
Polymer–drug conjugate therapeutics are pharmacolo
gically active macromolecular constructs comprising one 
or more therapeutic agents — including small molecules, 
peptides, proteins and aptamers — covalently bound to a 
polymeric carrier. The conjugation of bioactives to poly
mers confers numerous benefits, including enhanced 
drug solubilization, controlled delivery, increased effi
cacy and improved pharmacokinetics. Although the 
first polymer–drug conjugate was reported in 1955 by 
Jatzkewitz (Box 1), the field of polymer therapeutics was 
propelled by the seminal work of Ringsdorf, Kopecek 
and Duncan, among others, in the 1970s1–3. The tangible 
clinical utility of polymer conjugation was realized in 
1990 with the first market approval of a polymer–protein 
conjugate, Adagen, an enzyme replacement therapy for 
adenosine deaminase deficiency in patients with severe 
combined immunodeficiency.

Since these pioneering efforts, the field of polymer– 
drug conjugates has exhibited remarkable growth. 
Advances in synthetic polymer chemistry and materials 
engineering are expanding the repertoire of available 
materials, architectures and functionalities. In particu
lar, responsive and multifunctional carriers afford the 
exciting opportunity to use rational design and precise 
molecular engineering to control and optimize the 
delivery of therapeutic agents. Integrating the present 
versatility of polymer–drug conjugate design with our 
growing understanding of the complex pathophysiology 
of various indications will transform drug development 
efforts as well as treatment paradigms.

In this Review, we discuss recent advances in the 
preclinical and clinical development of different classes 
of polymer–drug conjugates, including polymer– 
protein and polymer–small molecule drug conjugates, 
dendrimers and polymer nanoparticles (Fig. 1). For the 

purposes of this Review, antibody fragments are grouped 
with proteins, given their size and structural similarity. 
Although peptides are similar to proteins in their com
position, they are grouped with small molecule drugs 
owing to their size as well as their regulatory classifi
cation. We focus, in particular, on polyethylene glycol 
(PEG) for protein conjugation, given that it has exhibited 
the greatest clinical success thus far. Central design con
siderations, including choice of linker chemistry, imple
mentation of responsive modalities and integration of 
targeting moieties, are also discussed. We additionally 
highlight the design and development of sophisticated 
multifunctional systems that enable the simultaneous 
implementation of multiple therapeutic and/or imaging 
modalities in a single macromolecular carrier. Despite 
the progress achieved in the field, several obstacles cur
rently impede the clinical translation of polymer–drug 
conjugate therapeutics. We therefore provide an over
view of present translational challenges and discuss 
future prospects.

Classes of polymer–drug conjugates
Polymer–protein conjugates
The launch of recombinant insulin in 1982 propelled 
a remarkable upsurge in the development of protein 
therapeutics4. However, despite their clinical value, 
these agents commonly suffer from poor stability, rapid 
clearance and immunogenicity5–8. Pioneering work 
by Abuchowski et al. in 1977 demonstrated the util
ity of conjugation with PEG in ameliorating protein 
immunogenicity, improving solubility and extending 
the plasma half life9,10. PEG is a highly water soluble, 
flexible, uncharged and biocompatible polymer that is 
widely used as an excipient in the pharmaceutical indus
try. When bound to a protein therapeutic, PEG shields 
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antigenic epitopes via steric repulsion, thereby reducing 
the immunogenicity of the agent5. Additionally, steric 
repulsion prevents degradation by proteolytic enzymes, 
as well as opsonization and subsequent clearance by the 
mononuclear phagocyte system (MPS). The increase in 
molecular mass and hydrodynamic radius conferred by 
polymer conjugation further reduces plasma clearance 
by renal filtration. The subsequent improvements in 
protein stability, plasma half life and immunogenicity 
reduce the frequency of dosing and improve the overall 
safety profile of the therapeutic agent.

The first marketed PEG–protein therapeutic, 
Adagen, received clinical approval in 1990 (reF.11). 
Adagen is a PEG–adenosine deaminase conjugate 
used for the treatment of severe combined immuno
deficiency caused by an inherited deficiency of the aden
osine deaminase enzyme (that is, ADA SCID)12. The  
clinical utility and impact of PEGylation have since been 
firmly established, with several PEG–protein conjugates 
receiving approval as therapies for a variety of indica
tions, including hepatitis C, acute lymphatic leukae
mia and rheumatoid arthritis13 (TABle 1). Furthermore, 
PEGylation is not limited to proteins; nucleic acids can 
be PEGylated to reduce renal clearance and extend the 
circulation half life of, for example, aptamer therapeu
tics, including the approved drug pegaptanib sodium 
(Macugen) for macular degeneration14,15. These suc
cesses have encouraged the growth of a substantial 
pipeline of PEGylated proteins, including enzymes, 
cytokines, growth factors and antibodies, entering into 
clinical evaluation11 (TABle 2).

Applications. A popular application of PEGylation 
has been to improve on the characteristics of an estab
lished protein therapeutic. For example, pegaspargase 
(Oncaspar) is a PEG–L asparaginase conjugate that was 
approved in 1994 for the treatment of acute lympho
blastic leukaemia16. Oncaspar exhibits an extended 
plasma half life of 357 hours compared with 20 hours 
for the unmodified asparaginase enzyme, reducing the 
frequency of dosing from 2–3 times per week to a sin
gle biweekly dose. The immunogenicity of the native 
enzyme is also minimized, enabling the treatment of 
patients who exhibit hypersensitivity reactions to the 
native enzyme. Interestingly, despite the increased cost 
per dose, the PEGylated protein provides cost savings 
of up to 78%, on an inpatient basis, compared with 
unmodified L asparaginase, demonstrating the potential 
for new therapeutic technologies to improve outcomes 
while reducing costs17. Another example of improve
ment on established drugs is provided by the PEG– 
epoetin beta conjugate, Mircera, which received approval 
for the treatment of renal anaemia in patients with 
chronic kidney disease (CKD) in 2007. Mircera exhib
its an extended plasma half life of 134 hours compared 
with other erythropoiesis stimulating agents (ESAs), 
which have plasma half lives of <25 hours18, enabling 
extended dosing intervals and potentially reducing the 
costs associated with anaemia management in patients 
with CKD19,20.

The improvements in pharmacokinetics afforded 
by protein PEGylation have similarly transformed 
the treatment of several other indications, includ
ing chronic hepatitis C and chemotherapy induced 
neutropenia. In the treatment of chronic hepatitis C, 
peginterferon alfa2b (PegIntron) and peginterferon 
alfa2a (Pegasys) provide enhanced efficacy and 
increased rates of sustained virological response via a 
single weekly dose compared with three weekly doses 
of the unmodified interferon α2b and interferon α2a, 
respectively21,22. Pegfilgrastim (Neulasta), a PEGylated 
granulocyte colony stimulating factor (G CSF) indi
cated for the treatment of chemotherapy induced 
neutropenia, exhibits equivalent efficacy as a single 
dose per chemotherapy cycle relative to 11 daily injec
tions of unmodified G CSF23. This can be attributed 
to a significant reduction in the renal clearance of the 
PEGylated protein, which in turn allows self regulating, 
neutrophil mediated clearance to dominate. That is, as 
Neulasta increases the production of neutrophils and 
neutrophil precursors, these cells clear the therapeutic 
from circulation.

In addition to therapeutic benefit, PEGylation can 
improve the design of existing protein therapeutics. For 
example, although the antigen binding fragment (Fab′) 
of an antibody can be produced more easily and at lower 
cost relative to the full protein, the Fab′ generally exhibits 
shorter circulation times. PEGylation addresses this lim
itation as exemplified by certolizumab pegol (Cimzia), 
a PEGylated anti tumour necrosis factor (TNF) Fab′ 
that exhibits a half life of 14 days and is administered 
as a single biweekly dose24. Of note, antibody fragments 
are grouped here with proteins given their size and  
structural similarity.

Box 1 | The first polymer–drug conjugate

The first synthesis of a polymer–drug conjugate was reported in 1955 by von Horst 
Jatzkewitz84. Jatzkewitz hypothesized that the conjugation of the psychedelic 
alkaloid, mescaline, to a copolymer of N- vinylpyrrolidone and acrylic acid, would 
provide a controlled release form of the bioactive. He reasoned that the non- 
physiological, high- molecular-mass polymer carrier would increase the in vivo 
residence time of mescaline. meanwhile, incorporation of a physiological dipeptide 
linker of glycine and leucine would afford enzymatic cleavage and release of the 
active agent.

Jatzkewitz monitored the urinary excretion of mescaline in mice that  
received intraperitoneal or subcutaneous injections of mescaline hydrochloride, 
glycine- leucine-mescaline hydrochloride, a mixture of the polymer carrier  
with glycine- leucine-mescaline hydrochloride, polymer- conjugated glycine- leucine- 
mescaline or a polymer conjugate of mescaline without the dipeptide linker. mescaline 
is rapidly cleared in animals receiving either intraperitoneal or subcutaneous injections 
of mescaline hydrochloride, glycine- leucine-mescaline hydrochloride or a mixture of 
the polymer vehicle with glycine- leucine-mescaline hydrochloride, with excretion 
products falling below the detection limit within 16 hours after administration. 
However, animals that receive either subcutaneous or intraperitoneal injections of 
polymer- conjugated glycine- leucine-mescaline exhibit detectable mescaline excretion 
for extended periods of up to 21 or 9 days, respectively. Interestingly, mescaline 
excretion is not detected in animals receiving polymer- bound mescaline without  
the cleavable dipeptide linker. Given that a simple mixture of dipeptide- mescaline and the  
polymer carrier does not extend residence time, Jatzkewitz importantly notes that  
the extended residence time of polymer- conjugated glycine-leucine-mescaline is due 
to the sustained cleavage and release of the bioactive, rather than a passive association 
with the polymer carrier. Accordingly, he proposes the use of polymer- bound mescaline 
as a chronic, long- acting form of the bioactive. This seminal work demonstrates the 
utility of macromolecular carriers in extending in vivo residence time and additionally 
provides early insight on the impact of linker chemistry.

Opsonization
The process by which foreign 
materials are coated with 
opsonin proteins to enhance 
their phagocytic uptake 
and clearance.
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PEGylation can also facilitate the translation of novel 
therapeutic agents that would otherwise be limited by 
poor pharmacokinetics. There is considerable interest in 
the clinical development of fibroblast growth factor 21  
(FGF21) as a treatment for type 2 diabetes. However, 
FGF21 exhibits a plasma half life of ≤2 hours25,26, while 
a PEGylated FGF21, BMS986036, exhibits an extended 
half life of 19–24 hours. BMS986036 improved insulin 
sensitivity in patients with type 2 diabetes and decreased 
the hepatic fat fraction in patients with nonalcoholic 
steatohepatitis27–29. In a subsequent phase I clinical trial, 
the PEG–FGF21 conjugate, BMS986171, exhibited an 
increased half life of 83–96 hours and greater plasma 
exposure than BMS986036, enabling weekly dosing30. 
Similarly, the PEGylation of IL10 extends the plasma 
half life from <5 hours to 20 hours31,32. Interestingly, in 
preclinical evaluation, PEGylated IL10, pegilodeca
kin, activates CD8+ tumour specific cytotoxic T cells 
and induces tumour rejection, whereas non PEGylated 
IL10 does not32,33. In a phase I study, daily subcutane
ous administration of pegilodecakin resulted in stable 
serum concentrations for the duration of treatment and 
demonstrated sustained immune stimulation as well as 
evidence of antitumour activity32,34.

In addition to extending the plasma half life and 
reducing immunogenicity, PEGylation provides an 
opportunity to control the selectivity of protein bind
ing. As an example, NKTR214, a PEGylated IL2 clin
ical candidate, displays reduced binding to the IL2 
receptor α subunit (IL2Rα) owing to site specific 
PEGylation at the lysine residues of the IL2–IL2Rα 
interface35,36. Binding to the IL2 receptor β subunit 

(IL2Rβ) is minimally impacted. Consequently, NKTR
214 affords increased proliferation of CD8+ tumour 
killing memory effector T cells, reduced proliferation 
of immunosuppressive regulatory T cells and enhanced 
antitumour efficacy relative to IL2 in preclinical evalu
ation35. Conversely, NKTR358, an alternative PEG–IL2 
conjugate designed for the treatment of autoimmune 
indications, exhibits reduced affinity for IL2Rβ while 
maintaining its affinity for IL2Rα, enabling preferential 
activation of regulatory T cells37. In preclinical evaluation,  
NKTR358 suppresses antigen induced inflammation  
and exhibits efficacy in a model of systemic lupus 
erythematosus.

Site- specific modification. Protein PEGylation is typi
cally achieved via the post polymerization modification 
of semi- telechelic monomethoxy PEG to prevent protein 
crosslinking. Previously, the most common reactive 
groups targeted for coupling were the amino groups 
of the amino terminus and lysine residues38. However, 
owing to the prevalence of lysine, first generation con
jugation approaches lead to uncontrolled, multi site 
PEGylation, resulting in heterogeneous mixtures of 
PEG–protein conjugates (that is, PEGmers). Meanwhile, 
uncontrolled PEGylation at or near binding or catalytic 
sites results in reduced and varied bioactivity among 
PEGmers6. First generation conjugation approaches 
additionally suffer from protein crosslinking owing 
to the presence of contaminating PEG diol3,39. Newer 
PEGylation approaches therefore rely on precise conju
gation chemistries and methodologies (Fig. 2). Currently, 
chemical ligation strategies are available for efficient and  
site specific conjugation at cysteine40,41, tyrosine42  
and arginine43 residues, as well as at histidine 44. Recom
binant gene technology can also be employed to achieve 
precise expression of specific residues for PEGylation. For  
example, an engineered cysteine in Cimzia is used to 
afford site specific PEGylation, extending the half life 
of the Fab′ without impairing its ability to bind TNF15,45. 
Methods for the selective modification of the amino 
terminus46,47 and carboxyl terminus48,49 have also been 
reported. Expansion of the ligation strategies available 
for protein PEGylation provides increased molecular 
control, facilitating the rational design of polymer– 
protein conjugates in which structure and bioactivity  
are retained.

Elegant techniques using enzyme mediated ligation 
along with genetically engineered expression of unnatu
ral amino acids are also utilized for site specific polymer 
conjugation. For example, the use of transglutaminase 
enables the selective incorporation of PEG at glutamine 
residues, which are not otherwise chemically accessi
ble50,51. Recently, sortase specific motifs were expressed 
in therapeutic cytokines and subsequently utilized to 
achieve sortase mediated, site specific PEGylation at 
protein termini, yielding homogeneous conjugates with 
extended plasma half lives and full biological activity52. 
A selective enzymatic approach has also been devel
oped to convert surface cysteines to formylglycines, 
which bear an aldehyde functionality for subsequent 
conjugation (SMARTag)53. Site specific modification of 
glycans, rather than the peptide sequence, can also be 

a  Polymer–protein conjugate b  Polymer–small-molecule drug conjugate

c  Dendrimer d  Polymer nanoparticle

Fig. 1 | Classes of polymer–drug conjugates on the market or in clinical 
development. Water- soluble polymers are employed for the conjugation of protein 
therapeutics (for example, Mircera; part a), as well as small- molecule drugs (for example, 
paclitaxel poliglumex (Opaxio); part b). Dendrimers are highly branched, 3D polymeric 
architectures with high functionality for drug conjugation (part c). Currently , two 
dendrimer conjugates are in clinical development: DEP docetaxel and DEP cabazitaxel. 
Polymeric nanoparticles are colloidal carriers with dimensions on the nanoscale (part d). 
As exemplified by the depicted polymeric micelle, polymeric nanoparticles typically 
possess a core–shell architecture, with a hydrophobic core sequestered by a hydrophilic 
corona. CriPec docetaxel is an example of a polymer nanoparticle currently in clinical 
development.

Semi- telechelic
A polymer with one reactive 
end group.
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achieved via sialyltransferase mediated PEGylation54. 
This approach has been recently employed in the devel
opment of turoctocog alfa pegol, a PEG–factor VIII con
jugate that maintains full biological activity and exhibits 
prolonged therapeutic efficacy55. The site specific 
expression of unnatural amino acids with orthogonal 
chemical reactivity provides a previously unrealized 
opportunity to create libraries of PEG–protein conju
gates by modulating the precise position of the target 
non native amino acid on the protein of interest56,57 
(Fig. 2a). This is particularly important for the screening 
and optimization of PEGylated protein therapeutics, as 
PEGylation at different sites gives rise to unpredicted 
and considerable variability in pharmacokinetics and 
pharmacodynamics57,58.

An alternative approach to the post polymerization 
modification of semi telechelic polymers (that is, ‘graft
ing to’) is the chemoselective ‘grafting from’ approach, in 
which in situ polymerization proceeds from an initiating 
site incorporated into the target protein7,59 (Fig. 2b). In 
addition to affording synthetic precision, this technique 
provides the advantage of minimized steric hindrance 
and therefore improved reaction efficiency. Moreover, 
the synthetic and purification steps are simplified, which 
is a considerable advantage for the large scale produc
tion of polymer–protein therapeutics. Currently, more 
versatile approaches are being employed, including the 
direct incorporation of reversible addition fragmen
tation chain transfer agents into proteins60,61 and the 

introduction of atom transfer radical polymerization 
initiators via genetically encoded unnatural amino 
acids62 and intein mediated ligation63.

PEG alternatives. Despite its widespread use, a con
siderable limitation of PEG and its subsequent utility 
in therapeutics is its non biodegradability. At present, 
approved PEGylated protein therapeutics employ PEGs 
of ≤40 kDa molecular mass, close to the glomerular 
filtration threshold of approximately 50 kDa (reF.15). 
Although increased molecular mass generally affords 
extended circulation time, concerns regarding the 
accumulation of non biodegradable PEG limit the opti
mization of polymer molecular mass and the resultant 
pharmacokinetics64. Consequently, chemical approaches 
are being developed to impart biodegradability to PEG, 
for example, via the incorporation of biocleavable units 
into the main chain65,66 (Fig. 2c). Alternatively, natural 
biopolymers, such as polysaccharides, including dex
tran, polysialic acid and hyaluronic acid, as well as poly
peptides, are being utilized for protein conjugation67. In  
fact, the first polymer–protein conjugate tested in humans 
was a dextran–streptokinase conjugate, streptodekase67. 
A promising emerging approach is the use of unstruc
tured hydrophilic polypeptides, such as XTEN and 
PAS — amino acid repeats of Gly AlaPro GluSer Thr  
and Pro AlaSer, respectively68,69. Notably, these 
polymer–protein conjugates can be encoded by a 
single genetic construct, eliminating the need for 

Table 1 | Marketed polymer–drug conjugates

Name (company) Polymer carrier Drug Indication(s) Year approveda Refs

Adagen (Enzon Pharmaceuticals) PEG ADA ADA- SCID 1990 12

SMANCS (Astellas Pharma) Poly(styrene- 
co-maleic acid)

Neocarzinostatin Liver and renal cancer 1993 (Japan) 260

Oncaspar (Enzon 
Pharmaceuticals)

PEG L- asparaginase Acute lymphoblastic leukaemia 1994 16

PegIntron (Merck & Co.) PEG Interferon α2b Hepatitis C 2001 261

Pegasys (Genentech) PEG Interferon α2a Hepatitis B and hepatitis C 2002 262

Neulasta (Amgen) PEG G- CSF Chemotherapy- induced neutropenia 2002 263

Somavert (Pfizer) PEG HGH receptor 
antagonist

Acromegaly 2003 264

Macugen (Bausch & Lomb) PEG Anti- VEGF aptamer Neovascular age- related macular 
degeneration

2004 265

Mircera (Roche) PEG Epoetin beta Anaemia associated with chronic 
kidney disease

2007 18

Cimzia (UCB Pharma) PEG Anti- TNF Fab′ Crohn’s disease, rheumatoid arthritis, 
psoriatic arthritis and ankylosing 
spondylitis

2008 266

Krystexxa (Horizon Pharma) PEG Uricase Chronic gout 2010 267

Plegridy (Biogen) PEG Interferon β1a Relapsing multiple sclerosis 2014 268

Movantik (AstraZeneca) PEG Naloxone Opioid- induced constipation 2014 94

Adynovate (Baxalta) PEG Factor VIII Haemophilia A 2015 269

Palynziq (BioMarin) PEG Phenylalanine 
ammonia lyase

Phenylketonuria 2018 270

Jivi (Bayer) PEG Factor VIII Haemophilia A 2018 271

ADA , adenosine deaminase; Fab′, antigen- binding fragment; G- CSF, granulocyte colony- stimulating factor ; HGH, human growth hormone; PEG, polyethylene 
glycol; SCID, severe combined immunodeficiency ; TNF, tumour necrosis factor ; VEGF, vascular endothelial growth factor. aApproved by the US Food and Drug 
Administration unless otherwise stated; biosimilar versions of approved drugs are omitted.
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chemical conjugation. New synthetic and biodegradable  
alternatives to PEG are also being employed to enhance 
protein pharmacokinetics and present an exciting 
opportunity in the development of the next generation of  
polymer–protein conjugates63,70,71.

Conflicting reports on the immunogenicity and 
antigenicity of PEG have further prompted interest in 
the use and development of non fouling and biocom
patible PEG replacements, such as poly(2oxazoline)s 
and polypeptoids72–76. Similar to PEG, hydrophilic poly 
(2oxazoline)s, namely, poly(2ethyl2oxazoline) and 
poly(2methyl2oxazoline), are highly water soluble, 
biocompatible and non fouling. Accordingly, these poly
mers have been used for the modification of several pro
teins, providing conjugates with similar characteristics to 

PEGylated proteins74. Polypeptoids, which are synthetic 
polypeptide mimetics based on an N substituted glycine 
backbone, likewise demonstrate promise as PEG alterna
tives. In a recent study, the modification of interferon α2b  
with polysarcosine, a polypeptoid composed of the 
naturally occurring amino acid sarcosine, provided an 
equivalent improvement in circulation half life com
pared with the PEGylated protein, while significantly 
reducing the generation of anti interferon antibodies 
and exhibiting more rapid receptor association as well 
as improved efficacy76. Novel zwitterionic and biomi
metic alternatives have also been described77–79. Notably,  
a heparin mimicking polymer affords stabilization of a 
heparin binding protein — basic FGF — which is other
wise unstable, even after PEGylation79. In addition to the 

Table 2 | Polymer–protein and polymer–aptamer conjugates in clinical development

Name (company) Polymer 
carrier

Drug Indication(s)a Stage (ClinicalTrials.
gov identifier)

Refs

Turoctocog alfa pegol (Novo 
Nordisk)

PEG Factor VIII Haemophilia A Pre- registration 
(NCT01480180)

272

Calaspargase pegol (Shire) PEG Asparaginase Acute lymphoblastic 
leukaemia and lymphoblastic 
lymphoma

Pre- registration 
(NCT01574274)

273

Elapegademase (Leadiant 
Biosciences)

PEG ADA ADA- SCID Pre- registration 
(NCT01420627)

274

Pegvorhyaluronidase alfa 
(Halozyme Therapeutics)

PEG Hyaluronidase Pancreatic cancer Phase III (NCT02715804) 275

TransCon Growth Hormone 
(Ascendis Pharma)

PEG Human growth hormone Growth hormone deficiency Phase III (NCT03344458) 187

Pegilodecakin (ARMO BioSciences) PEG IL-10 Pancreatic cancer Phase III (NCT02923921) 34

Pegargiminase (Polaris 
Pharmaceuticals)

PEG Arginine deiminase Mesothelioma Phase II/III 
(NCT02709512)

276

BCT-100 (Bio- Cancer Treatment 
International)

PEG Arginase 1 Acute myeloid leukaemia Phase II (NCT02899286) 277

Pegsiticase (Selecta Biosciences) PEG Uricase Chronic gout Phase II (NCT02959918) 278

Sanguinate (Prolong 
Pharmaceuticals)

PEG Carboxyhaemoglobin Sickle cell disease Phase II (NCT02411708) 279

Pegzilarginase (Aeglea 
BioTherapeutics)

PEG Arginase 1 Arginase 1 deficiency Phase II (NCT03378531) 280

BMS-986036 (Bristol- Myers 
Squibb)

PEG FGF21 Nonalcoholic steatohepatitis Phase II (NCT03486899) 27

Dapirolizumab pegol (UCB 
Pharma)

PEG Anti- CD40L Fab′ Systemic lupus 
erythematosus

Phase II (NCT02804763) 281

Zimura (Ophthotech Corporation) PEG Aptamer complement 
C5 inhibitor

Neovascular age- related 
macular degeneration

Phase II (NCT03362190) 282

NKTR-214 (Nektar Therapeutics) PEG IL-2 Solid tumours Phase I/II (NCT02869295) 35

BIVV001 (Bioverativ Therapeutics) XTEN Recombinant factor VIII 
Fc–von Willebrand factor

Haemophilia A Phase I/II (NCT03205163) 283

Olaptesed pegol (NOXXON 
Pharma)

PEG Anti- CXCL12 aptamer Colorectal cancer and 
pancreatic cancer

Phase I/II (NCT03168139) 284

Fovista (Ophthotech Corporation) PEG Anti- PDGFB aptamer Ocular von Hippel–Lindau 
syndrome

Phase I/II (NCT02859441) 285

BMS-986171 (Bristol- Myers 
Squibb)

PEG FGF21 Nonalcoholic steatohepatitis Phase I (NCT02538874) 30

NKTR-358 (Nektar Therapeutics) PEG IL-2 Systemic lupus 
erythematosus

Phase I (NCT03556007) 37

ADA , adenosine deaminase; CXCL12, CXC- chemokine ligand 12; Fab′, antigen- binding fragment; FGF21, fibroblast growth factor 21; IL , interleukin; PEG, 
polyethylene glycol; PDGFB, platelet- derived growth factor subunit B; SCID, severe combined immunodeficiency. aSome drugs are in different clinical trial stages 
for other indications; biosimilar versions of approved drugs are omitted.

Zwitterionic
An electrically neutral molecule 
with at least one positive and 
one negative functional group.
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traditional advantages of polymer conjugation, the liga
tion of responsive polymers affords ‘smart’ conjugates in 
which protein activity and release can be modulated80,81. 
Additionally, amphiphilic polymer–protein conjugates 
can be incorporated into sophisticated superstructures 
to alter their pharmacokinetic profile and to increase 
functionality via the entrapment and co delivery of 
additional active agents82,83.

Polymer–small- molecule drug conjugates
The first polymer–small molecule drug conjugate was 
reported over 60 years ago, in 1955, by Jatzkewitz, who 
demonstrated that the conjugation of mescaline, a psyche
delic alkaloid, to a copolymer of N vinylpyrrolidone and 
acrylic acid extends the residence time of the bioactive 
in mice84 (Box 1). In the 1970s, Ringsdorf proposed the 
concept of a pharmacologically active polymeric carrier, 
which concurrently affords drug solubilization and tar
geting1. Subsequently, work by Kopecek and colleagues in 
the late 1970s led to the development of the first synthetic 
polymer–small molecule drug conjugate to advance to 
clinical trials, with many others following2 (TABle 3).

The ligation of small molecule bioactives to poly
meric carriers offers several advantages, including 
improved aqueous solubility, enhanced stability, 
extended plasma half life, active intracellular delivery, 
altered biodistribution and the potential for targeted 
delivery via the incorporation of targeting moieties. 
Additionally, the choice of linker chemistry confers 
control over the release and subsequent activity of the 
molecule. These advantages are particularly pertinent to 
cytotoxic chemotherapeutics, which often exhibit poor 
solubility, rapid clearance and limited tumour exposure. 
Importantly, the efficacy of anticancer agents is severely 
limited by the off target toxicity, prompting the devel
opment of approaches that afford control of biodistribu
tion and activity. In the 1980s, Matsumura and Maeda 
reported that a polymeric conjugate of the anticancer 

protein neocarzinostatin, SMANCS, preferentially accu
mulates in tumour tissue following intravenous admin
istration85. They proposed that the hyperpermeability 
of tumour vasculature, in combination with impaired 
lymphatic drainage, results in the passive accumula
tion of macromolecules in tumours and termed this 
phenomenon the enhanced permeability and retention 
(EPR) effect. Consequently, polymer–drug conjugates 
of small molecule anticancer agents exhibit improved 
safety and efficacy in preclinical animal models, with 
many advancing to clinical evaluation (see below).

Applications. The first polymer–small molecule drug 
conjugates to advance to clinical trials employed copoly
mers of N(2hydroxypropyl)methacrylamide (HPMA), 
polyglutamic acid or PEG as carriers of cytotoxic chem
otherapeutic agents. PK1 (FCE28068), the first clinically 
investigated water soluble polymer–small molecule 
drug conjugate, comprises doxorubicin bound to an 
HPMA copolymer via a lysosomally cleavable peptidyl 
linker3. Owing to the non biodegradability of the HPMA 
copolymer, a size of 30 kDa was chosen to ensure renal 
elimination of the carrier. In preclinical animal models, 
PK1 had a 15fold improvement in plasma half life, an 
enhanced safety profile and greater antitumour efficacy 
than unconjugated doxorubicin86. Notably, PK1 showed 
17–77fold greater tumour accumulation of drug rela
tive to free doxorubicin, and passive tumour targeting 
was also observed, with 45–250fold higher drug con
centrations in tumour tissues relative to healthy tis
sues86. However, when PK1 was tested in clinical trials, 
tumour accumulation of the conjugate was observed in 
only a small subset of patients, and efficacy was mar
ginal, although it showed extended circulation time 
and an overall improved safety profile87,88. Interestingly, 
in phase II evaluation, the two patients who exhibited 
tumour accumulation did not respond to treatment, 
while patients who responded to treatment had not 
been among those imaged88. Taken together, these data 
suggest that tumour permeability is heterogeneous and 
cannot be relied on to achieve therapeutic efficacy. 
Additionally, given that tumour accumulation did not 
invariably result in a therapeutic response, it is possible 
that even among permeable tumours, PK1 exhibited an 
insufficient increase in half life and, accordingly, sub
optimal tumour accumulation. Consequently, these 
results discouraged additional investment, and the 
development of PK1 was abandoned89.

More recently, a four arm PEG conjugate of the 
cytotoxic chemotherapeutic irinotecan, Onzeald, pro
gressed to phase III trials. Onzeald employs a cleavable 
ester linkage to bind one irinotecan molecule per PEG 
arm and has a nominal molecular mass of 20 kDa (reF.90). 
The ester linkages slowly hydrolyse to release irinote
can, which is subsequently metabolized into the active 
anticancer agent, SN38. In preclinical animal models, 
Onzeald exhibits an extended circulation half life, sus
tained concentrations in plasma and tumour and up to 
400fold increased plasma exposure (AUC) compared 
with conventional irinotecan. Of note, while tumour Cmax 
is up to tenfold greater after administration of Onzeald 
compared with irinotecan, plasma Cmax is reduced, 
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Fig. 2 | Emerging approaches in polymer–protein conjugate development.  
a | The site- specific expression of unnatural amino acids with orthogonal reactivities 
affords tuneable and precise control of the position of polyethylene glycol (PEG) 
conjugation. b | Incorporation of a polymerization initiation site in the target protein 
enables site- specific, in situ polymerization. c | Biodegradable PEGs with high  
molecular mass (MM) are synthesized via the incorporation of biocleavable segments 
 in the main chain. Resulting PEG segments of <50 kDa are subsequently eliminated via 
renal clearance.

Biodistribution
The distribution of a molecule 
within the body.

AUC
The area under the plasma 
drug concentration versus time 
curve. larger AUC values are 
indicative of increased drug 
exposure.

Cmax

The maximal concentration of 
drug achieved after 
administration.
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potentially affording an improved therapeutic index. 
Consequently, administration of Onzeald results in 
sustained tumour suppression and regression for weeks 
after treatment in preclinical models. In phase I first 
inhuman studies, Onzeald demonstrated similarly 
improved pharmacokinetics, with SN38 exhibiting an 
elimination half life of 50 days compared with 12–47 
hours following irinotecan administration91. However, 

in a phase III trial published in 2015, Onzeald did not 
confer an improvement in overall survival compared 
with a single agent treatment of physician’s choice in 
patients with advanced breast cancer92. Notably, the 
patients in this trial had been heavily pretreated and pos
sessed locally recurrent or metastatic breast cancer, and 
it is possible that Onzeald would have provided a sur
vival benefit in a patient population with less advanced 

Table 3 | Polymer–small- molecule drug conjugates, dendrimers and polymer nanoparticles in clinical development

Name (company) Polymer carrier Drug Indication(s)a Stage (ClinicalTrials.
gov identifier)

Refs

Onzeald (Nektar 
Therapeutics)

PEG Irinotecan Breast cancer Pre- registration 
(NCT02915744)

92

NKTR-181 (Nektar 
Therapeutics)

PEG μ- Opioid receptor 
agonist

Chronic low back pain 
and chronic non- cancer 
pain

Pre- registration 
(NCT02367820)

95

PEX168 (Jiangsu Hansoh 
Pharmaceutical)

PEG Loxenatide Type 2 diabetes Phase III (NCT02477969) 286

NC-6004 (NanoCarrier) PEG- b-poly(glutamic acid) 
micelle

Cisplatin Pancreatic cancer Phase III (NCT02043288) 287

Opaxio (CTI BioPharma) Polyglutamic acid Paclitaxel Ovarian cancer, 
peritoneal cancer and 
fallopian tube cancer

Phase III (NCT00108745) 288

APL-2 (Apellis 
Pharmaceuticals)

PEG Cyclic peptide 
complement C3 inhibitor

Paroxysmal nocturnal 
haemoglobinuria

Phase III (NCT03500549) 97

CRLX101 (BlueLink 
Pharmaceuticals)

Cyclodextrin- PEG that 
self- assembles into 
nanoparticles

Camptothecin Ovarian cancer, 
peritoneal cancer and 
fallopian tube cancer

Phase II (NCT01652079) 289

NK012 (Nippon Kayaku) PEG- b-poly(glutamic acid) 
micelle

SN-38 Breast cancer Phase II (NCT00951054) 290

OsteoDex (DexTech 
Medical)

Dextran Alendronate Prostate cancer Phase II (NCT02825628) 291

Somadex (DexTech 
Medical)

Dextran Somatostatin Neuroendocrine 
tumours and acromegaly

Phase II (NA) 292

BP- C1 (Meabco A/S) Benzo- polycarbonic acid 
polymer

Pt(ii) Breast cancer Phase II (NCT02783794) 293

Pegcantratinib (Sienna 
Biopharmaceuticals)

PEG TrkA inhibitor Pruritus Phase II (NCT03322137) 98

DEP docetaxel 
(Starpharma)

PEG- polylysine dendrimer Docetaxel Solid tumours Phase II (NA) 123

NC-6300 (NanoCarrier) PEG- b-poly(aspartic acid) 
micelle

Epirubicin Solid tumours and soft 
tissue sarcoma

Phase I/II (NCT03168061) 199

CRLX301 (BlueLink 
Pharmaceuticals)

Cyclodextrin- PEG that 
self- assembles into 
nanoparticles

Docetaxel Solid tumours Phase I/II (NCT02380677) 150

DEP cabazitaxel 
(Starpharma)

PEG- polylysine dendrimer Cabazitaxel Solid tumours Phase I/II (NA) 294

NKTR-262 (Nektar 
Therapeutics)

PEG TLR7/TLR8 agonist Solid tumours Phase I/II (NCT03435640) 295

CriPec docetaxel (Cristal 
Therapeutics)

Core- crosslinked PEG- 
polymer micelle

Docetaxel Solid tumours Phase I (NCT02442531) 158

NC-4016 (NanoCarrier) PEG- b-poly(glutamic acid) 
micelle

Oxaliplatin Solid tumours and 
lymphoma

Phase I (NCT03168035) 296

RadProtect (Original 
BioMedicals)

PEG- b-poly(glutamic acid) 
chelating complex micelle

Amifostine Acute radiation 
syndrome

Phase I (NCT02587442) 297

SER-214 (Serina 
Therapeutics)

Poly(2-ethyl-2-oxazoline) Rotigotine Parkinson disease Phase I (NCT02579473) 298

DFP-13318 (ProLynx) PEG SN-38 Solid tumours Phase I (NCT02646852) 299

PEG, polyethylene glycol; TLR , Toll- like receptor ; TrkA , tropomyosin receptor kinase A. aSome drugs are in different clinical trial stages for other indications.

Therapeutic index
The ratio of the dose needed 
to elicit a toxic side effect 
relative to the dose needed to 
elicit a therapeutic effect.  
A larger therapeutic index is 
indicative of a safer drug.
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disease. Furthermore, while the preclinical efficacy of 
Onzeald can be potentially attributed to increased and 
sustained tumour drug concentrations, there are pres
ently no clinical data to confirm that Onzeald confers a 
similar benefit in human tumours. Nonetheless, admin
istration of Onzeald demonstrated a survival benefit in a 
subset of patients with a history of brain or liver metas
tases92,93, and a phase III trial involving such patients is 
ongoing (TABle 3).

Polymer–small molecule drug conjugates are also 
being developed for non cancer indications. The only 
marketed polymer–small molecule drug conjugate to 
date, naloxegol (Movantik), received clinical approval 
in 2014 for the treatment of opioid induced constipa
tion in patients with chronic pain94. Notably, Movantik 
is an orally administered compound, and its approval 
highlights the potential utility of polymeric carriers in 
the design of non parenteral therapies. Movantik, a PEG 
oligomer conjugate of the opioid antagonist naloxone, 
exhibits reduced permeability and penetration into the 
central nervous system relative to the small molecule 
drug. Consequently, Movantik significantly improves 
opioid related constipation while reducing the ability 
of naloxone to counteract opioid induced analgesia. 
Similarly, NKTR181 employs a PEG side chain to reduce  
the transfer rate of the μ opioid agonist pharmaco
phore across the blood–brain barrier95. Notably, the rate of  
drug transfer across the blood–brain barrier is a contrib
uting factor in the addictive qualities and abuse potential  
of opioid analgesics. Consequently, NKTR181 exhibited 
reduced abuse potential as well as significant analgesic 
efficacy in patients95,96.

Peptide drugs are likewise amenable to polymer 
conjugation. Although peptides are similar to proteins 
in composition, they are grouped here with small 
molecule drugs owing to their size and their regulatory 
classification. Peptides (≤40 amino acids) are not gen
erally considered biological products by the US Food 
and Drug Administration (FDA) and are regulated as 
conventional small molecule drugs. APL2, a current 
clinical candidate, is a PEGylated cyclic peptide inhibi
tor of complement C3. In clinical evaluation, APL2 was 
well tolerated and provided sustained haemolysis sup
pression in patients with paroxysmal nocturnal haemo
globinuria97. Interestingly, polymer conjugation may 
also be useful in the development of topical agents such 
as pegcantratinib. Pegcantratinib, a PEGylated small 
molecule TrkA kinase inhibitor, demonstrated significant 
reductions in the pruritus of patients with psoriasis and 
is currently in phase II trials98.

Advances. Owing to their non biodegradability and sub
sequent constraints on molecular mass, first generation 
conjugates of PEG and HPMA copolymers exhibit 
suboptimal pharmacokinetics. Therefore, in addition 
to well established polypeptides99, current research 
efforts focus on the evaluation of conjugates employing 
new biodegradable and backbone degradable water 
soluble polymers. For example, backbone degradable 
HPMA polymers are synthesized via the incorporation 
of enzymatically degradable oligopeptide sequences 
in the main chain100–102. Accordingly, degradable 

high molecularmass HPMA polymer–small molecule 
drug conjugates demonstrate improved pharmacokinet
ics and pharmacodynamics while exhibiting eventual 
renal clearance. New water soluble, biocompatible and 
biodegradable polymers, such as polycarbonates, are 
likewise being synthesized and evaluated, expanding 
the repertoire of polymers available for drug conjuga
tion103,104. Additionally, biologically active polymers, such 
as peptide molecular transporters, are being employed as  
drug carriers owing to the added biological function
ality they afford105–107. While not readily biodegradable, 
polypeptoids and poly(2oxazoline)s are also being 
investigated as potentially promising drug carriers74,75,108.

Molecular architecture is emerging as an important 
modulator of the in vivo fate and subsequent therapeu
tic efficacy of polymer–small molecule drug conjugates, 
with circular and branched structures (Fig. 3a) generally 
exhibiting extended plasma half lives and greater efficacy 
than their linear counterparts109,110. Importantly, polymer 
branching affords an alternative approach to the synthe
sis of high molecularmass conjugates without compro
mising the drug loading efficiency of di endfunctional 
polymers, such as PEG. In addition to polymer molec
ular mass and architecture, linker chemistry can be 
modulated to achieve an optimized drug release profile 
and, subsequently, enhanced therapeutic efficacy. For 
example, slow releasing and fast releasing HPMA–
dexamethasone polymeric constructs are designed via 
the incorporation of hydrazone and hydrazone benzyl 
ester linkers, respectively111. In an in vivo rat model of 
arthritis, the slow releasing conjugate exhibits sustained 
anti inflammatory activity, leading to an improved ther
apeutic outcome compared with the fast releasing con
jugate. The evaluation of polymer–small molecule drug 
conjugate libraries in which molecular mass, architecture 
and linker chemistry are varied is a valuable approach 
for the identification of clinically promising therapeutic 
candidates and will greatly contribute to our knowledge 
of the respective macromolecular therapeutic design 
requirements for a variety of indications.

While first generation polymer–small molecule drug 
conjugates enhance the pharmacokinetics and pharmaco
dynamics of previously approved small molecule ther
apeutics, the use of polymeric carriers to facilitate the 
translation and clinical utility of novel agents is a par
ticularly exciting and promising avenue for the next gen
eration of polymer therapeutics112,113. Presently, several 
conjugates of novel agents are in clinical development, 
including NKTR181, APL2 and pegcantratinib95,97,98 
(TABle 3). The synthesis of biomimetic polymer therapeu
tics that incorporate the structural and chemical features 
of therapeutically active molecules also presents an inno
vative paradigm in the rational design of the next gener
ation of ‘drug free’ macromolecular therapies. Recently, 
Kopecek and colleagues developed drug free bioactive 
conjugates of anti CD20 Fab′114–116. In particular, owing 
to their multivalency, these constructs afford CD20 
crosslinking and directly induce apoptosis in malignant 
B cells, eliminating the need for Fc mediated crosslinking  
by immune effector cells. Importantly, apoptosis induc
tion relies on the presence of the polymer component, as 
the Fab′ alone is not pharmacologically active.
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Dendrimers
Dendrimers are unimolecular, highly branched, 3D 
polymeric macromolecules, which were first described 
by Newkome and Tomalia in 1985 (reFs117,118). Repeat 
branching units, or generations, radiating from an ini
tiating core are added stepwise, affording high synthetic 
precision and low dispersity. Importantly, dendrimers 
exhibit high surface functionality, with the number of 
surface groups increasing exponentially with the addi
tion of each generation. Owing to their utility in gen
erating synthetically precise libraries of monodisperse 
and tuneable nanostructures with high functionality, 
dendrimers have been extensively explored as drug 
delivery vehicles. Similar to linear polymer drug car
riers, dendritic drug carriers afford improved aque
ous solubility, as well as extended circulation time and 
altered biodistribution in preclinical animal models. 
However, owing to their relatively large hydrodynamic 
radii, dendrimers exhibit reduced renal clearance and 
greater plasma exposure than linear polymers of sim
ilar molecular mass119. Additionally, owing to their 
high functionality, drugs, imaging and targeting agents 
are incorporated at high density in dendritic carriers. 
Although dendrimers are most often conjugated to 
small molecule drugs, they are also used as drug carriers 
for protein therapeutics120,121.

Recently, the first dendrimer based drug product, 
SPL7013 (VivaGel), received market approval in Australia 

and the European Union for the treatment of bacterial 
vaginosis. VivaGel is a poly(l lysine) dendrimer based 
topical microbicide, in which the macromolecular 
dendrimer itself is the active pharmaceutical agent122.  
A poly(l lysine) dendrimer–docetaxel conjugate, DEP 
docetaxel, is also under development by Starpharma 
and has recently demonstrated enhanced safety, longer 
plasma half life, lower peak blood concentrations 
and greater overall drug exposure than conventional  
docetaxel in a phase I clinical trial123.

The most widely studied dendrimers to date are 
non biodegradable, cationic amine terminated poly
amidoamine (PAMAM) dendrimers. However, in addi
tion to being non biodegradable, the clinical utility of 
PAMAM dendrimers is considerably limited by the 
nonspecific toxicity and haemolysis attributed to their 
cationic surface charge124. To improve their biocompati
bility, the surface charge of cationic dendrimers is min
imized via surface functionalization125,126. Additionally, 
biodegradable and biocompatible alternatives, including 
peptide based, polyurea based and polyester based den
drimers, are currently being synthesized and evaluated 
for biomedical applications127–132. While therapeutic 
entities can be physically entrapped within a dendrimer, 
conjugation affords high drug loadings as well as con
trolled and sustained drug release kinetics125,133–135. For 
example, the conjugation of fluocinolone acetonide to 
a PAMAM dendrimer affords sustained drug release 

a  Circular and branched water-soluble polymer–drug conjugates b  Dendrimersome

c  Multicompartment nanoparticle d  One-dimensional, non-spherical nanoparticle

Fig. 3 | Architectural diversity of polymer therapeutics. Circular and branched polymer–drug conjugates exhibit 
increased circulation times relative to linear polymers of similar molecular mass owing to their increased hydrodynamic 
radii (part a). Onzeald is an example of a current clinical candidate with a branched polymeric architecture. 
Dendrimersomes are unilamellar vesicles formed via the self- assembly of amphiphilic dendrimers (part b). These 
structures maintain the high functionality of the dendrimer components while simultaneously enabling the physical 
entrapment of additional agents in their aqueous core. Amphiphilic linear polymers can self- assemble to afford 
multicompartment nanoparticles with a hydrophobic polymer compartment and an aqueous core (part c), as well as 1D 
and non- spherical nanoparticles (part d).
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over an extended period of 90 days134. Subsequently, 
one intravitreal injection of the carrier attenuated reti
nal degeneration for up to 30 days in a preclinical animal 
model134. Interestingly, the release of conjugated active 
agents buried within dendrimers can be modulated by 
varying the number of generations as well as the surface 
chemistry, providing an additional layer of control for 
the design of optimal drug carriers135.

Dendrimers additionally afford modulation and 
optimization of cellular interactions via controlled sur
face modification. Notably, amine terminated PAMAM 
dendrimers exhibit pH dependent ligand exposure 
and, subsequently, tuneable cellular interactions136. The 
extent of cellular interactions of targeted, PEGylated 
dendritic structures also depends on the nanoscale sur
face features, including PEG corona length and target
ing ligand density, rendering control and optimization 
of surface features essential for the rational design of 
clinically transformative drug carriers137. Furthermore, 
owing to their high surface functionality, the conjuga
tion of many targeting ligands on a dendrimer enables 
increased avidity, enhancing the utility of targeting moi
eties that otherwise possess low binding affinities. For 
example, the enhanced avidity of multivalent targeted 
dendrimers can be employed to bind resistant bacteria as 
well as circulating tumour cells138,139. The conjugation of 
epitopes to dendritic carriers likewise affords inventive 
self adjuvating vaccines140.

Interestingly, non targeted dendrimers exhibit 
transepithelial transport, which can be modulated 
by surface functionalization with PEG141. Therefore, 
dendritic carriers are emerging as useful vehicles for 
achieving and controlling drug delivery across bio
logical barriers. For example, dendrimers traverse the 
blood–brain barrier and localize in injured neurons 
and microglia upon systemic administration125,142. 
Additionally, dendrimer drug carriers are amenable to 
oral and pulmonary drug administration, opening new 
paradigms in the delivery of therapeutic agents128,143. 
Dendritic carriers are of particular interest as cancer 
nanomedicines owing to their concomitant ability to 
exhibit passive tumour accumulation as well as deep 
tumour penetration144,145. Consequently, dendrimer–
drug conjugates are incorporated into sophisticated 
nanoarchitectures to combine the long circulation time 
and increased tumour accumulation of large nanos
tructures (~100 nm) with the increased tumour pen
etration of smaller dendrimers (~5 nm)145. Similarly, 
dendrimersomes (Fig. 3b) combine the synthetic pre
cision of dendrimers with the added functionality of 
unilamellar vesicles, which can, for example, carry 
hydrophilic agents in their aqueous core146.

Polymer nanoparticles
In the late 1970s, Kopf et al. reported the first prepara
tion of a polymeric nanoparticulate carrier147. Polymeric 
nanoparticles, which are colloidal carriers with dimen
sions on the nanoscale, have since been widely employed 
as drug delivery vehicles148. Like other macromolecular 
drug carriers, polymeric nanoparticles afford improved 
delivery of hydrophobic agents as well as extended cir
culation and altered biodistribution of encapsulated 

therapeutics. However, compared with water soluble 
linear polymers and dendrimers, colloidal polymeric 
nanoassemblies exhibit greater architectural complex
ity and afford enhanced tunability via modular design 
of both core and surface components. Here, we focus on 
nanoparticles of polymer–drug conjugates.

Polymer nanoparticles include self assembling 
polymer aggregates, such as the cyclodextrin based 
polymeric conjugate nanoassemblies CRLX101 and 
CRLX301 (TABle 3), which are produced by intermolec
ular and intramolecular inclusion complex formation 
between cyclodextrin and the conjugated lipophilic 
agents: camptothecin and docetaxel, respectively149,150. 
However, the most widely investigated polymeric nano
assemblies possess a core–shell architecture, in which the 
hydrophobic polymer core is sequestered and stabilized 
by a hydrophilic corona. Solid polymer nanoparticles 
are prepared via active processing, either precipita
tion or emulsification, in the presence of a surfactant. 
Alternatively, the self assembly of amphiphilic block 
copolymers in aqueous media affords the facile prepa
ration of polymeric micelles. Owing to their solid nature, 
polymeric nanoparticle drug carriers offer a unique set 
of advantages, including the sequestration of agents in 
the hydrophobic nanocarrier core, high drug loading 
capacity and controlled drug release via diffusion or 
controlled degradation of the polymer matrix. Although 
physicochemical interactions between a drug and its car
rier can be employed to physically entrap active agents 
in polymeric nanoparticles, the loading capacity is often 
limited to ≤10 wt% (reFs151–153). Additionally, these sys
tems suffer from significant burst release, with >50% of 
the drug being released within 24 hours. By contrast, 
conjugation of active agents to polymeric nanocarriers 
enables incorporation at high and predefined loadings, 
while choice of linker chemistry and modulation of core 
properties afford controlled release kinetics.

The first generation of polymeric nanocarriers to 
advance to clinical trials was polymeric micelles of 
PEG poly(amino acid) amphiphilic block copolymers 
developed by Kataoka and colleagues in the late 1980s154. 
The first of these was NK911, a 40 nm micelle of PEG 
bpoly(aspartic acid) copolymer conjugated to doxo
rubicin through amide bonds, which entered clinical 
evaluation in 2001. In preclinical studies, NK911 exhib
ited an extended plasma half life, increased overall drug 
exposure, greater tumour accumulation and improved 
efficacy compared with free doxorubicin154. Similarly, in 
phase I clinical testing, NK911 was well tolerated and 
exhibited a longer half life and a larger AUC than free 
doxorubicin155. Nonetheless, the recommended dosage 
of NK911 was ultimately similar to that of standard 
doxorubicin, and no recent developments have been 
reported.

Challenges and recent developments. Concerns regard
ing the stability of self assembled nanostructures upon 
dilution in the bloodstream are motivating the develop
ment of core crosslinked polymeric micelles, as well as 
solid polymer nanoparticles156. Recently, a biodegrada
ble, core crosslinked polymeric micelle with covalently 
entrapped docetaxel, CriPec docetaxel, entered clinical 

Avidity
The cumulative strength of a 
binding interaction.

www.nature.com/nrd

R e v i e w s

282 | APRIl 2019 | volume 18 



development and completed phase I testing in 2018. 
The CriPec nanoparticle platform is promising, as it 
affords tailored design via control of nanocarrier size, 
drug release kinetics, degradation profile and surface 
functionality157. In preclinical animal models, CriPec 
docetaxel exhibits improved efficacy, controlled and 
sustained plasma drug levels, enhanced tumour accu
mulation and improved safety at high doses relative 
to the clinical formulation of docetaxel157,158. Although 
several polymer–drug conjugate nanoparticles are in 
clinical development (TABle 3), none have entered the 
market to date.

One of the greatest challenges in the clinical trans
lation of polymeric nanocarriers is their physicochem
ical heterogeneity. The uncontrolled conjugation of 
therapeutic agents to polymeric carriers contributes 
to this heterogeneity, resulting in polydisperse poly
mer mixtures with varied drug loadings and sites of 
modification. New precise synthetic approaches are 
emerging to enable the synthesis of well defined pol
ymer–drug conjugate nanoassemblies. In particular, 
novel methodologies, such as drug initiated, living 
in situ polymerization and living polymerization of 
prodrug monomers, are being developed and employed 
for the regioselective and chemoselective incorpora
tion of bioactives into synthetically precise polymeric 
nanoparticles at nearly quantitative loading efficien
cies159–161. Currently, the most widely used hydrophobic 
polymers in the fabrication of polymeric nanocarriers 
are biodegradable and biocompatible poly(amino acid)
s and polyesters. Although widely employed in FDA 
approved devices, hydrophobic polyesters such as poly
caprolactone, poly(lactic acid), poly(glycolic acid) and 
poly(lactide coglycolide) exhibit limited functionality 
for drug conjugation. Consequently, polyester based 
nanocarriers primarily rely on the physical entrapment 
of active agents. However, recent progress in polymer 
chemistry is enabling the synthesis of new biocompatible 
and biodegradable polymers with high functionality for 
conjugation162–164. Additionally, advances in genetic engi
neering afford the biosynthesis of polypeptide carriers 
with precisely defined compositions, molecular masses 
and polydispersities165–167.

The synthesis of novel multifunctional polymer 
backbones, as well as the development of new precise 
synthetic approaches, is facilitating the synthesis of 
polymeric nanocarriers with high and controlled drug 
loadings159,161,168. For example, the atom efficient incor
poration of paclitaxel in a poly(glycerol carbonate) 
backbone affords high, controlled drug loadings of up 
to 74 wt%163. Additionally, harnessing the compatibil
ity of free paclitaxel with the high density paclitaxel 
conjugate polymer matrix facilitates the additional 
physical entrapment of the free drug and affords previ
ously unattainable ultrahigh drug loadings >100 wt%169. 
Importantly, concurrent maximization of the drug/
material efficiency (that is, the drug loading) and the 
therapeutic efficacy is imperative to the successful clin
ical development of the next generation of polymeric 
nanocarriers, as it minimizes a patient’s exposure to 
synthetic carrier material. The inventive development of 
responsive and multifunctional polymers in recent years 

is also facilitating the sophisticated molecular design of 
smart polymer nanoparticles with a wide range of added 
functionalities, including pH responsive fluorescence, 
endosomal membrane destabilization, thermosensitive 
aggregation and solubilization, and triggered pulsatile 
drug release170–173.

The rational design of core components, including 
choice of active agents, drug loading, polymer com
position, polymer hierarchical structure and polymer 
chain length, affords fine tuned control of nanocarrier 
properties such as release kinetics, mechanical stiffness, 
stability and core mobility163,169,174–178. For example, more 
compact polymer aggregation is achieved via increased 
drug loading or increased polymer molecular mass, 
resulting in reduced rates of drug release163,175. The 
additional physical entrapment of active agents in pol
ymer–drug conjugate nanocarriers can provide added 
control. Interestingly, the physical entrapment of free 
paclitaxel in a high density paclitaxel conjugate nano
carrier modulates the mechanical stiffness and drug 
release kinetics, while maintaining sustained release 
over extended periods of 15–70 days169. The continuous 
and prolonged release of active agents from macromo
lecular drug carriers is especially promising because it 
affords long term therapeutic efficacy in the treatment 
of pathologies that otherwise require frequent, repeated 
administrations of conventional drugs163,179. Control of 
spatial arrangement and hierarchical structure also 
enables the synthesis of nanoassemblies with increased 
functionality, for example, via the implementation of 
multiple compartments in a single nanocarrier plat
form180,181 (Fig. 3c). Recently reported 1D, non spherical 
micellar carriers (Fig. 3d) similarly expand the reper
toire of architectures available for the design of novel 
polymeric nanomedicines182.

The most commonly employed route of adminis
tration in the preclinical evaluation of polymeric nan
oparticles is systemic, intravenous injection. Despite 
their utility and clinical prevalence, alternative routes of 
administration are seldom employed owing to challenges 
in achieving oral bioavailability and crossing mucosal 
barriers. Nonetheless, polymeric nanoparticles are cur
rently being developed for the controlled delivery of 
therapeutic agents across biological membranes179,183,184. 
One such example is a low molecularweight chitosan 
(LMWC) nanoparticle developed for the oral delivery 
of exendin4, a peptide used for the treatment of type 2  
diabetes184. Presently, exendin4 is administered via 
subcutaneous injection, which reduces patient compli
ance and presents a risk of infection at the injection site. 
Incorporation of exendin4 in the nanocarrier provides 
proteolytic stability, while LMWC affords mucoadhesion 
and facilitates paracellular transport.

Stimuli- responsive systems
Stimuli responsive, smart drug delivery systems are of 
widespread interest owing to their ability to undergo 
physical and/or chemical changes in response to endog
enous biological or external triggers185. The triggered 
response of these carriers is most often employed to 
achieve control over the spatial and temporal release 
of bioactives but is also being utilized to access more 
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sophisticated functionalities, such as modulation 
of tissue penetration and cellular internalization. 
Linker chemistry primarily provides control of drug 
release, while responsive polymer backbones are 
being designed to modulate physicochemical param
eters such as solubility, stability, conformation and 
hydrodynamic radius.

Spatiotemporal control of drug release
Choice of linker chemistry is important in the design of 
polymer–drug conjugate therapeutics, as it confers spa
tiotemporal control over the cleavage and subsequent 
release of active agents. Without sufficient linker sta
bility, a conjugated drug can exhibit premature release, 
annulling the advantages of its macromolecular carrier. 
However, in the case of an inactive polymeric prodrug, 
insufficient drug release may result in sub therapeutic 
drug levels and, consequently, suboptimal therapeu
tic efficacy. Therefore, a sustained drug release profile 
that affords prolonged therapeutic efficacy is highly 
desirable. For example, the long acting TransCon  
Growth Hormone (GH) is an inactive prodrug of 
unmodified human GH bound to a PEG carrier through 
a proprietary linker designed to achieve similar expo
sure as daily GH administration in a more convenient 
single weekly dose via physiological pH dependent and 
temperature dependent hydrolysis186,187. Harnessing the 
chemical and biological distinguishing features of the 
target indication to trigger site specific release is also a 
promising strategy for achieving high local concentra
tions of active drug and minimizing off target toxicities. 
Consequently, many linker chemistries have been 
described and utilized for the sustained or triggered 
release of therapeutic agents (Fig. 4a).

Hydrolytic cleavage is frequently employed in sus
tained release systems and is primarily achieved using 
ester linkages, which afford sustained and contin
uous release for periods ranging from days to mon
ths134,163,175,188,189. Nonetheless, to achieve precise control 
of the drug release site, linkers exhibiting selective cleav
age in the biochemical microenvironment of the disease 
site are being developed. These linkers combine innova
tion in chemical synthesis and materials design with the 
growing understanding of the basic biochemical charac
teristics of the target indication. For example, enzymat
ically cleavable peptide linkers are employed to achieve 
tumour specific drug release in the presence of patho
logically overexpressed enzymes such as matrix met
alloproteinases and cathepsin B190–193. Acid responsive 
linkers are also widely employed and represent a diverse 
set of chemical bonds, including hydrazone, aconityl and 
acetal linkages194. Consequently, drug release can be trig
gered following cellular internalization and subsequent 
trafficking to acidic endosomal and lysosomal compart
ments195. Importantly, these linkers are useful for the 
selective delivery of anticancer agents in the mildly acidic 
tumour microenvironment128,151,167,174,196,197. The utility of 
acid labile linkers is evident in the design of NC6300, 
a clinical candidate in which the anticancer agent epi
rubicin is incorporated in a PEG bpoly(aspartic acid) 
micelle via a hydrazone linkage198,199. The micelles are 
stable in the bloodstream but release epirubicin upon 

exposure to the acidic environment of endosomal and 
lysosomal compartments. In a phase I study, NC6300 
exhibited an improved safety profile relative to standard 
epirubicin, allowing the administration of higher doses 
via the micellar therapeutic199. Specific intracellular drug 
delivery is also achieved using reduction sensitive link
ages, such as disulfide and thioether, which are cleaved 
in the reducing environment of the cell105,125,200,201. This 
capability is particularly advantageous for the treatment 
of indications in which high intracellular drug concen
trations are required to overcome efflux pumpmediated 
drug resistance105,202.

Additionally, systems targeted for specific cell local
ization must be designed to retain their payload before 
cellular internalization in order to harness their target
ing capability. Specific cellular localization, combined 
with triggered intracellular release, affords optimized 
drug delivery by concurrently enhancing therapeutic 
efficacy and minimizing systemic toxicity. Notably, the 
triggered intracellular delivery of valproic acid using 
PAMAM dendrimers, which selectively localize in 
activated microglia, results in improved efficacy, with 
only one tenth of the dose necessary to elicit an equiv
alent therapeutic effect in a large animal model of brain 
injury125. The conjugate additionally prevents the adverse 
cardiovascular side effects associated with the free drug.

Linker chemistry has been shown to affect the 
solution conformation of a polyglutamic acid based 
combination drug conjugate203 and, thus, the impact of 
linker chemistry on the physical properties of a polymer 
therapeutic must be thoroughly assessed and considered. 
Given the complexity of macromolecular drug carriers, 
it is also important to note that in addition to linker 
chemistry, many other physicochemical parameters, 
such as sterics, polymer molecular mass and nanocar
rier composition, also impact the rate of drug cleavage 
and release. Therefore, careful evaluation and judicious 
choice of all system design parameters are necessary 
for the synthesis of well defined and programmable 
macromolecular carriers.

Responsive polymers
Stimuli responsive polymeric materials are of con
siderable interest, principally in the design of smart 
drug delivery systems, which exhibit physicochemical 
changes in response to endogenous or external stim
uli (Fig. 4b). Consequently, these materials are utilized 
to access a wide range of added functionalities and to 
enhance carrier mediated drug delivery. For example, 
while drug linker chemistry affords control over drug 
cleavage and release, the incorporation of enzymatically 
cleavable or trigger responsive domains in polymer 
backbones imparts concomitant control of polymer 
degradation101,173. Additionally, cellular internaliza
tion is controlled, for example, by modulating surface 
charge or ligand accessibility in response to a given 
stimulus136,197.

Thermally responsive polymers, such as poly(N 
isopropylacrylamide) and genetically engineered elastin 
like polypeptides, exhibit temperature dependent 
changes in solubility and aggregation. Consequently, 
these polymers are used to externally regulate the activity 
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of a conjugated protein or the in vivo localization of the 
macromolecular therapeutic80,171. Size switchable drug 
carriers, which exhibit reversible volume changes or irre
versible fragmentation into smaller polymeric carriers, 
are also being developed to enable maximization of both 
plasma half life and target tissue penetration145,204,205. In 
an important study illustrating the therapeutic poten
tial of smart polymer therapeutics, size switchable 80 nm 
nanoparticles were designed to dissociate into <10 nm 
dendrimer–platinum conjugates in response to tumour 
acidity205. Therefore, while the large nanocarriers 
extend blood circulation time, dissociation into small 
dendrimer carriers facilitates enhanced tumour pen
etration. Consequently, these nanoparticles exhibit 
prolonged half life, significantly enhanced tumour 
drug accumulation and improved overall efficacy com
pared with non responsive nanoparticle–platinum and  
dendrimer–platinum controls.

Targeted delivery
Polymer therapeutics confer many valuable benefits to 
conjugated active agents; nonetheless, these systems do 
not inherently provide control of specific interactions 
at the tissue or cellular level. Consequently, Ringsdorf ’s 
vision of an ideal, pharmacologically active polymer 
therapeutic included a homing device that would ena
ble precise tissue or cellular localization1. The specific 
delivery of active agents to target tissues or cells could 
improve the success of a wide range of drug candidates 
for which off target effects are a concern. Accordingly, 
this strategy is of particular interest in the delivery of 
cytotoxic anticancer agents, which are typically limited 
by considerable off target toxicities. The recent clinical 
success of antibody–drug conjugates, which combine the 
potency of cytotoxic chemotherapeutics with the selec
tivity of recombinant monoclonal antibodies, highlights 
the potential of this approach206.

Currently, PK2 (FCE28069), an HPMA copolymer–
doxorubicin conjugate bearing galactosamine to target 
the hepatocyte asialoglycoprotein receptor, is the only 
targeted polymer–drug conjugate to advance to clinical 
trials3,207. In phase I clinical evaluation, PK2 demon
strated selective hepatic delivery in patients with liver 
cancer in contrast to the analogous non targeted con
jugate, PK1 (reF.208). Although the theoretical tumour 
drug concentrations were calculated to be 12–50fold 
greater than doxorubicin concentrations in biopsied 
liver tumours after administration of the free drug, only 
3 of 31 patients treated with PK2 exhibited evidence of 
tumour response. Additionally, tumour accumulation 
was fivefold lower than PK2 levels in healthy liver tis
sue, potentially owing to decreased asialoglycoprotein 
receptor expression in the tumour relative to normal 
liver. Solubility issues have been speculated to contribute 
to the observed lung localization at early time points209. 
Precipitated or aggregated polymer in the bloodstream 
would have been filtered out in the lungs, and this could 
have also potentially contributed to the observed liver 
accumulation, although low levels of spleen uptake 
were observed. The clinical development of PK2 was 
subsequently terminated during phase II evaluation  
in 2008 (reF.210).

Current active targeting approaches principally 
exploit the overexpression of surface receptors on cells 
of interest and rely on the specificity and binding affin
ity of ligands that bind these receptors. Alternatively, 
the unique composition of certain tissues affords tar
geting via molecules that possess high binding affinity 
for the distinctive biochemical features of the tissue. 
Available targeting moieties represent a diverse class 
of molecules, including antibodies, carbohydrates, 
small molecules, peptides and aptamers211–213. Notably, 
high throughput combinatorial screening of libraries 
of peptides and aptamers is facilitating the identifica
tion of ligand–receptor pairs212. The field of macromo
lecular drug delivery has accordingly benefited from 
advances in target ligand identification, with preclinical 
polymer therapeutics employing a diverse array of tar
geting moieties to achieve localized drug delivery and 
enhanced therapeutic efficacy166,177,188,191,214. For example, 
the incorporation of a cyclic Arg GlyAsp (cRGD) tar
geting peptide in a PEG polyglutamic acid polymeric 
micelle affords significantly increased tumour plati
num accumulation as well as enhanced overall efficacy 
compared with oxaliplatin and control micelles bearing 
a non targeting peptide214. The integration of various 
functional ligands into polymer–drug conjugate molec
ular constructs is further facilitated by new generalizable 
and facile techniques, such as chemo enzymatic bio 
orthogonal conjugation and mussel inspired nanocar
rier surface functionalization166,215–217. Importantly, the 
incorporation of epithelium specific targeting ligands 
opens new paradigms in the delivery of polymer–drug 
conjugate therapeutics by enabling their translocation 
across biological barriers218–220. For example, receptors 
on brain capillary endothelial cells, such as the nicotine 
acetylcholine receptor, recognize ligands in circulation 
and facilitate their transfer across the blood–brain bar
rier. Accordingly, PEGylated liposomes incorporating 
a peptide ligand for the nicotine acetylcholine receptor 
exhibit greater brain localization in a preclinical ani
mal model218. Following their translocation, additional 
targeting ligands can facilitate the specific delivery of 
polymer therapeutics to a precise location within the 
target tissue219.

The incorporation of targeting moieties in polymer 
therapeutic platforms also provides other advantages 
and functionalities. For example, the multiplicity of 
surface functional groups in polymeric carriers accom
modates the integration of multiple targeting ligands 
and, consequently, multivalent binding138,139. Owing to 
their ability to simultaneously bind multiple surface 
receptors, multivalent molecules exhibit greater binding 
affinity than their monovalent counterparts, enabling 
the use of ligands that otherwise exhibit low bind
ing affinity for their target. For example, vancomycin 
exhibits weak binding affinity for vancomycin resistant 
bacterial cell wall. However, the multivalent incorpo
ration of vancomycin in a dendritic carrier increases 
the binding avidity by four to five orders of magnitude, 
restoring the ability of vancomycin to bind the resistant 
cell surface138. Additionally, modulation of nanocarrier 
surface features, such as PEG corona length and target 
ligand density, provides fine tuned control of avidity 
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and cellular interactions137. Similarly, the incorporation 
of targeting moieties in responsive polymeric carriers 
affords controlled ligand accessibility, an example being 
the triggered occlusion of ligands in collapsed PAMAM 
dendrimeric architectures136. Control of the subcellular 
localization of polymeric drug carriers is also achieved 
through the incorporation of ligands targeted to spe
cific intracellular compartments, such as the nucleus or 
mitochondria221,222.

Multifunctional polymeric carriers
One of the most exciting opportunities presented in 
the development of polymer therapeutics is the ability 
to engineer multiple therapeutic functionalities in a 
single drug delivery system. The multiplicity of func
tional groups available in polymeric carriers allows the 
concomitant incorporation of multiple, distinct active 
agents, as well as the combination of imaging and 
therapeutic modalities (Fig. 4c).

Combination therapy
Although most preclinical and clinical polymer thera
peutics developed to date deliver a single active agent, 
the administration of drug combinations is a promis
ing approach for treating diseases in which molecular 
complexity, heterogeneity and/or resistance impede the 
efficacy of single agent therapy223. Combination therapy 
is particularly well established in cancer treatment but is 
also being explored for other indications, such as mul
tiple sclerosis and diabetes224,225. Combinations of active 
agents can maximize therapeutic efficacy by targeting 
different molecular pathways or acting on different 
cell subpopulations. Additionally, certain drug combi
nations exhibit superadditive efficacy, or synergism226. 
Interestingly, in vitro studies demonstrate that for a 
given drug combination, certain agent ratios are syner
gistic, while others are antagonistic226. However, ensur
ing that the optimal ratio of drugs is maintained in vivo 
is challenging, as most therapeutic agents exhibit differ
ing pharmacokinetics and biodistribution. Nonetheless, 
macromolecular therapeutics, which afford precise con
trol of drug incorporation, are uniquely positioned to 
maintain and deliver predefined ratios of drug cocktails 
to target tissues or cells.

Owing to the broad range of chemical functionali
ties and architectures afforded, polymeric carriers can 
be synthesized with multiple conjugated and/or physi
cally entrapped agents, enabling the facile and controlled 
incorporation of a wide range of therapeutics174,181,227–229. 
The combination of physical entrapment and chemical 
conjugation, in particular, is a facile means by which to 
deliver hydrophilic and hydrophobic agents in a single 
carrier and with differential release kinetics. For exam
ple, the self assembly of amphiphilic camptothecin 
conjugates into nanocapsules allows the concurrent 
encapsulation of hydrophilic doxorubicin hydrochlo
ride in the aqueous core181. Additionally, temporal drug 
release is achieved, with the physically entrapped doxo
rubicin exhibiting relatively accelerated release kinet
ics owing to its ability to diffuse from the polymeric 
carrier without the need for active cleavage. Similarly, 
differential release kinetics of a cocktail of conjugated 

agents can be realized via the implementation of mul
tiple, distinct linking chemistries and provides an 
additional layer of control in combination therapy229. 
Importantly, the utility of single carrier combination 
therapy is highlighted by the ability of these systems to 
exhibit increased synergism as well as enhanced efficacy 
relative to the analogous combinations of free drugs or 
single agent carriers174,227,228,230. In addition to the deliv
ery of drug combinations, polymeric carriers can also be 
employed to simultaneously implement multiple thera
peutic modalities, such as chemotherapy, photodynamic 
therapy and photothermal therapy192,231,232.

Theranostics
The concurrent integration of imaging and ther
apeutic modalities in theranostic polymer carriers 
allows patient specific visualization of drug delivery. 
Consequently, these multifunctional therapies provide 
valuable information on in vivo pharmacokinetics and 
biodistribution, expediting the realization of next 
generation, personalized medicines233. For example, 
the incorporation of a radionuclide in PK1 allowed 
quantification of organ and tumour uptake during clin
ical evaluation87,88. It was therefore possible to identify 
the subset of patients exhibiting preferential tumour 
accumulation of the conjugate. Importantly, the clin
ical implementation of such systems has the poten
tial to enable personalized treatment monitoring and 
informed treatment selection.

Today, increasingly sophisticated and smart pol
ymer theranostics are being developed and evalu
ated192,200,231,232. For example, the incorporation of a 
gadolinium complex in a hydrophobic micelle core pre
vents the exchange of water, reducing the magnetic reso
nance signal200. However, upon exposure to intracellular 
reducing conditions, release of disulfide linked camp
tothecin affords a hydrophobic tohydrophilic transi
tion of the nanocarrier polymer matrix. Consequently, 
a magnetic resonance signal is activated only following 
drug release. Furthermore, multiple imaging modalities, 
such as fluorescence, magnetic resonance imaging, photo
acoustic imaging and positron emission tomography, 
can be simultaneously incorporated for increased clin
ical functionality192,232. New ultrasensitive and respon
sive polymeric nanoprobe technologies also present new 
opportunities in the development of effective polymer 
theranostics127,172,234,235. The additional incorporation 
of targeting moieties expands the applications of these 
nanoreporters to include molecular imaging and diag
nosis236–238. Notably, the simultaneous integration of 
therapeutics, imaging agents and targeting ligands pro
vides the clinically transformative capability to both ‘see 
and treat’ disease. For example, the rational design of a 
fluorescent, cRGD linked polymeric nanocarrier affords 
targeted, image guided drug delivery231. On demand 
therapy is achieved via light irradiation, which gener
ates reactive oxygen species for photodynamic therapy 
as well as doxorubicin cleavage. Interestingly, polymer–
drug conjugates additionally demonstrate utility in the 
preparation of multifunctional ‘super’ nanoassemblies 
that combine the functionality of these carriers with 
inorganic particles239.

Theranostic
A system that combines 
therapeutic and imaging 
modalities for both treatment 
and diagnosis.
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Challenges
Polymer–protein conjugates
The established clinical success of multiple polymer–
protein conjugates (TABle 1) substantiates the continued 
preclinical and clinical development of the extensive 
pipeline of such conjugates (TABle 2). However, several 
challenges remain. First, polymer conjugation often 
reduces the bioactivity of protein therapeutics. This lim
itation can be mitigated via site specific PEGylation, as 
well as the implementation of approaches that restore the 
active protein, including the use of cleavable linkers15,240. 
As an example, turoctocog alfa pegol, a current clinical 
candidate, retains full biological activity owing to the 
selective PEGylation of an O linked glycan in the factor 
VIII B domain55. The circulatory half life of factor VIII is 
extended, while unmodified and fully active factor VIIIa 
is released following thrombin cleavage of the B domain. 
Another challenge is the potential immunogenicity of 
PEG. The presence of anti PEG antibodies has been 
correlated with the rapid clearance and loss of efficacy 
of PEGylated therapeutics73,241. Furthermore, owing to 
its non biodegradability, optimization of the molecular 
mass of PEG is limited by the renal clearance cut off. 
PEG additionally presents a risk of intracellular accu
mulation, which is of particular concern for chronically 
administered conjugates242. Biodegradable and non 
immunogenic PEG alternatives may therefore enable the 
development of the next generation of polymer–protein 
conjugates39,72.

Polymeric conjugates of small- molecule drugs
By contrast, the translation of polymeric conjugates 
of small molecule drugs to clinical practice has been 
limited, with only one such therapeutic, Movantik, 
successfully entering the market so far. Two issues are 
worth expanding on here. First, Movantik and several 
other late stage candidates in the pipeline (TABle 3)  
are for non oncology indications, even though the pre
clinical and clinical development of conjugates of small 
molecule bioactives has focused heavily on anticancer 
agents, as these have been considered to have the greatest 
opportunity and potential based on preclinical studies. 
This suggests that the expanding polymer therapeutics 
toolbox discussed above merits further attention in 
addressing challenges related to pharmacokinetics and 
off target effects in small molecule drug development 
outside of oncology.

The second related issue is why there has been such 
little clinical success with polymeric conjugates of  
small molecule drugs in oncology despite the major 
focus on them and their preclinical promise. Although 
several polymer conjugate systems have demonstrated 
enhanced pharmacokinetics and reduced toxicity, 
improvements in anticancer efficacy have been mar
ginal86,207. The preclinical efficacy of anticancer polymer 
therapeutics has been largely attributed to EPR mediated 
tumour accumulation, but the passive accumulation of 
macromolecular therapies in heterogeneous human 
tumours is now a topic of intense debate243,244. For exam
ple, only 8 of 37 patients treated with PK1 and imaged 
in phase I and phase II clinical evaluations exhibited 
verifiable tumour uptake via radionuclide imaging87,88. 

The gap between preclinical findings and patient data 
is likely a result of the failure of murine models to accu
rately recapitulate human cancer. For example, the rapid 
growth of murine tumours leads to irregular blood ves
sel formation and, consequently, leaky vasculature245. 
However, not all blood vessels in human tumours are 
leaky. Similarly, a recent study in canines with spon
taneous solid tumours demonstrated highly variable 
liposomal accumulation246. Interestingly, a recent meta 
analysis of preclinical EPR mediated tumour accumula
tion of drug carriers showed that, on average, only 0.7% 
of the intravenously injected dose reaches the tumour247, 
suggesting that, even in preclinical models exhibiting 
passive accumulation of drug carriers, current systems 
achieve inadequate delivery of chemotherapeutics to 
tumours. However, an analysis of the tumour locali
zation of the analogous small molecule agents was not 
performed, confounding a direct comparison between 
drug carriers and their small molecule counterparts. 
The limited translation of molecularly targeted poly
meric small molecule drug conjugates can be similarly 
attributed to an insufficient delivery advantage to the 
pathological target relative to healthy cells211.

One promising approach to facilitate the translation 
of polymeric conjugates of small molecule anticancer 
agents is to identify patients in whom the therapeu
tic does accumulate passively in tumours248 and/or 
to develop approaches to increase the passive tumour 
accumulation of drug carriers249. Notably, a recent clini
cal study demonstrated that high tumour localization of 
radiolabelled liposomal doxorubicin is correlated with 
improved response rates, progression free survival and 
overall survival in patients receiving a combination of 
liposomal doxorubicin and cisplatin250. Similarly, other 
reports demonstrate positive correlations between the 
tumour accumulations of clinically approved feru
moxytol iron nanoparticles, as well as radiolabelled 
HER2targeted liposomal doxorubicin, and improved 
treatment outcomes in patients receiving liposomal 
chemotherapy251,252. These findings have further moti
vated the development of a drug free radiolabelled 
liposomal companion diagnostic253. It is nonetheless 
important to bear in mind that increased tumour drug 
concentrations do not invariably translate to improved 
efficacy. For example, PEGylated liposomal doxorubicin 
(that is, Doxil) exhibits equivalent efficacy to free doxo
rubicin in metastatic breast cancer and multiple mye
loma, despite demonstrating higher accumulation of 
drug in patient tumours86,254,255. However, Doxil success
fully mitigates the cardiotoxicity of doxorubicin and ena
bles extended dosing intervals. Therefore, target tissue 
accumulation, efficacy and enhanced safety are among 
many parameters contributing to the clinical success of 
drug carriers256.

Another issue that potentially contributed to the 
insufficient improvements in pharmacokinetics and 
therapeutic outcomes for the first clinically evaluated 
water soluble conjugates of non biodegradable HPMA 
copolymers, such as PK1, is that they had molecu
lar masses below the renal cut off of 50 kDa to ensure 
their elimination207. However, since these early clinical 
trials, advances in polymer chemistry have enabled the 
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synthesis of high molecularmass biodegradable and 
biocompatible polymeric carriers. Given the proven 
clinical safety of HPMA based conjugates, biodegrad
able high molecularmass HPMA copolymers, syn
thesized via the incorporation of biocleavable units 
in the polymer backbone, are a potentially promising 
alternative100. The complex biological obstacles a drug 
carrier encounters upon infusion may additionally limit 
its ability to exhibit enhanced pharmacokinetics and 
biodistribution. Most notably, cells of the MPS rapidly 
sequester and clear foreign materials from the circu
lation, reducing their half life and bioavailability257. In 
addition to traditional PEGylation, emerging approaches 
to minimize MPS clearance include the use of ‘self ’ pep
tides and red blood cell membrane surface coatings257. 
Furthermore, minimal evidence validates the extended 
stability of drug carriers in vivo156. In particular, self 
assembled structures, such as polymeric micelles, are 
prone to dissociation upon dilution in the bloodstream 
or in the presence of plasma and tissue components that 
can bind the individual amphiphilic polymers. Although 
the macromolecular therapeutic may nonetheless pro
vide a formulation benefit, immediate disassembly and 
drug release minimize the utility of the polymer carrier. 
Therefore, careful design implementations, such as core 
crosslinking, must be considered to ensure that carrier 
stability is maintained in vivo and that the spatiotem
poral release of the active agent is not compromised. 
Similarly, thorough preclinical evaluation of pharma
cokinetics and biodistribution must be conducted to 
ensure sufficient in vivo stability of the chosen linking 
chemistry.

Development considerations
For all types of polymer–drug conjugate, the current 
development approaches are largely empirical. However, 
the diverse and complex challenges presented in the 
clinical translation of polymer therapeutics necessitate 
a holistic design approach, rigorous optimization and 
systematic, high throughput evaluation of libraries of 
conjugates258. In particular, the development of clini
cally viable drug carriers requires a bottom up design 
approach in which the active molecule, indication and 
even patient subset are defined at the outset. Similarly, 
robust and quantifiable design criteria are critical, espe
cially given that preclinical models are poorly predictive 
of clinical outcomes. For example, for a given therapeu
tic, indication and patient population, what quantifiable 
modifications in pharmacokinetics and/or biodistribu
tion are necessary to improve patient outcomes? While 
such questions are challenging to address, computa
tional and theoretical modelling approaches can be 

employed to correlate outcomes with concrete design 
parameters.

It is also important that systems maintain their the
oretical physicochemical characteristics and behaviour 
in vivo. The complexity of macromolecular therapeutics 
presents additional challenges in development and man
ufacture, such as reproducibility, scalability and cost243. 
In particular, clinical scale manufacture necessitates 
that critical quality attributes are defined and that set 
standards for these attributes are reproducibly met259. 
This becomes increasingly challenging as complexity 
and, accordingly, the number of critical quality attrib
utes are increased. At a minimum, chemical and physical 
stability, molecular mass, polydispersity, drug loading 
and sites of drug conjugation must be considered in the 
development of a polymer–drug conjugate. Therefore, 
the utility of each structural and/or functional compo
nent of a polymer–drug conjugate must be carefully eval
uated in order to optimize function and efficacy while 
minimizing complexity.

Outlook and conclusions
The field of polymer–drug conjugates has matured sub
stantially in the past two decades. In fact, today, generic 
polymer–drug conjugates are also entering the market259. 
Great strides have been made in the development and 
expansion of a robust toolbox for the rational and mod
ular design of effective polymer therapeutics, including 
an extensive array of synthetic methods, compositions 
and architectures. Given the tailored design and advan
tages afforded by polymer conjugation, we anticipate 
that this strategy will continue to facilitate the trans
lation of innovative treatments, even in the face of a 
changing therapeutic landscape. Accordingly, polymeric 
carriers are being developed to deliver a wide range of 
therapeutic modalities, including small molecules, pep
tides, aptamers and proteins. Furthermore, given the 
growing promise of cancer immunotherapy, it is not 
surprising that polymeric immunotherapies, including 
pegilodecakin and NKTR214 (TABle 2), are already in 
clinical development. Similarly, the advantages afforded 
by more sophisticated approaches, including molecu
lar targeting, combination therapy and the concurrent 
integration of therapeutics and diagnostics in a single 
carrier, herald the forthcoming clinical development of 
polymeric drug conjugates that integrate these function
alities. Rational design and continued multidisciplinary 
collaboration will expedite the realization of clinically 
transformative polymer–drug conjugate therapeutics in 
the forthcoming years.
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