotherapeutic efficacy (as is the case for 
the anti-VEGF antibody bevacizumab (Avastin)74).

The introduction of antibodies as a therapeutic modality along-
side continuous advancements in both small-molecule and antibody 
modifications led to the development of antibody–drug conjugates 
(ADCs)75. ADCs combine antibodies with cytotoxic small mol-
ecules to enable the delivery of drugs in a highly targeted manner 
while providing synergistic immunomodulatory functions76. For 
example, the ADC ado-trastuzumab emtansine (Kadcyla) combines 
the humanized mAb trastuzumab (a human epidermal growth fac-
tor receptor 2 (HER2)-targeted treatment for breast cancer and 
stomach cancer) with the cytotoxic molecule DM1 (also known as 
mertansine). By directing their delivery to target tissues, antibodies 
have facilitated the clinical translation of small molecules (maytan-
sinoids, auristatins and calicheamicins, in particular) that on their 
own would be too toxic for clinical use.

Nucleic acids. Although protein and peptide therapeutics have 
greatly expanded the number of druggable targets, nucleic acids 
enable the precise control of gene expression, and hence can be 
used to silence or repair aberrant genes and to drive expression of 
therapeutically relevant genes77. By virtue of the specific binding 
enabled by their nucleotide sequence, nucleic acids, and more recent 
gene-editing tools such as CRISPR, can be rationally designed to 
therapeutically manipulate the human genome78. The potential of 
nucleic acids was exemplified by the market approval (in 1998) of 
fomivirsen (Vitravene), an antisense oligonucleotide (ASO) therapy 

Box 1 | PEG as a versatile drug carrier and its clinical 
challenges

Originally reported in 1859, PEG displays unique osmotic prop-
erties and high solubilities in both aqueous and organic sol-
vents. Hence, it is used in a wide variety of industrial processes 
and in early intestinal-transit studies as an inert polymer and 
laxative235. PEG can bind a large number of water molecules, 
it is relatively safe to use in humans and it is widely used as a 
protein-conjugation polymer236–238. This PEGylation technique 
extends the circulation half-life of many proteins and reduces 
the generation of antibodies to them. The first PEGylated pro-
tein drugs were pegademase bovine and pegaspargase (Oncas-
par)239. Soon after, PEG was used to provide ‘stealth’ properties 
to liposomes. It led to their reduced uptake by the reticuloen-
dothelial system240, and ultimately to the regulatory approval of 
the first nanotherapeutic: liposomal doxorubicin. More recently, 
the stealthiness of PEG has been used to improve the circulation 
half-life of lipid nanoparticles for siRNA (patisiran)198. The origi-
nal use of PEG as a laxative has been repurposed as an environ-
mental modulator for the improved engraftment of live bacterial 
therapeutics241, while PEGylation strategies are retroactively be-
ing applied to improve the delivery of small molecules by extend-
ing their half-life and improving their solubility. This led to the 
regulatory approval of naloxegol (Movantik)242.

Therefore, PEG exemplifies how a delivery strategy initially 
developed for a single class of therapeutic can have substantial 
impacts across a broader spectrum of therapeutics. However, 
pre-existing anti-PEG antibodies in patients can increase the 
clearance of PEGylated proteins243,244 and PEGylated particles245, 
which can increase the risk of immune-related adverse events246. 
In fact, the increasing use of PEGylated products in the clinic 
highlights the importance of evaluating the safety of the 
non-therapeutic components of delivery systems. Although the 
exact mechanism underlying PEG immunogenicity is unknown, 
it has been observed in both clinical and preclinical settings 
and has sparked research on the development of alternative 
non-fouling and immunologically inert polymers. These include 
synthetic polymer alternatives such as poly(2-oxazolines) and 
polypeptides with high zwitterion density247–249 as well as actively 
immune-modulatory peptides that mediate microenvironmental 
interactions250. Interestingly, these peptides use drug modification 
and environmental modification strategies that were first 
developed for proteins to actively prevent peptide clearance by 
circulating immune cells. In turn, developments to address PEG 
immunogenicity have led to delivery approaches that may be 
adapted for other immunogenic therapeutics251.
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used for the treatment of cytomegalovirus retinitis in patients who 
are immunocompromised79. However, first-generation ASO thera-
pies saw limited clinical success owing to insufficient levels of gene 
suppression, a consequence of the inherent challenges of nucleic 
acid delivery80.

Naked nucleic acids are susceptible to nuclease degradation, 
which limits their half-life. Also, the human immune system is adept 
at identifying and eliminating foreign RNA and DNA81,82. Moreover, 
to be effective, nucleic acids need to be delivered to the cytoplasm 
of the cell (for short interfering RNA (siRNA) and messenger RNA 
(mRNA)) or to its nucleus (for ASOs, DNA and CRISPR), thus 
requiring cell internalization and endosomal escape81. These chal-
lenges have led to innovations in modification chemistries to the 
nucleobases, the sugar rings and the 3′ and 5′ ends of nucleic acids. 
This has enabled resistance against nuclease degradation, reduced 
immunogenicity and improved interactions with target cells83,84. In 
2016, nusinersen (Spinraza), a next-generation ASO, became the 
only clinically approved treatment for spinal muscular atrophy85.

Preclinically, environmental manipulations have improved the 
intracellular targeting of nucleic acids. For example, nucleic acid 
carriers can buffer endosomal pH or form lipoplexes with the endo-
somal membrane, which results in endosomal escape and cytosolic 
delivery86. Additionally, cell-penetrating peptides have been used 
to either destabilize or restructure the endosomal membrane to 
improve the intracellular delivery of nucleic acids87.

Altogether, fundamental knowledge of chemical modifications 
to nucleic acids and advances in drug delivery systems led to the fol-
lowing first clinical approvals of siRNA therapeutics: the lipid-based 
nanoparticle patisiran (Onpattro) in 2018 for the treatment of poly-
neuropathy in patients with hereditary transthyretin-mediated amy-
loidosis88,89, and the subcutaneously injected N-acetylgalactosamine 
(GalNAc) conjugate givosiran (Givlaari) in 2019 for the treatment 
of adults with acute hepatic porphyria90. These approvals represent 
an integration of drug delivery knowledge: Onpattro relied on early 
advances and mechanistic insights into the natural accumulation 
of nanoparticles in the liver91, and Givlaari resulted from extensive 
work on the use of galactose ligands to facilitate the intracellular 
trafficking of glycopeptides (and later, DNA vectors) in hepato-
cytes92,93. Also, subcutaneous administration (originally developed 
for small molecules and extensively used for biologics) slows the 
systemic absorption of siRNA–GalNAc conjugates, thereby improv-
ing their plasma exposure94. The development of Onpattro also ben-
efited from decades of research on liposomal formulations of small 
molecules (and the optimization of the size, charge and chemistry 
of lipid-based nanoparticles for human use) and on the utility of 
PEGylation (originally clinically used for liposomal doxorubicin) 
to improve drug PKs29,95,96. Most recently, advances in nucleic acid 
delivery have been highlighted by the emergency use authorization 
of COVID-19 vaccines based on chemically modified mRNA and 
delivered via lipid nanoparticles stabilized with PEG97,98 (Box 2).

Live-cell therapy. Live cells are the newest generation of therapeu-
tics. Live-cell therapies take advantage of the natural therapeutic 
functions of some cell types to regulate or enable key biological 
processes. For example, pluripotent stem cells can restore and heal 
tissues99, reprogrammed immune cells can leverage the immune 
system for vaccination and cancer treatment100,101, and microbes 
can interact with the microbiome to regulate mucosal immu-
nity, metabolic processes and chronic inflammatory processes102. 
Living cells can also be engineered. The most prominent example 
is chimeric antigen receptor (CAR) T cells. Clinically approved in 
2017, they are genetically engineered cytotoxic T cells targeted to 
specific cancer-associated antigens103. In fact, CAR T-cell thera-
pies highlight the functions and advantages of cell therapies: an 
innate ability to target sites of disease, potent activity at the site 
of action and the capacity to directly interface with the immune  

system and to proliferate in vivo104. Other FDA-approved adoptive 
cell therapies are sipuleucel-T (Provenge; for treating prostate can-
cer105) and cord-blood-derived stem cells106. Cells can also be engi-
neered to secrete drugs or to catalyse key biological reactions, and 
hence can be used as drug factory depots. Genetically engineered 
drug-secreting depots, which are beginning to be tested in clinical 
trials, protect unstable biologics during transit and can mimic natu-
ral pulsatile or stimuli-responsive delivery profiles107.

The delivery of live cells poses unique challenges. Cells are sub-
stantially larger than all other classes of therapeutic, and hence 
can be rapidly entrapped in lung capillaries and eliminated108. For 
adoptive cell therapies (and for immunotherapies in particular), 
the size of the live cells and the hostile tumour microenvironment 
result in the low penetration of the cells in solid tumours. This has 
limited their current clinical use to haematological malignancies109. 
Moreover, the viability, persistence and maintenance of efficacious 
cellular phenotypes is heavily dependent on the environment and 
host of the delivered live cells110,111. There are also pragmatic con-
cerns associated with the large-scale production of therapeutic live 

Box 2 | Drug delivery for COVID-19 therapeutics and vaccines

The COVID-19 pandemic, caused by the SARS-CoV-2 coronavi-
rus, has highlighted the importance of cross-disciplinary collab-
oration to rapidly develop (within months) effective treatments 
and vaccines252,253 as well as delivery technologies for them. 
Many vaccine candidates for COVID-19 entered clinical trials 
at an unprecedented pace254–256, in part enabled by the repur-
posing of delivery systems developed for other therapeutics257 
(oncological drugs, in particular). Vaccine delivery systems 
have used controlled-release strategies to prevent the need for 
multiple rounds of injections258 as well as non-invasive delivery 
to facilitate patient acceptance and widespread availability259,260. 
In particular, mRNA vaccines and DNA vaccines can be effec-
tive tools for responding to emergent infectious diseases because 
these vaccines can be rapidly synthesized in vitro and can rely 
on modular delivery systems with plug-and-play designs98. This 
is the case of the first two COVID-19 vaccines approved for 
emergency use in the United States (mRNA-1273, developed by 
Moderna, and BNT162b2, by Pfizer in collaboration with BioN-
Tech), which use a nucleoside-modified mRNA encoding for the 
prefusion-stabilized SARS-CoV-2 spike protein97,98. The delivery 
system for these vaccines is a lipid nanoparticle with ionizable 
cationic lipids, and was developed on the back of decades of work 
in technologies for the delivery of siRNA and mRNA261–263. The 
need for the rapid development of vaccines and for improved 
global access to vaccines has also motivated the development 
of other delivery technologies. In particular, the DNA vaccine 
INO-4800 (developed by Inovio) uses a device to facilitate the 
intradermal delivery of the vaccine via electroporation264.

COVID-19 has heightened the need for universal vaccines 
and treatments that can raise immune responses to classes of 
pathogen rather than to a single pathogen265. Live-cell therapies 
may be uniquely suited to address this; notably, two therapies 
(a living CD4+ T-helper 1 memory cell activated by attached 
CD3/CD28-coated microbeads and engineered to express  
type-1 inflammatory cytokines and immunomodulatory 
molecules, Allostim, by Immunovative Therapies; and allogeneic 
‘off the shelf ’ cardiosphere-derived cells, CAP-1002, by Capricor) 
are being clinically investigated as universal immunomodulators 
for improving patient responses to SARS-CoV-2 and other 
pathogens in patients with severe disease266,267 (NCT04623671, 
NCT00558675).
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cells. On the one hand, autologous therapies have more favourable 
safety profiles, but require extraction, processing and re-infusing 
into the same patient, which limits the scalability of the therapy112,113. 
On the other hand, allogeneic therapies can be scaled more easily, 
but need cold-chain storage and shipment, and have stringent bio-
compatibility and sterility requirements114. For instance, Provenge, 
which in 2010 became the first approved autologous cellular immu-
notherapy, is produced by exposing immune cells from a patient 
to a recombinant human protein in culture conditions to stimulate 
and direct the cells against the prostate cancer of the patient after 
re-administration105. After regulatory approval, Provenge faced 
challenges related to its manufacturing and administration, and its 
high cost and short shelf-life prevented widespread clinical adop-
tion115. Similar challenges need to be overcome for many other 
live-cell therapies116.

We expect that clinically relevant drug delivery technologies will 
improve cell therapies within the next decade. A few of the promis-
ing strategies tested in animals are the identification of materials 
that improve the engraftment of β-cells for diabetes treatment117, 
hitchhiked nanoparticles that modify the tumour microenviron-
ment for adoptive T-cell therapy118,119 and the genetic engineering 
of stem cells to serve as personalized chemotherapeutic factories120.

Three paradigms of drug delivery
We identified three core paradigms of drug delivery that span all 
classes of therapeutic: drug modifications, microenvironment mod-
ifications and drug delivery systems. In this section, we highlight 
their historical use throughout generations of therapeutics and dis-
cuss how this collective knowledge can be applied to cell therapies.

Drug modifications. The modification of a drug encompasses 
chemical alterations to its structure (such as to functional groups, 
amino acids or nucleic acid backbones) and its conjugation to 
known moieties or targeting ligands. The purpose is to modulate 
interactions between the drug and molecules, cells and tissues in 
the body as well as between the drug and its target site, allowing for 
some control over how the drug navigates and is processed within 
the body, from initial administration down to its intended function. 
Drug modifications have been used to improve the delivery for all 
classes of therapeutic (Table 2).

The physicochemical properties of small molecules have long 
been modified via the addition of known molecular entities or by 
directly altering the chemical structures of the molecules. Early 
work led to molecular-modification techniques for the synthesis of 
compounds with superior therapeutic action. Examples are lido-
caine (an isogramine derivative with improved potency, toxicity 
and duration of action121) and fentanyl (a highly potent opioid with 
a therapeutic index superior to those of morphine and its parent 
compound meperidine122,123). This laid the foundation for medici-
nal chemistry, which contributed to high-throughput screening 
technologies that allowed for the rational design and selection of 
ideal molecular properties124 and led to general structure–function 
guidelines, such as the Lipinski’s rule of five for the identification 
of suitable small-molecule pharmaceuticals125. As newer therapeu-
tics with distinct molecular structures were introduced, previous 
approaches were adapted and new strategies created. For example, 
high-throughput screening has also been applied to therapeutic 
peptides and proteins, with desirable properties typically identi-
fied via large recombinant libraries chemically synthesized using 
display technologies126,127. Peptides and proteins also required new 
modification strategies, notably the conjugation of PEG to improve 
circulation time and immunogenicity128. Drug modifications have 
been particularly important for the delivery of insulin. For example, 
long-acting formulations such as insulin glargine (Lantus), a modi-
fied human insulin with pH-dependent solubility that forms micro-
precipitates in the subcutaneous space, and degludec (Tresiba), an 

acylated insulin analogue that forms high-molecular-weight com-
plexes, were made possible via rational modifications to the struc-
ture of insulin129,130. In these formulations, insulin monomers are 
slowly released from a subcutaneous depot, thus mimicking aspects 
of natural host-mediated insulin secretion, reducing injection fre-
quency and the risk of hypoglycaemia and improving glycaemic 
control131.

Production techniques for antibody therapeutics have evolved 
from mouse immunization to phage display, which has enabled 
the identification of biocompatible therapeutics132. The advance-
ment of mAb technology has contributed to the recent successes 
of ADCs in addressing the cytotoxicity, off-target toxicity and lack 
of tissue-specific delivery of many small-molecule drugs133. The 
formulation of ADCs has benefited from drug-modification tech-
niques developed for small molecules and antibodies.

Nucleic acid therapies have also benefitted from previous conju-
gation strategies, as evidenced by the recent approval of the GalNAc–
siRNA conjugate Givlaari. Conjugate chemistries for nucleic acids 
have relied on a mix of previously established bio-orthogonal 
click-chemistry reactions and on the incorporation of conjugate 
molecules as non-nucleoside monomers during oligonucleotide 
synthesis134. In particular, chemical modifications developed for the 
2′ hydroxyl group of the ribose, for the polyadenylation of the 3′ 
end and for the replacement of the phosphodiester linkage enabled 
control over the action of nucleic acid drugs85.

Overall, drug modifications have enabled new functionalities for 
all classes of therapeutic by stabilizing them in physiological flu-
ids, by controlling their interactions on individual cells and in them 
and by modifying their interaction with their pharmaceutical target. 
Drug modifications have evolved to address the changing structural 
complexity, specificity and function of each class of therapeutic and 
are now applied and further developed for cell therapies.

Efforts to modify live-cell therapies to improve their deliv-
ery have focused on the following aspects: altering cell function 
through genetic engineering; exposing cells to external stimuli  
ex vivo to facilitate phenotype differentiation or antigen presen-
tation to immune cells; and modifying the surface of the cells via 
conjugation (cellular hitchhiking) of a drug to enhance therapeu-
tic action. These three areas represent adaptations of knowledge 
of drug-modification strategies developed for previous genera-
tions of therapeutics. For instance, by taking advantage of natural 
cell-homing processes and by using live cells as an active delivery 
vehicle, nanoparticle ‘backpacks’ on circulating blood cells can be 
delivered directly to disease sites135,136. Alternatively, cellular hitch-
hiking can be used to support the in vivo expansion and survival 
of CAR T cells or of haematopoietic stem and progenitor cells 
through the release of adjuvants118,119. These strategies rely on the 
ability to chemically modify the surface of cells without impairing 
their viability or proliferative potential, often using conjugation 
strategies earlier deployed for the PEGylation of protein drugs (as 
in N-hydroxysuccinimide ester crosslinking118,137), and have built on 
earlier uses of cells as drug carriers138. As new therapeutic functions 
and drugs are introduced alongside advances in delivery and bio-
logical manipulation (such as cell-surface conjugation strategies139), 
new applications of cellular hitchhiking136,140,141 are expected.

In addition to conjugation strategies, the use of genetically engi-
neered cells as both delivery vehicles and as in situ drug-secreting 
factories to replace the systemic delivery of small molecules, pro-
teins and peptides is promising142. Moreover, cells can be exposed 
to stimuli ex vivo to induce a natural phenotypic shift without the 
need for genome engineering. For example, the differentiation of 
stem cells can induce secretion of the biologic, and the stimulation 
of immune cells can promote antigen presentation. Modifications 
to cells can also address outstanding challenges in the site-selective 
and tissue-selective delivery of small molecules with pronounced 
off-target toxicity143. In fact, some engineered cells have been 
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effective preclinically as cancer-homing delivery vehicles for che-
motherapeutics144 or as stimuli-responsive systems for the deliv-
ery of biologics; for example, insulin-producing cells have been 
engineered to respond to blood glucose levels145. Most recently, 
nucleic-acid-based delivery strategies such as viral-vector-mediated 
CRISPR–Cas9 genome editing have been applied to the ex vivo 
editing of live cells, and there are early clinical signs of the suit-
ability of live-cell therapies for the treatment of sickle cell disease 
(ClincalTrials.gov identifier NCT03745287). Alternatively, existing 
delivery modalities such as nucleic-acid-loaded nanoparticles have 
been used as vehicles to reprogramme host cells in situ as factories 
for biologics and to overcome delivery challenges associated with 
cell therapies, including the navigation of biological barriers146–149.

We envision that a combination of genome editing, the applica-
tion of external stimuli and surface conjugation will be used to enable 
stimuli-responsive, actively targeted and self-sustaining live-cell 
therapies. The potential for combining these cell-modification 
strategies was recently illustrated in the use of cellular backpacks 
for the modulation of the antitumour phenotype of macrophages 
after adoptive cell therapy150. By using the controlled secretion of 
cytokines from cellular backpacks, macrophages were continuously 
primed in situ to maintain an efficacious phenotype in the immu-
nosuppressive tumour microenvironment, which in turn improved 
the survival and metastatic burden in mice. Cell-hitchhiking strat-
egies are currently being tested in a clinical trial (NCT03815682) 

with the T-cell therapeutic PRIMEIL-15/RPTR-147; this therapy teth-
ers interleukin-15 (IL-15) nanoparticles to the surface of T cells to 
act as an immunostimulatory agent in patients with either solid 
tumours or lymphomas151.

Microenvironmental modifications. Modifications to the environ-
ment encompass a spectrum of approaches, from highly targeted 
changes at the site of action to systemically administered adjuvants 
that alter the host environment. Collectively, environmental modi-
fications represent a broad drug delivery strategy that can aid in the 
navigation of biological barriers (Table 3).

For small molecules, excipients were developed to enhance drug 
solubility in physiological fluids by altering the local pH152–154. For 
biologics, given their larger size and the limitations that this imposes 
on the crossing of epithelial barriers, permeation enhancers, subcu-
taneous dispersion enhancers and other environmental modifiers 
were needed to facilitate the systemic absorption of biologics44,70. For 
nucleic acids, their entry into intracellular compartments limits their 
interactions with gene targets; hence, previous strategies were adapted 
to modify endosomal pH, and cell-penetrating peptides and cationic 
lipids were introduced to improve intracellular uptake, endosomal 
escape and nuclei targeting155,156. These approaches facilitated the 
recent clinical translation of the siRNA therapeutic Onpattro, which 
uses ionizable cationic lipids to aid the restructuring of the endosome 
after endocytosis and the escape of the siRNA into the cytosol157,158.

Table 2 | Drug modifications and selected clinical examples

Class of therapeutic Modification Example

Small molecules Modification of functional groups Ritonavir (Norvir)

Masking undesirable chemical groups Benazepril (Lotensin)

High-throughput and combinatorial chemistry 
libraries

Ezetimibe (Zetia)

Conjugation of targeting ligands Vintafolide (NCT00511485)

PEGylation Naloxegol (Movantik)

Peptides and proteins Alterations to the amino acid sequence Belatacept (Nulojix)

Alteration of intramolecular bonding Cyclosporine A (Sandimmune)

Addition of non-natural amino acids Desmopressin (DDAVP)

Chemical backbone modifications Cyclosporine A

PEGylation Pegademase bovine (Adagen)

Antibodies Affinity maturation and variable-region 
engineering

Ramucirumab (Cyramza), obinutuzumab (Gazyva)

Antibody humanization Daclizumab (Zinbryta), panitumumab (Vectibix)

Modification of Fc binding to the neonatal Fc 
receptor

MEDI4893 (NCT02296320), Ravulizumab (Ultomiris)

Modification of antigen binding for pH 
responsiveness

Ravulizumab

Conjugation to PEG Certolizumab pegol (Cimzia)

Conjugation to small molecules Brentuximab vedotin (Adcetris)

Nucleic acids Codon optimization and chemical nucleotide 
modifications

Patisiran (Onpattro), givosiran (Givlaari), nusinersen (Spinraza)

Chemical backbone modifications Fomivirsen (Vitravene), givosiran

Conjugation to targeting ligands Givosiran

Live-cell therapies Surface conjugation PRIMEIL-15/RPTR-147 (NCT03815682)

In situ delivery of nucleic acids for host-cell 
reprogramming

Janssen COVID-19 vaccine, recombinant p53 adenovirus (Gendicine)

Exposure to external stimuli Sipuleucel-T (Provenge)

Genetic engineering Tisagenlecleucel (Kymriah), CTX001 (NCT03745287), RTX-240 
(NCT04372706)
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Modulators of the microenvironment can also be used to alter 
physiological fluids or mechanical processes that hinder drug 
action. For small-molecule drugs, a set of defined excipients have 
been developed to improve the uptake of the drugs in the small 
intestine by extending the intestinal transit time or by increasing 

their blood circulation time via the active inhibition of specific 
metabolic mechanisms153,154. For proteins and peptides, pH modi-
fiers such as citric acid were repurposed from small-molecule solu-
bilizers to inhibit proteolysis and to improve the stability of proteins 
and peptides in physiological fluids159. Additionally, systemically 
administered steroids have been used to modulate the immune 
environment and to prevent adverse reactions to protein thera-
peutics and nucleic acid therapies89,160. Collectively, environmental 
modifications can direct the passage of therapeutics through bio-
logical barriers and improve their efficacy in diseased tissues. These 
modifications, whether targeted or systemic, are now being applied 
to live-cell therapies.

Cell therapies require knowledge of how to precisely tune the 
microenvironment to improve their trafficking to the target site 
(and hence their efficacy). Also, the gene-expression profile of cells 
(and hence their phenotype) can shift in response to signals from 
the environment. Clinically, microenvironmental strategies have 
been applied to CAR T-cell therapy to address challenges associated 
with solid tumours, such as a hostile microenvironment with high 
interstitial pressure, abnormal vasculature and suppressive immune 
signalling161. In particular, early clinical trials of CAR T cells admin-
istered cytokines systemically to restructure the immunosuppres-
sive tumour microenvironment and to support T-cell expansion162, 
but this strategy led to notable toxicity163,164. Hence, rather than sys-
temic cytokine administration, CAR T cells were then engineered 
to constitutively secrete their own cytokines165. Later, inducible 
armoured CAR T cells that secrete cytokines only in the tumour 
microenvironment166 (‘safety switches’) further limited the toxicity 
of cytokine administration while retaining their ability to restruc-
ture the tumour microenvironment at the site of action to support 
T-cell expansion167.

Living biological therapeutics—in particular, bacteria for cor-
recting aberrant metabolic processes, halting cancer initiation 
or progression, or treating chronic inflammatory conditions102—
have also required extensive microenvironment manipulations 
to improve their delivery. Because the native microbiome acts as 
a delivery barrier, small-molecule therapeutics such as antibiot-
ics, as well as defined biocompatible polymers such as PEG, have 
been repurposed as microenvironment modulators to improve the 
engraftment and persistence of living biological therapeutics in the 
gastrointestinal tract168. This highlights the benefit of using previ-
ously defined therapeutics as delivery strategies. In fact, preclinical 
and clinical research on cytokines for immunotherapy169 and anti-
biotics for infection treatment170 have enabled their repurposing as 
microenvironmental modulators for live-cell therapies.

Live cells are also particularly promising because of their abil-
ity to modify and interact with the microenvironment; for exam-
ple, macrophages can be used to actively traffic therapeutics across 
the blood–brain barrier171,172. By combining genetic engineering 
with knowledge of microenvironmental manipulations, cell thera-
pies can be engineered to actively sense, respond to and subse-
quently restructure their microenvironments (as exemplified by 
stimuli-responsive armoured CAR T cells). Alternatively, they can 
sense environmental cues to regulate gene expression and pro-
tein secretion (in the intestinal tract and at tumour sites173,174, for 
instance). This level of precise environmental responsiveness has 
been mimicked in non-biological systems for decades.

Drug delivery systems. Modifications to the drug and to its micro-
environment can adjust and optimize the activity of the drug. Drug 
delivery systems can combine these two strategies by building an 
interface between the drug and its microenvironment (Table 4).

The foundational years of modern drug delivery determined 
that altering the rate of release of a drug in the body can shift its 
PK parameters, in particular its biodistribution, its half-life, total 
drug exposure over time and its maximum concentration in 

Table 3 | Environmental modifications and selected clinically 
relevant examples

Class of 
therapeutic

Modification Example

Small molecules Addition of 
solubilizing excipients

Ciprofloxacin (Cipro IV)

Inhibition of clearance 
pathways

Co-administration of 
penicillin and probenecid

Inhibition of drug 
metabolism

Not yet in clinical trials

Peptides and 
proteins

Use of protease 
inhibitors

Calcitonin-salmon (TBRIA)

Use of pH modifiers Semaglutide (Rybelsus), 
calcitonin-salmon

Use of permeation 
enhancers

Semaglutide, octreotide 
(Mycapssa)

Use of 
immunomodulators

Enzyme replacement 
therapy co-administered 
with methotrexate in Pompe 
disease

Use of hyaluronidases Hylenex administration with 
insulin (NCT01848990)

Antibodies Use of enzyme 
inhibitors

Not yet in clinical trials

Use of pH modifiers Adalimumab (Humira)

Use of permeation 
enhancers

Not yet in clinical trials

Use of 
immunomodulators

Infliximab (Remicade) 
co-administered with 
methotrexate

Use of dispersion 
enhancers

Trastuzumab and 
hyaluronidase-oysk 
(Herceptin Hylecta)

Nucleic acids Use of 
immunomodulators

Patisiran (Onpattro), 
givosiran (Givlaari)

Use of endosomal-pH 
modifiers

Not yet in clinical trials

Use of 
endosomal-release 
agents

Patisiran

Live-cell therapies Use of signalling 
molecules to support 
in vivo cellular action

Constitutive IL-12-secreting 
CAR T cells (NCT02498912)

Modification 
of the tumour 
microenvironment 
(normalization of 
vascularization, 
substrate depletion 
or modification of the 
extracellular matrix)

EGFR–IL-12 CAR T cells 
(NCT03542799)

Use of 
immunomodulators

TGF-β-insensitive CAR T cells 
(NCT03089203), RTX-240 
(NCT04372706)
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serum175. Although changing the dose, the frequency of the dose 
and the infusion rates can influence these parameters, the introduc-
tion of controlled-release delivery systems enabled a higher level 
of control176,177. These systems included hydrogels and polymeric 
implants based on the four mechanisms of controlled release—dis-
solution, diffusion, osmosis and ion exchange—and microparticles 
and nanoparticles, which allow for particle-surface modifications 
to enhance drug half-life and the targeting of particular tissues 
through specific interactions with the microenvironment19,178. 
Notably, these systems enabled the reformulation of small mol-
ecules for controlled release, such as the formulation of nifedipine 
(Adalat; a calcium-channel blocker), which extended the efficacy of 
the drug and reduced its side effects179. Polymers with controllable 
degradation, erosion and in situ formation formed the basis of many 
controlled-release systems. For example, enteric coated capsules with 
pH-responsive behaviour can be used to release the drug payload in 
specific locations of the gastrointestinal tract180, which exemplifies a 
central advantage of drug delivery systems: physical protection of a 
drug from a hostile environment181. Controlled-release systems were 
applied to many formulations of small molecules. A notable exam-
ple is the transdermal patch Duragesic (Fig. 2a) for the non-invasive 

systemic delivery of the opioid fentanyl (originally developed as an 
analogue of meperidine, but with improved potency and therapeu-
tic index) with ethanol as a permeation enhancer122,182.

The foundation of controlled-release technologies developed for 
small molecules was essential for the development of delivery strat-
egies for therapeutic peptides and proteins, for which short drug 
half-lives necessitated frequent and invasive injections. In this context, 
the efficacy of peptide therapeutics was bolstered by sustained-release 
systems—a subset of controlled-release systems that aims to main-
tain therapeutic drug concentrations for extended time periods. One 
of the earliest examples of such a system involved leuprolide acetate, 
formulated in microspheres (Lupron Depot) that release the therapeu-
tic for up to 6 months183. This served as a model of sustained release 
that was then applied to a number of other peptide therapeutics184. 
Few sustained-release delivery systems for larger proteins have been 
approved by regulators. Examples include an injectable suspension of 
somatropin (Nutropin Depot), a microsphere-based sustained-release 
protein formulation that was approved in 1999 and subsequently 
withdrawn from the market, and the INFUSE Bone Graft (developed 
by Medtronic), an absorbable collagen sponge used for the release of 
bone morphogenetic protein-2 in spinal-fusion procedures185.

Table 4 | Drug delivery systems and selected clinical examples

Class of therapeutic System Examples

Small molecules Controlled-release capsules Methylphenidate HCl (Concerta), fexofenadine and 
pseudoephedrine (Allegra D)

Controlled-release implants Etonogestrel implant (Nexplanon), fluocinolone (Retisert)

Inhalable devices Albuterol inhalation (Proventil HFA), budesonide/formoterol 
(Symbicort)

Transdermal patches Fentanyl transdermal system (Duragesic), transdermal nicotine 
(NicoDerm CQ)

Stimuli-responsive drug release Verteporfin for injection (Visudyne)

Microparticles Risperidone (Risperdal Consta)

Nanoparticles Doxorubicin (Doxil), protein-bound paclitaxel (Abraxane)

Targeted delivery Ado-trastuzumab emtansine (Kadycla)

Peptides and proteins Controlled-release microparticle depots Leuprolide acetate (Lupron Depot), somatropin (Nutropin Depot; 
withdrawn)

Targeted delivery systems No clinical products yet

In-situ-forming polymer matrix Leuprolide acetate (Eligard)

Implants Leuprolide acetate implant (Viadur)

Non-invasive delivery systems Inhalation powder of human insulin (Afrezza), semaglutide 
(Rybelsus)

Antibodies ADCs Brentuximab vedotin (Adecetris), ado-trastuzumab emtansine 
(Kadcyla)

Minimally invasive subcutaneous injections combining 
humanized antibodies with dispersion enhancers

Trastuzumab and hyaluronidase-oysk (Herceptin Hylecta)

Non-invasive delivery systems Inhalation powder of anti-IL-13 antigen-binding fragment 
(NCT02473939)

Nucleic acids Lipid-based nanoparticles Patisiran (Onpattro), mRNA COVID-19 vaccines

Viral vectors Recombinant human p53 adenovirus (Gendicine; not approved in 
the United States), Janssen COVID-19 vaccine

Polymer conjugates Pegaptanib (Macugen)

Targeting-ligand conjugates Givosiran (Givlaari)

Live-cell therapies Scaffolds to sustain cell populations near the site of 
action

Matrix-induced autologous chondrocyte implantation (MACI)

Microparticles and microparticle implants SIG-001 (NCT04541628)

Drug-secreting therapeutic bacteria AG019 (NCT03751007)

Cellular hitchhiking PRIMEIL-15/RPTR-147 (NCT03815682)
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Drug modifications have been essential for the development of 
non-invasive controlled-release delivery systems for protein and 
peptide therapeutics. Peptides and proteins have been rationally 
designed to control their solubility (this is the case for insulin) and 
to improve their stability (as with desmopressin) and therefore their 
PKs. A notable example is the GLP-1 analogue semaglutide, which 

exhibits better enzymatic stability than other clinically approved 
GLP-1 agonists46. Rybelsus combines the stability advantages of 
semaglutide (a modified peptide with amino acid substitutions and 
a carbon chain addition) with environmental modifications that 
buffer the local pH to facilitate safe transport of the drug through 
stomach acids and to enhance its permeation across the epithelium46 

a

b

c

d

e

Fig. 2 | Delivery systems integrating drug modifications and environmental modifications. The integration of drug modifications (left) and environmental 
modifications (right) into drug delivery systems (middle) has been applied across all classes of therapeutic. Shown are clinical examples of multifunctional 
delivery systems for all five classes of therapeutic. a, A small-molecule analogue with a permeation enhancer (trade name, Duragesic). b, An amino-acid- 
modified peptide with a permeation enhancer (Rybelsus). c, A humanized mAb with hyaluronidase for subcutaneous restructuring (Herceptin Hylecta).  
d, A chemically modified siRNA with ionizable lipids for endosomal escape (Onpattro). e, A genetically engineered cell for the secretion of factor VIII in an 
immune-modulating polymer matrix (SIG-001).
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(Fig. 2b). In some cases, a delivery system can reduce or eliminate 
the need for environmental modulators altogether, as is the case for 
a vesicular system (from Diasome Pharmaceuticals) that shields 
orally administered insulin from enzymes during transit186.

For antibody therapeutics, dispersion enhancers have enabled 
the controlled release of antibodies following subcutaneous 
injections. One such system, a combination of trastuzumab and 
hyaluronidase-oysk (Herceptin Hylecta), delivers the humanized 
antibody trastuzumab (Herceptin) using hyaluronidases to facili-
tate its enhanced dispersion in the subcutaneous space via hyal-
uronan degradation, thus allowing for greater injection volumes 
and for subsequent systemic absorption70,187 (Fig. 2c). By enabling 
subcutaneous injection in lieu of intravenous infusions, this sys-
tem improves patient acceptance and convenience. Remarkably, six 
approved ADCs (Mylotarg, Adcetris, Besponsa, Polivy, Padcev and 
Trodelvy)75,188 were developed with targeting antibodies that do not 
show clinical efficacy on their own76. Still, a few ADCs use mAbs 
with validated therapeutic efficacy (this is the case of Kadcyla, 
which uses Herceptin), illustrating that they can act as multifunc-
tional therapeutics (that is, an ADC can combine two anticancer 
drugs as a single treatment189).

Nucleic acids have greatly benefitted from drug delivery sys-
tems. This is exemplified by the recently approved siRNA therapeu-
tic Onpattro, a lipid-based nanoparticle with chemically modified 
siRNA for cell targeting, uptake and endosomal escape (Fig. 2d). 
Early work on cationic liposomes and lipid–nucleic-acid complexes 
showed their utility for nonviral gene therapy. They enabled the 
encapsulation of negatively charged nucleic acids with high effi-
ciency, and their surface charge improved active cellular uptake 
and endosomal escape in vivo190–193. However, toxicity, comple-
ment activation and poor biodistribution led to the development of 
lipid-based delivery systems specifically for siRNA, including lipid 
nanoparticles that incorporated PEGylated, neutral and ionizable 
cationic lipids as stable carriers194–196. The inclusion of an ionizable 
cationic lipid was particularly important, as it retained the advan-
tages of liposomes, including high loading efficiencies and endo-
somal escape, and improved siRNA delivery efficiency by reducing 
toxicity and improving biodistribution197. Lipid nanoparticles are 
now being investigated more broadly for the delivery of nucleic 
acids, including mRNA198. In fact, for the mRNA-based COVID-19 
vaccines, the use of lipid nanoparticles and nucleoside modifica-
tions improve the stability and translation efficacy of the delivered 
nucleic acid (Box 2). Generally, delivery systems can improve the 
stability, targeting and PKs of drugs, and package modified thera-
peutics with microenvironmental modifiers to better control the 
interactions of drugs with molecules, cells and tissues in the human 
body.

New and repurposed delivery systems will be essential for the 
clinical translation of cell therapies (Fig. 2), particularly those that 
combine cell modifications (such as genetic engineering, surface 
conjugation or stimulus exposure for antigen presentation or cel-
lular differentiation) with microenvironmental modifications (such 
as the secretion, presentation or co-delivery of cytokines, antibodies 
or small molecules). A number of existing drug delivery systems 
have been optimized for the protection, targeting and activation 
of cell therapies. In one example, induced insulin-secreting β-cells 
to treat type-1 diabetes were encapsulated in polymer implants to 
extend the viability of the cells and the maintenance of blood glu-
cose levels117. By using chemically modified alginate, the implant 
minimizes the formation of a fibrotic capsule (the natural response 
in the local microenvironment)199. This leverages knowledge 
accumulated through decades of research across all generations 
of therapeutics. The chemically modified alginate polymer was 
selected for its antifibrotic characteristics by using high-throughput 
small-molecule screening, a technique originally developed for 
small molecules199,200, and the use of alginate dates back to the 

first alginate-based clinical system (Emdogain) for protein deliv-
ery201. The functional human pancreatic β-cells also rely on a 
drug-modification strategy used in stem cell differentiation to turn 
haematopoietic stem and progenitor cells into insulin-secreting 
depots117,202. This example also highlights how the combination of 
drug modifications (differentiated cells for secretion of biologics) 
with microenvironment modifications (immune-modulating algi-
nate) can be used to optimize delivery systems for live cells. Similar 
microencapsulation systems are being developed for phase I human 
trials for the treatment of haemophilia (SIG-001) by protecting and 
delivering epithelial cells genetically engineered to secrete factor 
VIII203 (Fig. 2e). Furthermore, alginate-based polymer implants 
have been used preclinically for the sustained release of engineered 
CAR T cells directly at the tumour site and to simultaneously sup-
port their in vivo expansion204. This system leverages knowledge 
of the tumour microenvironment and its immune interactions to 
develop microparticles that both activate CAR T cells by mimicking 
antigen presentation and to restructure the tumour microenviron-
ment to support CAR T-cell growth through the release of soluble 
cytokines. This shows the utility of integrating the three primary 
delivery strategies: genetically modified CAR T cells for therapeu-
tic function, microenvironment-modulating particles to support 
those functions and the packaging of them in a controlled-release 
delivery system for the mediation of cell–environment interactions. 
This example holds similarities with the cellular-hitchhiking strat-
egy in PRIMEIL-15/RPTR-147, which combines a live-cell therapy 
with environmental modulators to improve T-cell persistence and 
expansion151.

As new cell therapies are introduced, new biomaterials synthe-
sized and characterized and immunomodulatory mechanisms bet-
ter defined, we expect delivery systems developed for cell therapies 
to also benefit earlier classes of therapeutic. In particular, challenges 
related to immune activation following the transplantation of live 
tissues or cells have led to advances in immune-modulatory bio-
materials that can control host tolerance205. This is apparent in the 
example highlighted earlier in this section: the requirement for 
sustained β-cell action led to the development of fibrosis-resistant 
biomaterials (Afibrotek) that can now be used with any class of 
therapeutic. However, the manufacturing and scale-up of cell thera-
pies faces considerable challenges. Existing good manufacturing 
practices and quality-by-design principles are difficult to apply 
to live-cell therapies owing to their sensitivity to environmental 
changes, which poses challenges in the maintenance of cell viability 
and sterility as well as substantially increased costs206. One key out-
standing challenge for cell therapies is the identification of critical 
attributes that can be used to ensure therapeutic quality and function 
following production113. Efforts to improve the safety of allogeneic 
cell therapies, which require simpler manufacturing practices207, and 
technologies that streamline ex vivo cell modification show prom-
ise for addressing these challenges. For example, microfluidic-based 
systems (developed by SQZ Biotech) are being used in a clinical trial 
to rapidly (less than 24 hours) engineer immune cell therapies ex 
vivo208 (NCT04084951). Moreover, in situ cell modification strat-
egies that aim to redirect host cells as live therapies may reduce 
or eliminate the need for ex vivo cell manufacturing in specific 
instances209. For example, targeted nucleic acid carriers can engineer 
therapeutic host cells (such as CAR T cells146, biologic-secreting 
depots149 and live-cell vaccines210), immune-modulation and micro-
environmental modulation can induce therapeutic cell-mediated 
immune responses114,211,212, and biomaterials can be used as artificial 
antigen-presenting cells for host immune-cell priming204,213.

Outlook
Drug delivery has evolved alongside generations of therapeutics—
from small molecules to proteins and peptides, to nucleic acids 
and, most recently, to live-cell therapies. Delivery challenges for 

Nature Biomedical Engineering | www.nature.com/natbiomedeng

https://clinicaltrials.gov/ct2/show/NCT04084951
http://www.nature.com/natbiomedeng


Review ArticleNATuRe BIomeDIcAl EngIneeRIng

each of these classes of therapeutic (Table 1) have been addressed 
through drug modifications (Table 2) and microenvironmental 
modifications (Table 3). In fact, multifunctional delivery systems 
have improved delivery for all classes of therapeutic (Fig. 1), with 
delivery systems with superior control over drug action (Table 4) 
often combining drug modifications and environmental modifica-
tions (Fig. 2).

During the evolution of drug delivery, established delivery  
approaches have been applied to improve the translation of emerg-
ing therapeutic modalities, as exemplified by the application 
of controlled-release and sustained-release systems (originally 
developed for small molecules) across the therapeutic spectrum. 
Conversely, delivery strategies and technologies developed for new 
therapeutic modalities have then been adapted to improve the deliv-
ery of older therapeutics. For example, PEG conjugation was applied 
to proteins before it was used to improve the delivery of small mole-
cules (Box 1), and high-throughput screening techniques first devel-
oped to optimize small-molecule therapies have helped to identify 
microenvironment-modulating materials for live-cell delivery (as 
exemplified by the clinical use of immune-modulating polymers 
for SIG-001, an extended cell therapy depot that secretes human 
factor VIII for the treatment of haemophilia A). Environmental 
modifiers have also been repurposed across classes of therapeutic, 
including cytokines for the modification of the tumour microenvi-
ronment in cell-based immunotherapies, antibiotics for the engraft-
ment of living biological therapeutics and chemically synthesized 
cell-penetrating peptides for improving the intracellular delivery of 
nucleic acids and small molecules214. Moreover, advancements made 
in the context of one class of therapeutic have facilitated the clinical 
translation of therapeutics belonging to other classes. For example, 
therapeutic antibodies have been used as drug modifiers for small 
molecules (in the form of ADCs). These leverage the specificity of 
the antibody to facilitate site-specific delivery and have enabled the 
clinical translation of cytotoxic compounds with unacceptably high 
levels of toxicity (one example is monomethyl auristatin E, a syn-
thetic antineoplastic small molecule).

An analysis of the existing landscape of therapeutics and 
delivery approaches (drug modifications and environmental 
modifications) suggests that there are three general outstanding 
challenges: targeted delivery with single-cell or cell-compartment 
resolution, overcoming biological barriers that limit the delivery 
of complex therapeutic molecules and the development of drug 
delivery systems that rapidly secrete biomolecules in specific 
tissues at specific times and concentrations in response to envi-
ronmental cues. Although these challenges will not prevent the 
implementation of the majority of therapeutics, we believe that 
cell therapies can address them simultaneously and lead to effec-
tive single-dose drug delivery systems. Indeed, cell therapies can 
provide a sustained source of complex biologics, negotiate bio-
logical barriers and respond to host cues in ways that mimic natu-
ral biological processes. As such, cell therapies can act both as a 
dynamic delivery system and as a therapeutic. Cell therapies are 
therefore particularly suited for the treatment or the management 
of rare blood disorders (such as haemophilia and sickle cell dis-
ease), poorly responsive cancers and metabolic genetic disorders. 
And by virtue of them mimicking key biological processes (for 
example, host-responsive insulin secretion), advanced cell ther-
apies may reduce dosing frequency and the need or number of 
certain medical interventions. If history is a guide, cell therapies 
will take advantage of established approaches to modify drugs 
and their microenvironment to control drug action, efficacy and 
toxicity; conversely, specific improvements to the approaches will 
benefit the other classes of therapeutic.
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