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Abstract

Poor medication adherence is a pervasive issue with considerable 
health and socioeconomic consequences. Although the underlying 
reasons are generally understood, traditional intervention strategies 
rooted in patient-centric education and empowerment have 
proved to be prohibitively complex and/or ineffective. Formulating 
a pharmaceutical in a drug delivery system (DDS) is a promising 
alternative that can directly mitigate many common impediments to 
adherence, including frequent dosing, adverse effects and a delayed 
onset of action. Existing DDSs have already positively influenced 
patient acceptability and improved rates of adherence across various 
disease and intervention types. The next generation of systems have 
the potential to instate an even more radical paradigm shift by, for 
example, permitting oral delivery of biomacromolecules, allowing 
for autonomous dose regulation and enabling several doses to be 
mimicked with a single administration. Their success, however, 
is contingent on their ability to address the problems that have made 
DDSs unsuccessful in the past.
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In this Review, we first overview the fundamentals of DDSs and the 
mechanisms by which they can improve adherence. We then summa-
rize the impact that DDSs have had on patient adherence across four 
disease and intervention types: chronic, relapsing–remitting, acute 
and prophylactic. Finally, we discuss the lessons that can be learned 
from several novel DDSs that failed to realize broad commercial 
success.

Overview of drug delivery systems
Controlled-release DDSs can be classified by numerous characteristics 
including their route of medication administration (for example, oral, 
transdermal, intravenous, intramuscular, subcutaneous, transmu-
cosal; Fig. 2), the device type (for example, injectable microparticle 
depot, extended-release oral formulation, intravaginal ring) or the drug 
release profile afforded by the system (pulsatile, first-order, sustained, 
zero-order or stimuli-responsive).

DDSs are especially useful when the active pharmaceutical ingredi-
ent (API) has dose-limiting side effects, a narrow therapeutic window 
and/or a short half-life that makes maintaining the proper drug concen-
tration difficult. Examples of DDSs that have been developed to address 
these issues include the liposomal formulation of the cardiotoxic 
chemotherapeutic doxorubicin (Doxil), a subcutaneous injectable 
microparticle suspension of somatotropin, a protein with a half-life of 
20–30 min following intravenous injection18 (Nutropin Depot) and an 
extended-release oral formulation of the anticonvulsant drug pheny-
toin, which has a therapeutic index of only two (Phenytek capsules)19. 
In other instances where the payload is too fragile to survive in the body 
over therapeutically relevant timescales without a suitable carrier (for 
example, nucleic acids), a DDS such as a lipid-based nanoparticle may 
be required.

Chemical modifications and microenvironment modulation are 
two additional paradigms for improving the pharmacokinetics of an 
API. The former entails changing the physicochemical properties 
of a drug to create a new molecular entity20,21, and the latter entails 
changing the immediate vicinity of the drug to increase its solubility, 
stability and/or modulate the resulting immune response22. Although 
these additions may be included as part of a DDS formulation, they do 
not, by themselves, meet the definition of DDS used in this Review. 
Instead, we focus on platform technologies that can be applied to 
more than one API.

Limitations
Formulating APIs in DDSs is not a one-size-fits-all approach, however, 
and there are limitations common to certain classes of DDSs that are 
worth noting. For example, surgically implanting a device requires an 
invasive procedure and, in some instances, frequent monitoring by a 
health-care professional. This is also true for some state-of-the-art DDSs 
in preclinical development, including responsive particle systems that 
require external stimuli such as ultrasound or focused light to release 
cargo in a targeted manner, or systems that utilize instrument-mediated 
modes of cell transfection for gene therapy (that is, electroporation or 
biolistic (gene gun) delivery). Some classes of DDSs may be more likely 
to malfunction than their traditional alternative(s) owing to added 
device or usage complexity. Certain devices may also be less accessi-
ble owing to limited demand, scant coverage by insurance providers, 
a lack of enabling infrastructure, limited awareness among patients 
and providers, and/or costly premiums, especially in low and middle-
income countries. These drawbacks, however, are arguably true of all 
nascent technologies and should diminish as further development and 

Introduction
More than half of the world’s population takes at least one drug each 
day, and the demand for pharmaceuticals is only expected to increase 
as the global disease burden continues to grow1. The benefits that a 
drug seemingly affords in a highly controlled setting, however, will 
not translate to real-world use if patients do not take their medica-
tion as prescribed. Poor medication adherence is the most common 
reason for disparities observed between results obtained in rand-
omized clinical trials (RCTs) and real-world outcomes2,3 and remains 
pervasive; estimates of non-adherence are around 50% for chronic 
illnesses4,5. In the United States alone, poor adherence is responsible 
for an estimated 125,000 deaths per year, a figure comparable with 
the number of deaths caused by colorectal cancer, breast cancer 
and prostate cancer combined6,7. Poor adherence is also estimated 
to cause 10% of all hospitalizations and underlie $100–300 billion 
of avoidable health-care costs annually owing to wasted medicine, 
unnecessary diagnostic procedures and excessive health-care pro-
vider utilization8–10. Rates of non-adherence are especially high among 
older people, who are more likely to require complicated treatment 
plans and suffer from cognitive and/or functional impairments (for 
example, dysphagia) that impede their ability to administer certain 
types of medication11. Owing to a globally ageing population and a 
worldwide shift in the general disease burden from acute to chronic 
conditions, the adverse effects of non-adherence are only expected 
to increase12.

The key reasons for poor adherence are patient forgetfulness, 
anxiety about treatment-associated adverse effects, low motivation 
due to a perceived lack of efficacy, poor health literacy and aversion to 
the health belief model, and stigmatization4,8. Other factors that may 
play a role include high prescription costs and insufficient patient–
provider communication. Besides negatively impacting the health of 
an individual, pervasive non-adherence can have a pernicious effect on 
the health of a community, especially as it pertains to communicable 
diseases. For example, failing to complete a vaccination schedule 
or a course of antibiotics or antivirals as prescribed can lead to the 
emergence of a resistant strain of a contagious bacteria or virus. Vac-
cine refusal has been implicated in outbreaks of varicella, measles and 
pertussis, among others13.

Improving adherence is recognized as one of the most impact-
ful and cost-effective strategies for improving the health of the gen-
eral population, yet it has not garnered the same attention as other 
approaches for improving wellness4. A mere 1% increase in drug utiliza-
tion among individuals enrolled in Medicare and Medicaid in the United 
States is estimated to result in a $3 billion reduction in national health-
care spending (0.2% of the total Medicare and Medicaid budget in 2020 
(ref. 14))15,16. Traditional health-care provider-mediated strategies for 
improving adherence by educating and empowering patients have pro-
duced inconsistent and often underwhelming results17 (Box 1). These 
interventions are often too complex, requiring health-care infrastruc-
ture and/or some extent of personalization, to be cost-effective at scale. 
Drug delivery systems (DDSs) are promising technological alternatives 
that can mitigate the logistical factors negatively impacting real-world 
adherence. DDSs are formulations, systems or technologies used to 
modulate the release of a drug in the body over time and/or target the 
drug to a particular tissue or cell type. The first DDS, a sustained-release 
system delivering dextroamphetamine, was approved in 1952 (Box 2). 
A timeline describing the development of several key DDSs — with an 
emphasis on those that did (or are expected to) improve medication 
adherence — is provided in Fig. 1.
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cost optimization enables broader adoption. Finally, some patients 
may express apprehension or outright refusal in favour of traditional, 
‘tried and true’ methods of medication administration, depending on 
factors such as the severity of their disease and the device’s route of 
administration and usability23.

Design considerations
Generally, there are several key design considerations that DDS devel-
opment should abide by depending on the device’s intended disease 
target(s). Given that patients with chronic conditions are likely to 
use it on a frequent (often, daily) basis, reliability, affordability and 
ease of use generally take priority. Factors including the size of the 
device (if used externally), the ease of administration and the severity 
of rapidly onset side effects, if any, can affect its perception among 
patients and its clinical utility. For relapsing–remitting conditions, it 
may additionally be beneficial to design a device capable of accom-
modating medically recommended changes in treatment owing to 
variable disease progression. The design considerations for DDSs used 
to administer prophylactic medication are similar to those for DDSs 

intended for use in patients with chronic and relapsing–remitting 
conditions, given the similarity in dosing duration requirements; 
however, device discretion may additionally carry more weight for 
some prophylactic drugs, such as pre-exposure prophylaxis (PrEP) 
and contraceptives. Where applicable, all non-surgically implanted 
DDSs intended for long-term use would benefit from monitoring capa-
bilities to track patients’ adherence and the device effectiveness. The 
design considerations for DDSs used to treat acute conditions include 
those mentioned above, but there may be additional considerations 
given the time-sensitive nature of the condition (as is the case with an 
acute infection). These may include the speed of drug delivery and the 
portability of the device.

Improving patient acceptability and adherence
DDSs can improve the pharmacokinetics of an API and/or enable alter-
native delivery routes, potentially allowing for a reduction in dosing 
frequency and/or abatement of adverse effects. Some DDSs can also 
allow for added discretion, benefitting patients who feel embarrassed 
by having to regularly store and take pills. These improvements, among 

Box 1

Traditional interventions for improving adherence and ways to 
measure adherence
Traditional strategies aimed at improving adherence include 
both direct and indirect methods. Examples of traditional, direct 
strategies for improving adherence include providing educational 
materials and monetary incentives, conducting motivational 
interviews and performing regular check-ins. Indirect strategies 
include strengthening patient–provider relationships and improving 
community-wide health literacy243. Unfortunately, there is no 
consensus on the efficacy of these strategies in improving medication 
adherence and there is evidence that their implementation can result 
in anywhere from a worsening to a significant improvement in rates 
of adherence and/or outcomes4,6,126,244–246. An analysis of data from 
17 high-quality randomized clinical trials (RCTs) investigating the 
effect of various interventions on adherence with a low risk of bias247 
revealed improvements in both medication adherence and clinical 
outcome in five studies, albeit only to a modest extent17. Moreover, 
each strategy that improved adherence consisted of a complex, 
multifactorial scheme, such as educational intervention from a 
health-care provider, rigorous counselling and/or daily treatment 
support.

Adherence assessments can be made using multiple methods, 
which can make it more difficult to compare findings between 
studies. In order of decreasing fidelity and cost, methods for 
measuring adherence include direct measures (for example, 
periodically measuring the concentration of a drug in a patient’s 
blood or urine), electronic monitoring (for example, employing a 
‘smart’ container capable of sensing when medication is retrieved), 
secondary database measures (for example, reviewing prescription 
refill records), tablet counting and clinical assessment/self-reporting243,248. 
If using an electronic monitoring device, researchers can also 

gain insight into several different definitions of adherence: taking 
adherence (the percentage of device openings relative to the 
prescribed number of doses), regimen adherence (the percentage  
of days with the correct number of device openings per day) and 
timing adherence (the percentage of device openings occurring 
within a prescribed interval).

The two metrics most widely used to quantify adherence 
are the medication possession ratio and the proportion of days 
covered (PDC). The medication possession ratio is defined as the 
proportion of days’ supply obtained over a period of interest and is 
used approximately six times as often as the PDC10. The PDC is the 
proportion of days that a patient has access to their medication over 
a period of interest. In most instances, a patient with a medication 
possession ratio or PDC ≥ 0.80 is considered ‘adherent’249. Medication 
persistence, defined as the duration of time from treatment initiation 
to discontinuation, is another useful measure of medication-taking250.

It is important to note that studies often overestimate adherence 
owing to various confounding factors. These include ‘white coat’ 
adherence (patients are more adherent when under surveillance or 
near a clinical visit) and the ‘healthy-adherer effect’ (patients who 
are more adherent are also more likely to engage in health-seeking 
behaviour and may have better, treatment-independent outcomes). 
One meta-analysis considered 51 studies in which adherence to oral 
medications was monitored via an electronic monitoring device30. The 
studies that blinded patients to electronic monitoring, implemented 
longer follow-up periods and had a randomized trial design were 
associated with inferior adherence rates. As all three of these 
strategies are expected to increase the fidelity of the collected data, 
this supports the notion that adherence overestimation occurred.
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others, can enable patients to overcome barriers to adherence such as 
forgetfulness, premature discontinuation and stigma-related aver-
sion. Below, we discuss seven major ways in which DDSs can improve  
adherence.

Reduced dosing frequency
Patients prefer to take a drug less often and are, accordingly, more 
adherent when their treatment regimen aligns with their prefer-
ences24–28. There is strong evidence to support a significantly higher 
rate of adherence to drugs taken once daily versus those taken multi-
ple times per day for various conditions, including bisphosphonates 
(BPs) for osteoporosis, angiotensin-converting enzyme inhibitors 
for hypertension and sulfonylureas for type 2 diabetes (T2D), among 
many others. On a more granular level, there is evidence to support 
both the notion of an inverse, monotonic relationship between dos-
ing frequency and adherence29 as well as a subtle or insignificant dif-
ference between adherence rates for drugs taken multiple times per 
day30,31. In one meta-analysis, adherence rates to oral medications used 
to treat chronic diseases across three definitions of adherence (taking, 
regimen and timing; Box 1) were found to be progressively lower for 
regimens requiring administration of two, three and four doses per 
day compared with once-daily dosing regimens, with the disparity 
growing more pronounced as the stringency of the adherence defini-
tion increased30. In another analysis, adherence rates among patients 

with asymptomatic chronic diseases taking once-daily medications 
were significantly higher compared with rates among those taking 
twice-daily or thrice-daily medications26.

In contrast to immediate-release formulations such as capsules 
and intravenous injections, extended-release DDSs release a drug over 
a longer period of time, enabling less frequent dosing. Three com-
mon types of extended-release formulation, either for oral delivery or 
parenteral implantation/injection, are matrix, reservoir and osmotic-
controlled systems (Fig. 3). Each system is capable of achieving delivery 
times of 12–24 h (if taken orally) or, potentially, years (if implanted 
parenterally) but is subject to trade-offs, including the rate and preci-
sion of drug release and ease of manufacturing. Some reservoir sys-
tems additionally consist of multiple types of particle, each made of 
biodegradable polymers of a different composition and/or thickness 
that allow for burst release of a drug at different times — a so-called 
pulsatile DDS32. These systems constitute a promising platform for 
addressing adherence issues with multi-dose vaccines. These are often 
associated with low rates of completion due, in part, to the burden of 
visiting a health-care provider multiple times, an adherence barrier 
that is heightened in low-resource settings33,34.

Other extended-release DDSs include near zero-order delivery 
systems such as intravaginal rings, osmotic pumps, actuated pumps 
and implantable microchips, which are capable of providing a steady 
rate of drug release over a period ranging from hours to years35. Finally, 

Box 2

A brief history of drug delivery systems
The earliest drug delivery systems (DDSs) were developed during the  
1950s–1970s/1980s when researchers mostly sought to control  
the pharmacokinetics of oral and transdermal drugs. The first DDS, the  
Spansule sustained-release system, was approved in 1952 and 
consists of a gelatin capsule containing granules of the stimulant 
dextroamphetamine coated with a layer of natural waxes that dissolve 
in a composition and thickness-dependent manner251–253. Taking one 
Spansule capsule thus results in pharmacokinetics comparable with 
taking two or three immediate-release doses over the course of 12 h. 
Transderm Scop, the first systemic transdermal DDS, was approved in 
1979 and delivers scopolamine across the skin via passive diffusion to 
treat nausea and vomiting. The device was recently discontinued for 
reasons unrelated to its efficacy or safety, but generic versions remain 
available. As of 2018, there were approximately 200 sustained-release 
oral preparations and 50 transdermal patches (both new products 
and generic versions) on the US market254.

Researchers developing the second generation of DDSs from 
the 1970s/1980s to the 2010s sought to improve and expand the 
use of these systems to achieve more consistent drug release 
rates, deliver comparatively more delicate biologics (for example, 
proteins, peptides and nucleic acids), utilize ‘smart’ materials capable 
of automatic or manual regulation and/or achieve tissue-specific 
targeting255. It was initially believed that large macromolecules  
could not withstand loading into polymeric microparticles but, in 
1976, several proteins, including soybean trypsin inhibitor, lysozyme 
and alkaline phosphatase, were successfully encapsulated in  

non-inflammatory polymeric vehicles and released in a biologically 
active state over the course of months256. Thereafter, Lupron 
Depot, a formulation of poly(lactic-co-glycolic acid) microspheres 
encapsulating leuprolide acetate — the first long-acting injectable 
of its kind — was approved by the US Food and Drug Administration 
(FDA) in 1989 for the palliative treatment of prostate cancer. Its 
approved indications have since expanded to include treating 
endometriosis, anaemia owing to uterine fibroids and precocious 
puberty. Following an initial burst release, this system is capable of 
providing sustained release of leuprolide acetate for 1–6 months, 
depending on the formulation. Doxil, the first liposomal formulation 
of a small molecule (doxorubicin), was approved in 1995 and 13 other 
liposomal technologies have followed since257.

Building upon the innovations of the two prior generations, 
third-generation DDSs (2010s–present) are being developed to last 
longer and, where desirable, use less invasive technologies capable 
of delivering cargo with tightly controlled spatial and temporal 
precision. DDSs are also being employed to deliver new classes of 
drugs, such as nucleic acids for gene regulation and whole cells 
for cell-based immunotherapies22,258. Onpattro was the first RNAi 
therapeutic approved by the FDA in 2018; it was shown to reduce the 
production of the protein transthyretin in patients with hereditary 
transthyretin amyloidosis. rVSV-ZEBOV was the first viral vector-based 
vaccine approved for human use against Ebola in 2019. Most recently, 
Comirnaty and Spikevax were the first mRNA vaccines approved for 
COVID-19 vaccination in 2021.
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nano-formulations, such as liposomes and dendrimers, can help extend 
the circulating time of a drug or improve its deposition characteristics, 
thereby increasing the therapeutic duration of the drug and reducing 
its required dosing frequency.

Avoidance of first-pass metabolism and accelerated onset of 
action
The bioavailability of oral drugs is limited by hepatic first-pass metabo-
lism, leading to variability in the rate and extent of absorption. DDSs 
that avoid first-pass metabolism by using a parenteral route — such as 
intravenous, subcutaneous, intramuscular, transdermal, intranasal, 
sublingual or buccal administration — to deliver a drug directly into 
the bloodstream or the target site enable comparatively less material 
to achieve the same therapeutic effect in a well-controlled manner. 
They also enable a faster onset of action compared with oral delivery, 
which can be crucial for adherence; if patients do not immediately feel 
a lessening of their symptoms, they may stop taking their medication 
before it has a chance to exert its intended effect.

Intranasal DDSs enable a drug to access the brain via the olfactory 
or trigeminal nerves, bypassing hepatic first-pass metabolism, harsh 

gastrointestinal conditions and the blood–brain barrier to elicit the 
desired therapeutic effect within minutes instead of hours36,37. So-called 
nose-to-brain delivery systems are typically used to deliver classes 
of drugs such as anti-seizure medications, migraine medications,  
cholinesterase inhibitors and antidepressants38,39.

Rapid improvement of depressive symptoms is critical in patients 
with severe depression who are acutely suicidal. Accordingly, studies 
have shown that the short-term effects of antidepressants are predic-
tive of long-term results40,41. Esketamine is an anaesthetic drug that 
is used to treat patients with treatment-resistant depression and has 
a quicker onset of action than traditional antidepressants. The oral 
bioavailability of esketamine, however, is only 8–11% and the rate of 
absorption appears to vary considerably between patients, possibly 
owing to factors such as stomach contents and gut motility42. In those 
taking oral esketamine, significant changes are often detected only  
2–6 weeks after treatment initiation43. Intranasal esketamine 
(Spravato), in comparison, has a much higher bioavailability (46–54%) 
and is fast-acting, reaching a peak plasma concentration 20–40 min 
after dosing and lessening depressive symptoms as quickly as 4 h after 
the first dose.

Present 
(in development)
• Single-injection, 

multi-dose vaccines
• Sense-and-respond 

systems
• Targeted 

ultrasound and 
light-triggered 
therapies

• Oral delivery of 
biologics
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for diabetes

Ocusert: sustained-
release ocular product 
delivering pilocarpine 
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containing triptorelin for 
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Doxil: liposomal 
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doxorubicin 
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ParaGard: copper 
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oral methyl-
phenidate for 
treating ADHD
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1950s, 1960s, 1970s: Development 
of oral and transdermal extended- 
release delivery systems. Discovery 
and research into particle systems 
(polymers, liposomes)

1980s: Development of 
long-acting parenteral 
systems that are e�ective 
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2010s: Delivery of delicate 
biologics (e.g. proteins, 
RNAi, mRNA)
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and nanotechnologies

Seminal research findings
Clinical advancements

Fig. 1 | Timeline of key delivery technologies and drug delivery systems. 
This timeline illustrates examples of several key delivery technologies and drug 
delivery systems (DDSs) developed between the 1950s and the 2020s, many of 
which have improved or are expected to improve patient adherence. Several 

technologies currently in development that may be featured in future DDSs are 
also included. ADHD, attention deficit hyperactivity disorder; GLP1RA, glucagon-
like peptide 1 receptor agonist; HIV, human immunodeficiency virus; IUD, 
intrauterine device; PrEP, pre-exposure prophylaxis.
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Mitigation of concentration-dependent adverse effects
Experiencing adverse effects or anxiety about potential adverse effects 
is a major deterrent to patient adherence44–46. A high plasma concen-
tration of certain drugs, including glucagon-like peptide 1 receptor 
agonists (GLP1RAs), cholinesterase inhibitors and BPs, immediately 
after dosing is directly correlated with the onset of gastrointestinal 
adverse effects such as nausea, diarrhoea and vomiting. Accordingly, 
these side effects are reported less frequently by patients taking long-
acting formulations of these drugs than those taking short-acting 

formulations47–50. For patients with epilepsy, taking consecutive doses 
of immediate-release antiepileptic drugs (many of which have short 
half-lives and narrow therapeutic indices51) results in large peak-to-
trough fluctuations, which may increase the risk of both seizures and 
concentration-dependent toxicity52. Extended-release formulations of 
antiepileptic drugs such as phenytoin (Dilantin) and valproate (Depa-
kote ER), in comparison, are associated with improved tolerability, 
offer significant improvements in quality of life and can mitigate the 
effects of missed or delayed doses53.
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Fig. 2 | Drug delivery system examples and characteristics. a, US Food and 
Drug Administration (FDA)-approved examples of drug delivery systems 
(DDSs) grouped by route of administration (oral, intramuscular, transdermal, 
subcutaneous, intraocular, intranasal, intrauterine and transmucosal 
(pulmonary, sublingual, buccal, intravaginal and rectal)). b, Pharmacokinetic 
profiles showing the plasma concentration of a drug following a single dose, 

based on the type of release. Traditional, non-DDS formulations of parenteral and 
oral drugs result in rapid clearance of drug from the blood, whereas some DDSs 
can prolong the duration over which the drug concentration remains within the 
therapeutic window without increasing the peak drug concentration. In the case 
of pulsatile release, DDSs can also allow for multiple, pre-programmed release 
events mimicking bolus doses of drug following a single administration.
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Besides short-term adverse effects, there are other risks associ-
ated with repeated exposure to high concentrations of some drugs. 
These include an increased risk of developing resistance (as is the 
case with some antibiotics and antivirals) or developing tolerance and 
physical dependence (as is the case with opioids)4,54. Extended-release 
formulations have the potential to mitigate many of these issues by 
minimizing the peak-to-trough fluctuations in plasma drug concentra-
tion, enabling it to stay below toxic levels and within the therapeutic 
window. Because the drug metabolism rate is typically a function of 
concentration, these formulations have the added benefit of enabling 
less total drug to achieve the same therapeutic duration, potentially 
reducing the burden on the liver and kidneys.

Lowered barrier to continued use
Long-acting DDSs can offer a lowered barrier to continued use, 
benefitting patients who would otherwise prematurely stop taking  
a medication for the various reasons discussed below.

Patients taking fast-acting drugs may begin to feel better within 
a short period of time after initiating a course of medication and, con-
sidering their problem solved, fail to continue taking it as a result. 
This phenomenon is prevalent during the remission phase of various 
relapsing–remitting diseases, such as inflammatory bowel disease 
(IBD), relapsing–remitting multiple sclerosis and asthma. Premature 
discontinuation is also common in patients taking a course of antibi-
otics for an acute infection, which may increase the risk of developing 
antibiotic resistance.

Patients may also prematurely stop treatment if taking a drug with 
a delayed onset of action, as is common for antidepressants, antipsy-
chotics and some immunosuppressants. In the case of depression, 
premature medication discontinuation contributes to its undertreat-
ment and is a risk factor for developing a treatment-resistant form of 
the disease55.

Finally, patients may prematurely discontinue a drug because of its 
short-term side effects. Some treatment regimens for chronic diseases, 
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Fig. 3 | Mechanisms of release and examples of common drug delivery 
systems. a, Reservoir-based systems. These consist of a hollow, drug-filled core 
encapsulated by a degradable polymer. Over time, the polymeric shell degrades 
in a composition and thickness-dependent manner to release the drug. Using 
multiple types of shell allows for a fraction of the drug to release at a certain 
time. This technology can be used in capsules or as part of a microparticle depot 
suspension in oral and parenteral delivery systems, respectively. b, Osmotic 
pump-based systems. These systems are often used for extended-release oral 
delivery and consist of a water-permeable, insoluble polymer laden with drug 
and, often, a so-called expandable ‘push’ layer encapsulated in a hard coating. 
Exit holes are drilled through the coating to expose the polymer to the outside. 
Over time, water infiltrates the capsule and causes both layers to expand, 
pushing drug out through the exit holes. c, Matrix-based systems. These systems 
consist of drug embedded within a water-permeable, soluble monolithic matrix. 

Over time, water infiltrates the matrix (often, in the form of a tablet) and causes 
it to degrade, enabling drug release. These types of system are most often 
used in extended-release oral formulations. d, Matrix-based systems with a 
rate-limiting membrane. These consist of a drug-laden matrix core surrounded 
by a semi-permeable membrane that limits the rate of drug release, enabling 
pseudo zero-order delivery. This technology is often found in non-degradable, 
long-lasting implants, such as intrauterine devices (IUDs) and intravaginal 
rings. e, Transdermal/transmucosal systems. The three types of system shown 
here are iontophoretic devices, transdermal patches and microneedle array 
patches. Iontophoretic devices achieve delivery by creating an electric field that 
efficiently shuttles charged moieties across the skin barrier. Transdermal patches 
allow for passive delivery of molecules smaller than 500 Da. Finally, microneedle 
array patches penetrate the skin to deliver drug directly into the cutaneous layer.
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such as interferon therapy in the treatment of multiple sclerosis or 
chronic hepatitis C, often result in flu-like symptoms that typically 
diminish over time56,57. The initial, acute onset of these symptoms is a 
deterrent to patient acceptability58, with the number and severity of 
symptoms inversely correlated to adherence59–61. Patients who are tak-
ing naltrexone for a substance use disorder can also initially experience 
unpleasant withdrawal symptoms during the first phase of treatment 
that can last for up to 2 weeks, depending on the substance. This often 
leads to premature discontinuation, a phenomenon that is common 
among patients receiving treatment for a substance use disorder62.

Reduced pain
Needle phobia is estimated to affect one out of every five people, and 
those afflicted are more likely to avoid medical treatment involving 
needles, including vaccination63,64. This fear is estimated to be the 
primary reason for non-compliance with recommended paediatric 
immunization schedules in 7–8% of cases65 and may account for as 
many as 10% and 16% of all individuals expressing COVID-19 (ref. 66) 
and influenza vaccine hesitancy63, respectively.

Nasal and oral vaccines are alternatives to vaccines delivered 
via intramuscular injection with a hypodermic needle. In a survey 
of parents whose children had received vaccines via both intranasal 
administration and intramuscular injection, a significantly larger per-
centage found the intranasal formulation to be more well tolerated and 
generally regarded it as more favourable67. However, oral vaccines are 
limited by challenges associated with oral delivery, such as withstand-
ing the harsh conditions of the gastrointestinal tract and achieving 
sufficient absorption across the intestinal mucosal barrier despite a 
short residence time68. For these reasons, although they can provide 
mucosal immunity and are highly acceptable to patients (≥90%), oral 
vaccines are often unable to confer systemic immunity69.

Transdermal microneedle array patches (MAPs) are a type of DDS 
in preclinical development that deliver drugs to the epidermis or upper 
dermis, avoiding the cutaneous pain receptors found in the lower der-
mis and allowing for painless drug delivery. Injections with micro-sized 
needles are also less likely to cause serious skin irritation, redness or 
swelling and present a lower risk of infection than standard intramuscu-
lar injections70. Studies have shown that patient acceptability of MAPs is 
high, with 70–90% reporting that they would prefer to use a MAP rather 
than receive an intramuscular injection with a hypodermic needle71–74.

Increased cost-effectiveness
High out-of-pocket medication costs are a deterrent to patient adher-
ence, especially in resource-limited settings75–78. DDSs have the poten-
tial to reduce the total amount of drug required to achieve a therapeutic 
effect by controlling the drug’s systemic concentration and rate of clear-
ance. From a financial perspective, this benefit might be greatest for 
controlled-release DDSs delivering costly biologics. For example, anti-
VEGF biologics are highly effective in the treatment of ocular diseases 
such as macular degeneration and macular oedema but are relatively 
expensive, and lowering the out-of-pocket costs of these treatments 
has been shown to significantly improve adherence79. Intravitreal bolus 
injections of the anti-VEGF treatments ranibizumab and aflibercept are 
annually estimated to use 160 and 190,000 times more drug, respec-
tively, than that which a zero-order DDS would require80. If cost was 
to scale linearly with dose size, this translates to an estimated annual 
saving of approximately $10,000 for both treatments when formulated 
in a DDS, which is likely to far exceed the fabrication costs of such a 
device81. Moreover, controlling release over an extended duration could 

reduce the number of times a physician needs to administer the drug, 
requiring fewer doctor’s visits and reducing costs.

MAPs can also achieve dose sparing of vaccines, often requiring 
only 1–10% of the antigenic material that would be required in a sub-
cutaneous or intramuscular injection due to the efficient activation 
of skin-resident antigen-presenting cells82,83. They may also have the 
potential to be stored outside the cold chain and/or self-administered, 
further lowering costs and improving accessibility.

Destigmatization
Stigma plays an important role in treatment acceptability and adher-
ence for various conditions, including neuropsychiatric disorders, 
epilepsy, attention deficit hyperactivity disorder (ADHD) and human 
immunodeficiency virus (HIV)/acquired immunodeficiency syndrome 
(AIDS)84–88.

Patients with ADHD may need to take as many as eight immediate-
release methylphenidate tablets a day. This can be a source of stigma 
and embarrassment, especially among children who need to take one or 
more doses during the school day88,89. Several extended-release formula-
tions of methylphenidate have been developed, including the osmotic 
controlled-release oral delivery system Concerta XL. This DDS, which 
consists of an immediate-release coating of methylphenidate encapsulat-
ing an extended-release osmotic pump system, produces a quick onset 
of action and avoids the rapid development of tolerance, extending the 
drug’s duration of efficacy to 10–12 h. Accordingly, results from RCTs sug-
gest that this system leads to higher satisfaction and treatment adherence 
among patients over traditional immediate-release formulations90,91.

Individuals taking antiretrovirals for HIV/AIDS prophylaxis or 
therapy face a unique combination of stringent adherence require-
ments92,93 and a high rate of stigmatization, leading them to prefer 
comparably invasive, long-acting DDSs (for example, injectable sus-
pensions and intravaginal rings) over short-acting oral drugs and 
pericoital microbicides94–96. In a survey of individuals receiving oral 
antiretroviral therapy, more than four fifths reported that they would 
definitely or probably try an injectable long-acting extended-release 
formulation if the dosing frequency was reduced to once monthly or 
better97. Accordingly, the two long-acting injectable antiretroviral 
therapies recently approved by the FDA have both been shown to be 
more effective in clinical trials over an oral PrEP alternative, ostensibly 
due to a demonstrable improvement in patient adherence98–100.

Trends in adherence by disease type
Adherence rates and auspicious DDS intervention strategies vary by 
disease type. In this section, we discuss the effects that implementa-
tion of a DDS and/or treatment modification attainable with a DDS 
have had on adherence in four categories of diseases and treatments: 
chronic, relapsing–remitting, acute and prophylactic interventions. 
These four categories broadly encompass most conditions that are 
currently treatable/addressable using DDSs and that substantially 
contribute to disability-adjusted life years lost worldwide. For exam-
ple, cancer, diabetes, hypertensive heart disease and major depres-
sive disorder alone (all discussed below) were collectively responsible  
for an estimated 15% of disability-adjusted life years lost in 2019  
(refs. 101–104). In each section, we begin by discussing the impact 
that clinically approved DDSs have had on patients afflicted with that 
particular disease type and, where applicable, conclude with a brief 
discussion of promising DDSs in preclinical development. For fur-
ther reference, a comparison of traditional versus DDS/long-acting 
formulations for the same API is provided in Table 1.
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Table 1 | Comparison of traditional versus drug delivery system/long-acting formulations for the same active 
pharmaceutical ingredient

DDS (API) Type of system Indication Duration of 
effectiveness

Non-DDS alternative(s) Mechanism(s) by which 
this system may improve 
adherence

Dexedrine Oral 
(dextroamphetamine), 
Concerta XL 
(methylphenidate)

Extended-release oral 
tablet

ADHD 8–24 h, 1 day Oral tablet taken 4–6 times daily 
(Zenzedi) or oral tablet taken  
2–3 times daily (Ritalin)

Reduced dosing frequency, 
fewer adverse effects

Xeloda (capecitabine) Extended-release oral 
tablet

Breast, colon and 
rectal cancer

12 h Intravenous bolus 5-fluorouracil  
and leucovorin administered every 
3–4 weeks (Irinotecan)

Less invasive, convenience of 
at-home administration

Catapres-TTS (clonidine) Transdermal patch Hypertension 1 week Twice-daily oral tablet (Catapres Oral) Reduced dosing frequency

Daytrana 
(methylphenidate)

Transdermal patch ADHD 1 day Oral tablet taken 2–3 times daily 
(Ritalin) or daily (Concerta XL)

Reduced dosing frequency

Emsam (selegiline) Transdermal patch Major depressive 
disorder

1 day Oral tablets taken 2–4 times daily 
(for example, Marplan, Phenelzine)

Reduced dosing frequency, 
fewer side effects, appropriate 
for patients with dysphagia

Neupro (rotigotine) Transdermal patch Parkinson 
disease, restless 
legs syndrome

1 day Oral tablets taken 3 times daily (for 
example, Ropinirole, Pramipexole)

Reduced dosing frequency, 
fewer side effects, appropriate 
for patients with dysphagia

Exelon Patch (rivastigmine) Transdermal patch Alzheimer disease 1 day Twice-daily oral tablet (Exelon Oral) Reduced dosing frequency, 
fewer adverse effects

Ortho Evra (ethinyl 
oestradiol;norelgestromin)

Transdermal patch Contraception 1 week Daily oral tablet (various) Reduced dosing frequency

Mirena/Kyleena/Liletta/
Skyla (levonorgestrel)

IUD Contraception 3–7 years Daily oral tablet (various) Reduced dosing frequency, 
fewer side effects

Paragard (copper) IUD Contraception ≤10 years Daily oral tablet (various) Reduced dosing frequency, 
fewer side effects

NuvaRing (etonogestrel/
ethinyl oestradiol)

Intravaginal ring Contraception 1 month Daily oral tablet (various) Reduced dosing frequency

Norplant (levonorgestrel) Subdermal implant Contraception 3 years Daily oral tablet (various) Reduced dosing frequency

Vitrasert (ganciclovir) Intraocular, 
non-degradable 
polymeric implant

Cytomegalovirus 
retinitis in patients 
with AIDS

5–8 months Eye drops administered 3–5 times 
per day, as needed (Zirgan eye 
drops)

Reduced dosing frequency, 
reduced barrier to treatment 
continuation

Iluvien, Retisert and Yutiq 
(fluocinolone acetonide)

Intravitreal, 
non-degradable 
polymeric implant

Diabetic macular 
oedema (Iluvien) 
or non-infectious 
uveitis (Retisert 
and Yutiq)

2.5 years 
(Retisert) up 
to 3 years 
(Iluvien and 
Yutiq)

Subcutaneous injection every  
2 weeks for non-infectious uveitis 
(Humira) or intravitreal injection 
once every 4–8 weeks for diabetic 
macular oedema (Eylea, Avastin, 
Vabysmo, Lucentis)

Reduced dosing frequency, 
reduced barrier to treatment 
continuation, circumvention 
of need for monthly or 
bimonthly intravitreal 
injections at a provider’s office

Ozurdex (dexamethasone) Intravitreal, extended-
release degradable 
polymeric implant

Macular oedema Up to  
6 months

Eye drops taken 4–6 times a day, 
as needed (Dexamethasone 
Ophthalmic)

Reduced dosing frequency, 
reduced barrier to treatment 
continuation

Apretude (cabotegravir) Intramuscular, 
extended-release 
injectable suspension

HIV PrEP 2 months Daily oral tablet (Truvada/Descovy) Reduced dosing frequency, 
reduced barrier to treatment 
continuation, reduced 
perceived stigmatization

Cabenuva 
(cabotegravir; rilpivirine)

Intramuscular, 
extended-release 
injectable suspension

HIV PrEP 1–2 months Daily oral tablet (Truvada/Descovy) Reduced dosing frequency, 
reduced barrier to treatment 
continuation, reduced 
perceived stigmatization

Lupron Depot (leuprolide 
acetate)

Subcutaneous, 
extended-release 
degradable 
microparticle depot

Prostate cancer, 
anaemia owing to 
uterine fibroids, 
endometriosis, 
central preco-
cious puberty

1–6 months, 
depending on 
formulation

Daily subcutaneous injection 
(Lupron injection)

Reduced dosing frequency, 
reduced barrier to treatment 
continuation, circumvention 
of need for daily injections

Vivitrol (naltrexone) Intramuscular, 
extended-release 
degradable 
microparticle depot

Substance use 
disorder

1 month Daily oral tablet (Depade) Reduced dosing frequency, 
reduced barrier to treatment 
continuation
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Chronic disorders
Adherence rates across chronic conditions are variable, but gener-
ally straddle 50%4. Across several conditions including hypertension, 
hypercholesterolaemia and heart disease, the risk of mortality in non-
adherent patients is approximately twice that of adherent patients105 
and rates of adverse outcomes are 1.5-fold to 5.4-fold higher106.

The potential of DDSs to improve adherence in patients with 
chronic conditions depends on the characteristics of the disease, the 
established treatment regimen and the administration parameters 
of the DDS. Given the low-level persistent nature of diseases such as 
osteoporosis, glaucoma and hypertension, long-acting injectables 
or implants might effectively promote adherence. In patients with a 
disease that can be well managed but for which no long-acting treat-
ments currently exist, such as T2D, a DDS capable of making a seminal 
advancement (for example, enabling oral delivery or autonomous 
function) may be necessary in order to achieve widespread adoption.  
By contrast, for patients living with an often-debilitating disease with 
few treatment options, such as cancer, marginal improvements are 
much more meaningful and patients may be more willing to tolerate 
a DDS that produces adverse effects in exchange for added efficacy. 
For those with neuropsychiatric disorders, faster time to onset, a 
reduced barrier to continued use (usually in the form of an injectable 
or implantable DDS) and increased discretion are key characteristics.

Diabetes. Diabetes differs from many other chronic conditions in that 
it currently requires very frequent self-monitoring and intervention. 

Accordingly, poor adherence levels in patients with T2D are associated 
with an increased risk of hospitalization, complications, cerebrovascular 
disease and death107.

Several insulin analogues are commonly prescribed to patients 
with T2D: rapid-acting (lispro, aspart and glulisine), short-acting (regu-
lar human insulin), intermediate-acting (neutral protamine hagedorn) 
and long-acting (detemir and glargine). Each offers a trade-off between 
their onset and duration of action108. Although there is little informa-
tion regarding the differences in rates of adherence between patients 
using different types of insulin, there is evidence that patients are 
more satisfied with rapid-acting analogues owing to the increased 
flexibility of dosing109.

Non-insulin oral and injectable antidiabetic agents, such as 
biguanides, sulfonylureas and GLP-1RAs, are also prescribed to some 
patients. There are multiple formulations of GLP-1RAs taken via subcu-
taneous injection twice daily, once daily or once weekly110. Persistence 
rates among patients with T2D taking a once-weekly GLP-1RA formu-
lation are consistently reported to be higher than for those taking 
once-daily or twice-daily formulations, likely owing, in part, to a lower 
incidence of nausea and vomiting111–114.

Inhalable insulin was developed in the late 1990s and early 2000s 
as a non-invasive alternative to subcutaneous injected insulin. In clini-
cal testing, inhalable insulin was found to have comparable efficacy 
and a quicker onset of action compared with subcutaneously injected 
insulin115. Owing to the ease of administration and convenience, patient 
satisfaction and acceptance was consistently reported to be higher 

DDS (API) Type of system Indication Duration of 
effectiveness

Non-DDS alternative(s) Mechanism(s) by which 
this system may improve 
adherence

Risperdal Consta 
(risperidone)

Intramuscular, 
extended-release 
degradable 
microparticle depot

Schizophrenia 2 weeks Daily oral tablet (Risperdal Oral) Reduced dosing frequency, 
reduced barrier to treatment 
continuation

Triptodur, Fensolvi 
(leuprolide acetate)

Intramuscular, 
extended-release 
degradable 
microparticle depot

Central 
precocious 
puberty

6 months Daily subcutaneous injection 
(Lupron injection)

Reduced dosing frequency, 
reduced barrier to treatment 
continuation, circumvention 
of need for daily injections

Sustol (granisetron) Subcutaneous, 
extended-release 
injectable degradable 
polymer

Prevention 
of nausea 
and vomiting 
associated with 
chemotherapy

1 week Twice-daily oral tablet (Zofran) Reduced dosing frequency, 
alternative to oral tablets for 
patients with dysphagia

Eligard (leuprolide acetate) Subcutaneous 
(in situ-forming) 
extended-release 
injectable degradable 
polymer

Prostate cancer 6 months Daily subcutaneous injection 
(Lupron injection)

Reduced dosing frequency, 
reduced barrier to treatment 
continuation, circumvention 
of need for daily injections

Lyxumia (lixisenatide)/
Victoza (liraglutide)

Subcutaneous 
injection

T2D 1 day Twice-daily subcutaneous injection 
(exenatide twice daily)

Reduced dosing frequency

Bydureon (exenatide  
QW)/Eperzan and Tanzeum 
(albiglutide)/Ozempic, 
Rybelsus and Wegovy 
(semaglutide)/Trulicity 
(dulaglutide)

Subcutaneous 
injection

T2D 1 week Twice-daily subcutaneous injection 
(exenatide twice daily) or daily 
subcutaneous injection (various)

Reduced dosing frequency, 
fewer adverse effects owing to 
extended-release

ADHD, attention deficit hyperactivity disorder; AIDS, acquired immunodeficiency syndrome; API, active pharmaceutical ingredient; DDS, drug delivery system; HIV, human immunodeficiency 
virus; IUD, intrauterine device; PrEP, pre-exposure prophylaxis; T2D, type 2 diabetes.

Table 1 (continued) | Comparison of traditional versus drug delivery system/long-acting formulations for the same active 
pharmaceutical ingredient
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with inhalable insulin, especially in patients whose T2D was poorly 
controlled by lifestyle changes and oral therapies116. However, some 
patients experienced side effects such as a dry cough, a mild decrease 
in pulmonary function and/or variable rates and extents of insulin 
absorption116,117. These reasons, among others, led to the eventual 
market failure of inhalable insulin despite its initial promise118,119.

Patients with T2D are likely to understand that their condition 
will require near-constant surveillance and generally prefer to use less 
painful, short-acting insulin delivery systems for hourly maintenance 
of their blood glucose levels. There may be a paradigm shift in the treat-
ment of this disease owing to two categories of novel DDSs currently 
in preclinical development. The first are oral delivery technologies, 
including an ingestible, self-righting device that can inject insulin 
painlessly across the gastric mucosa120, a spring-actuated microneedle  
injector that acts on intestinal tissue118 and a reversible intestinal 
permeation enhancer119. These still constitute short-acting systems 
that will likely require repeated daily dosing, but have the potential 
to change which route of administration is considered acceptable. 
The second are stimuli-responsive DDSs, including some MAPs121 and 
hydrogels122, that can autonomously sense a patient’s blood glucose 
and deliver the appropriate amount of insulin directly into vascularized 
tissue. Both types of system have the potential to help patients with 
T2D overcome the current challenges that impede their adherence: 
frequent self-monitoring and intervention, and an invasive mode 
of delivery due to the poor oral bioavailability and gastrointestinal 
permeability of antidiabetic drugs.

Cancer. Across various cancer types, patients tend to prefer oral chem-
otherapeutics over their parenteral counterparts (for example, in-clinic 
intravenous infusions and provider-administered injections) when 
these treatments are presented as options with equivalent efficacy123.  
Accordingly, home-based chemotherapies have historically resulted in 
increased patient satisfaction and adherence124,125. However, patients 
with cancer and other life-threatening illnesses are generally less 
willing to accept almost any reduction in efficacy or increase in tox-
icity, perceived or real, in exchange for an increase in convenience. 
Patients are sometimes also willing to tolerate more severe side effects  
and/or a greater number of side effects in exchange for relatively mod-
est increases in efficacy126. In a scenario-based survey of treatment pref-
erences among women with breast cancer, 25% of patients preferred a 
monthly, inpatient intramuscular injection, 63% preferred a daily tablet 
and 13% had no preference. However, women’s preference for injections 
increased from 25% to 61% and 75% when they were told to imagine a sce-
nario where the monthly injection produced fewer hot flashes or where 
two monthly injections administered in the same session improved 
efficacy, respectively127. In another scenario-based survey of treatment 
preferences, approximately 70% and 74% of patients taking palliative 
chemotherapy were unwilling to accept the added convenience of tak-
ing a tablet at the expense of a lower response rate or shorter response 
duration, respectively128. One quarter and one third of patients thought 
that a mere 5% reduction in efficacy or one less month of response 
duration, respectively, was not worth the improved convenience of 
oral delivery. Finally, in one randomized crossover trial that employed 
both a scenario-based survey and a satisfaction questionnaire, 95% of 
patients with metastatic colorectal cancer who expressed a treatment 
preference initially preferred an oral therapy (capecitabine) and 5% 
preferred an inpatient or outpatient intravenous infusion of 5-fluoro-
uracil/leucovorin. After receiving both types of treatment, however, 
the preference rate for the oral regimen dropped to only half of patients 

who received an outpatient intravenous infusion regimen and to two 
thirds of patients overall. Those who preferred the infusions generally 
did so because they experienced fewer side effects129.

Cancer therapies in preclinical development include particle 
formulations (for example, liposomes and polymeric nanoparticles) 
of chemotherapeutics such as paclitaxel, docetaxel and 5-fluorouracil, 
with or without active targeting moieties. By prolonging the elimina-
tion half-life of the drug and preferentially increasing its uptake in the 
desired cell population, these systems have the potential to reduce 
the required dosing frequency and mitigate side effects traditionally 
associated with non-specific chemotherapeutics and immunothera-
peutics. Similarly, in situ cross-linkable hydrogels and non-degradable 
polymeric implants can be injected or implanted into the site of interest 
(when the location of the tumour burden is known) to form a slowly 
depleting depot that delivers drug in a localized fashion. These sys-
tems may be especially useful when the site of interest is a cavity made 
accessible due to a recent surgical intervention.

Osteoporosis. Bone antiresorptive agents, such as BPs and oestro-
gen, are first-line therapies for osteoporosis. Poor adherence, which 
is estimated to occur in between one third and one half of patients 
with osteoporosis, can significantly increase the risk of fracture and 
is correlated with inferior health outcomes and increased health-care 
costs130. Rates of treatment discontinuation are also high; up to three 
quarters of patients will discontinue a daily treatment regimen within 
the first year131. Reasons for discontinuation often include a low risk 
perception and/or the onset or fear of adverse effects associated with 
taking BPs (for example, upper gastrointestinal issues and an increased 
risk of oesophageal cancer)50. Upper gastrointestinal adverse effects 
occur in between one third and one half of patients taking oral BPs and 
remain the most commonly cited reason for treatment discontinua-
tion. Reducing the dosing frequency has been shown to consistently 
improve adherence and persistence in patients taking BPs132–136. Two 
studies found that more than four out of five women with osteoporo-
sis preferred once-weekly over once-daily BPs and believed it would 
help with adherence or would prefer to take it in the long term132,133. 
Accordingly, a higher percentage of patients were able to achieve full 
adherence when taking once-weekly BPs compared with once-daily 
BPs over a combined 8-week period133. Adherence and persistence were 
even higher among patients taking once-monthly BPs compared with 
those taking once-weekly BPs135.

DDSs in preclinical development for osteoporosis include paren-
teral hydroxyapatite-containing scaffolds and injectable or implantable 
depots137,138. These formulations may be able to address the common 
barriers to adherence by minimizing the need for patient intervention, 
abating fluctuations in dose and/or avoiding the gastrointestinal tract 
entirely.

Hypertension/cardiovascular disease. Poor adherence to anti
hypertensive therapy is associated with an increased risk of adverse 
outcomes, including death106,139,140. Adherence rates for common 
cardiovascular medicines have been reported to range from 21 to 71%141. 
There are several extended-release formulations of antihypertensive 
drugs, including nifedipine, propranolol and metoprolol/hydrochlo-
rothiazide, which are capable of sustained drug release over 12–24 h 
and are taken either once or twice daily. It has consistently been shown 
that a reduction in the dosing frequency of chronic oral cardiovascular 
disease medication is associated with a significant improvement in all 
three types of adherence (taking, regimen and timing)28,142,143. However, 
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because many cardiovascular medications are taken prophylactically 
and do not usually produce an immediately noticeable effect, many 
patients undervalue their importance141.

Catapres-TTS is a transdermal patch containing the antihyperten-
sive medication clonidine. In one study, 87% of surveyed patients with 
mild to moderate hypertension viewed the patch as a more convenient 
monotherapy option as compared with previously used oral alterna-
tives. Moreover, 65% were able to achieve better treatment adherence 
when using the patch and physicians deemed it a satisfactory or highly 
satisfactory option for 80% of their patients144. For these reasons, trans-
dermal clonidine has explicitly been recommended to patients who 
have difficulty adhering or are otherwise intolerant to standard oral 
antihypertensive medications. Several additional DDSs are in clinical 
trials for the treatment of atherosclerosis and other ischaemic diseases, 
including nanoparticle and liposomal formulations145.

Ocular disorders. Adherence among patients is negatively impacted 
by inaccurate beliefs about the efficacy of the medication and severity 
of the disease if left untreated. This is especially prevalent in patients 
with glaucoma as there are not usually clear markers of disease pro-
gression and the disease often causes a gradual worsening of vision 
that is difficult to perceive over short periods of time. Adherence rates 
among patients with glaucoma have been reported to be approx-
imately 50%, and poorly adherent patients tend to exhibit higher 
intraocular pressure, more severe visual field loss and are more likely 
to go blind146.

Using topical eye drops is generally considered to be the most 
convenient and safe approach for treating ocular conditions, includ-
ing glaucoma, and generally leads to the highest patient acceptability. 
However, as many as nine out of ten patients are unable to properly 
instil eye drops147,148, leading to an increased risk of under-medication 
or over-medication and, potentially, resulting in poor outcomes and 
unnecessarily high treatment costs. Long-acting DDSs, including clini-
cally available injectable depots, refillable devices and in situ-forming 
hydrogels, are promising strategies to improve medication adherence, 
mainly because they minimize the need for frequent drug administra-
tion. Sustained-release ocular implants, in particular, are able to limit 
the adverse effects associated with both systemic exposure and the 
high concentrations associated with frequent intraocular injections of 
immediate-release drugs149. Examples of these systems include Vitra-
sert, a non-degradable poly(vinyl alcohol)/poly(ethylene vinyl acetate) 
implant that delivers ganciclovir and is used to treat viral retinitis in 
patients with AIDS; Iluvian, an injectable, non-degradable poly(vinyl 
alcohol)-based implant that delivers fluocinolone acetonide to treat 
diabetic macular oedema; and Ozurdex, an injectable, biodegradable 
poly(lactic-co-glycolic acid) implant that delivers dexamethasone for 
up to 6 months and is used in the management of uveitis150. Ocusert is a 
pilocarpine reservoir surrounded by two rate-controlling membranes 
that a patient inserts into their own eye socket and is capable of releas-
ing drug at a zero-order rate for 7 days to treat glaucoma and other 
eye conditions. The conventional alternative, pilocarpine eye drops, 
needs to be administered four times per day. Given that this dosing 
scheme results in local concentrations that frequently fall outside the 
therapeutic window, patients taking these eye drops often experience 
more adverse effects, including blurred vision and fluctuations in 
intraocular pressure, than patients taking Ocusert151. This system has 
not achieved widespread adoption, however, partially owing to the 
difficulty of device insertion, resulting eye irritation and premature 
device ejection.

Patient acceptability of and adherence to ocular injectables and 
implants is generally high, provided that the system can provide sus-
tained release over a sufficiently long duration. In a small-scale survey, 
patients who underwent cataract surgery received a single injection of 
compounded ophthalmic pharmaceuticals in one eye and followed a reg-
imen of self-administered eye drops for up to 4 weeks in the other. There 
was no significant difference in outcome efficacy or self-reported pain 
severity between treatments, but more than 90% of patients preferred 
the long-lasting injection over frequent administration of eye drops152.

Several DDSs in preclinical development for ocular delivery aim 
to deliver biologics (for example, antibodies, neurotrophic factors 
and even stem cells), in the form of injections or intravitreal implants. 
Others include MAPs that offer the same benefits as intravitreal injec-
tions but potentially fewer risks, degradable polymeric nanoparticles 
that mitigate the need for a removal procedure and hydrogels and 
refillable port delivery systems that, following implantation, allow 
patients to obtain refills in a comparatively non-invasive manner at a 
provider’s office153.

Major psychiatric disorders. It is estimated that about half of patients 
with a major psychiatric disorder are non-adherent154, owing to factors 
including negative attitudes towards medication and/or a perceived 
lack of efficacy, high rates of side effects and perceived stigma. The 
average amount of time it takes for conventional antidepressants to 
take effect and achieve a full response is 14 days and 20 days, respec-
tively41. Given the extreme risks associated with a prolonged latency 
period (including an increased risk of suicide), a quicker and sus-
tained onset of action has been correlated with improved long-term 
outcomes155. In contrast to oral DDSs, intranasal DDSs are capable 
of bypassing the gastrointestinal tract and blood–brain barrier and 
directly reaching the brain. This type of delivery enables a rapid, local-
ized onset of action with convenient self-administration as compared 
with other, fast-acting parenteral medications (for example, intra
venous infusions). Intranasal esketamine (Spravato) was approved by 
the FDA in 2020 for the treatment of depressive symptoms in adults 
with treatment-resistant depression and/or major depressive disorder. 
In clinical trials, Spravato was shown to act quickly, lessening depres-
sive symptoms in some patients in as quickly as 4 h and exhibiting 
an acceptable safety profile. In the long term, approximately half of 
the experimental group taking both Spravato and a standard-of-care 
oral antidepressant achieved clinical remission of depression after 
25 days compared with one third of the placebo arm receiving only the 
standard-of-care oral antidepressant156,157.

Risperdal Consta is an intramuscular injection of a degradable 
microparticle depot containing risperidone, an antipsychotic medi-
cation used to treat schizophrenia and other mental disorders. The 
injection can be given every 2 weeks and is especially recommended for 
those who exhibit poor medication adherence to oral antipsychotics. 
This DDS has been shown to result in significant behavioural improve-
ments among patients who switch158,159 and is expected to be more 
cost-effective than oral alternatives in the long term by preventing 
avoidable hospitalizations and other types of health-care spending160.

Substance use disorder. For individuals with a substance use disorder, 
effectively managing symptoms requires good adherence to medica-
tion over a prolonged period. Herein, DDSs have the potential to replace 
daily oral therapies, which are associated with notoriously poor adher-
ence and persistence rates; for example, more than three quarters of 
patients discontinue oral naltrexone treatment within 6 months62. 
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Probuphine is an FDA-approved subdermal implant capable of releas-
ing the partial opioid agonist buprenorphine over 6 months. Given its 
poor oral bioavailability, no oral alternative of this drug exists, and it is 
often given as a sublingual tablet. The implant was developed largely to 
address issues with patient non-adherence and medication misuse. In a 
RCT setting, this system was significantly more effective than a placebo 
implant161 and non-inferior to daily sublingual buprenorphine, with 
86% of patients receiving buprenorphine implants and 72% receiving 
sublingual buprenorphine maintaining opioid abstinence over a period 
of 6 months. An extended-release injectable suspension of naltrexone 
(Vivitrol) taken monthly has also been developed to address adher-
ence issues associated with daily oral therapy. Vivitrol has been shown 
to result in a small but significant improvement in adherence and to 
be as effective as or more effective than oral naltrexone for relapse 
prevention in individuals with alcohol use disorder162–165. This system 
is also indicated for use in individuals with opioid use disorder, and 
a naltrexone-releasing implant (DLP-160), also capable of delivering 
the drug over 6 months, is in clinical development. In one clinical trial, 
53% of patients receiving the naltrexone implant and an oral placebo 
were able to remain in treatment without relapse over 6 months, as 
compared with only 16% of patients receiving a placebo implant and 
oral naltrexone166.

Relapsing–remitting disorders
Relapsing–remitting disorders are characterized by periods of remis-
sion interspersed with occasional flare-ups. Compared with patients 
with chronic, symptomatic disorders, patients with relapsing–remitting 
disorders are more likely to exhibit disease denial and less likely to 
actualize the benefits of taking their medication during symptom-free 
periods167–170.

The rates of adherence among patients with relapsing–remitting 
disorders are generally poor but vary widely, with underlying reasons 
that tend to be complicated, multifactorial and difficult to fully address. 
Although the main reason for non-adherence is still forgetfulness, 
patients are more likely to consciously become non-adherent to their 
medication during symptom-free periods owing to a low perceived risk 
of consequences. Accordingly, patients that are well-informed, self-
empowered and believe in the positive benefits of their treatment tend 
to exhibit higher rates of adherence170,171. Still, there are no long-acting 
treatment options for the diseases discussed below and developing 
long-acting DDSs that patients can administer less than once per week 
(for example, a depot injection or implant) may be valuable to some, 
especially in instances where the aforementioned intervention strategies 
are infeasible or ineffective.

Inflammatory bowel disease. The long-term risks of poor adherence 
in patients with IBD include an increased risk for colorectal cancer,  
a fivefold greater risk of recurrence and an increased risk of hospitaliza-
tion and surgery172,173. Oral mesalazine is the current standard of care for 
the induction and maintenance of remission in patients with ulcerative 
colitis, the most common form of IBD174. Rates of patient adherence 
to ‘conventional’ regimens of oral mesalazine (taken multiple times 
per day) are generally poor, with adherence estimates around 40%172. 
The most commonly cited reason for non-adherence among patients 
with IBD is forgetfulness167; despite this, retrospective analyses on 
adherence with extended-release mesalamine taken once daily have 
produced mixed results. Studies have concluded that adherence with 
once-daily mesalamine is significantly better than175,176, slightly better 
than172,177 or no different to178–180 adherence with mesalamine taken 

multiple times per day. There is also evidence to suggest that adher-
ence and persistence in patients with ulcerative colitis are not sig-
nificantly affected by factors associated with treatment, such as drug 
formulations and dosing frequency, especially with longer durations of 
use181. There does seem to be a meaningful role for more conventional 
strategies, such as audio-visual reminder systems, patient education 
and effective patient–provider communication167,182,183. Still, multiple 
methods often need to be deployed concurrently with some amount 
of customization in order to achieve meaningful results. Because the 
factors underlying poor adherence to IBD treatment are complex, it 
may be difficult to develop a one-size-fits-all DDS or interpersonal 
intervention strategy for the disease.

One of the most prominent types of DDS for IBD in preclinical 
development are nanoparticle-based systems that target the mucus 
layer or intestinal epithelium. Of these, responsive systems whose deg-
radation is triggered by an altered disease state (for example, changes 
to pH and microbiome composition) are also under investigation184. 
Other DDSs in development include probiotic bacteria ‘factories’ that 
produce immunomodulatory recombinant or endogenous proteins. 
All have the potential to enable a significant reduction in required 
dosing frequency when compared with the current standard of care.

Relapsing–remitting multiple sclerosis. Reported adherence rates 
to disease-modifying therapies (DMTs) for relapsing–remitting mul-
tiple sclerosis are variable, with estimates ranging from 36 to 87%169,185. 
Good medication adherence has consistently been shown to produce 
better outcomes, including a reduced risk of relapse, a reduced risk of 
hospitalization and optimized cognitive abilities57,186.

One third of patients with relapsing–remitting multiple sclerosis 
who report missing an injection of the DMTs interferon-β (IFNβ) or 
glatiramer acetate cite injection-related reasons (for example, pain 
at the injection site) as the cause185. In addition to obviating the need 
for injections, oral DMTs (mainly fingolimod, dimethyl fumarate, 
teriflunomide, siponimod and cladribine) are more likely to produce 
fewer adverse effects such as flu-like symptoms187. Despite this, there 
is inconsistent evidence as to whether adherence and/or persistence 
are higher among patients taking oral DMTs or those taking inject-
able DMTs. When compared with patients who self-inject DMTs, it has 
been reported that those taking oral fingolimod were more adher-
ent and persistent187. Similarly, those taking oral dimethyl fumarate 
were reported to exhibit improved adherence that correlated with an 
increase in perceived effectiveness and a decrease in (predominately 
gastrointestinal-related) adverse effects188. By contrast, a larger retro-
spective study considering self-injectable DMTs and three oral DMTs 
(fingolimod, teriflunomide and dimethyl fumarate) reported that the 
route of administration did not appear to affect patient behaviour, with 
approximately half of patients in both groups considered adherent or 
persistent189. In another meta-analysis, the reported 12-month adher-
ence rates among patients taking oral DMTs were significantly higher 
than among those taking injectable DMTs (53–89% versus 47–77%). 
However, there was no significant difference in persistence, with the 
mean discontinuation over 12 months being 11–33% for oral DMTs and 
15–50% for injectable DMTs. Potential sources of variability in outcomes 
between the studies under consideration include inconsistencies 
in protocols, methodology and data analysis, including adherence 
thresholds and definitions of discontinuation190.

DDSs in development for multiple sclerosis include IFNβ nano-
particles intended for intranasal administration191. These particles 
were created with the intention of circumventing the blood–brain 
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barrier and delivering IFNβ directly to the brain. By avoiding the prema-
ture degradation that IFNβ would experience upon entering systemic 
circulation (as is the case following intramuscular, subcutaneous or 
intravenous administration), lower concentrations of the drug can be 
used. Accordingly, this system’s comparatively non-invasive and easy 
delivery strategy and ability to mitigate concentration-dependent side 
effects are expected to improve adherence among its users.

Asthma. Owing to the episodic nature of asthma, many patients feel 
that it does not impact their day-to-day lives and tend to underestimate 
the importance of long-term treatment. Patients are also more likely to 
adjust dosing according to their own perceived disease burden. Rates 
of adherence to inhalable asthma medication across multiple classes 
are reported to range from 30 to 70%184,192. Predictors of adherence 
to long-term inhaled therapies include regular appointments with 
a provider and positive beliefs about the medicine and its intended 
effects192. A reduction in dosing frequency could also play a beneficial 
role193–195. DDSs for asthma currently in preclinical development include 
alternatives to dry powder inhalers such as liposomes, microspheres 
and polymeric micelles. These systems have the potential to reduce the  
dosing frequency by enhancing deposition efficiency and reducing  
the rate of clearance from the lungs196,197.

Acute illnesses
In general, there is an inverse correlation between treatment duration 
and adherence rate. Although patient adherence is generally higher in 
acute illnesses requiring short-term treatment, there remains a sub-
stantial opportunity to improve current outcomes198. For example, one 
third of patients are estimated to not be fully adherent when taking a 
short course of antibiotics and one quarter save leftover antibiotics 
for future use199.

Tuberculosis. In 2020, an estimated 10 million people became sick 
with tuberculosis191. The current standard-of-care treatment regimen 
for tuberculosis in adults is a 6-month course of oral antibiotics. It is 
estimated that 20–50% of patients do not complete their tuberculosis 
treatment regimen within a 2-year period200. Intervention strategies 
such as health education and direct supervision have generally proven 
ineffective at improving adherence and those that have shown some 
efficacy, such as monetary incentives, are feasible to implement only 
in an extremely limited capacity200. Simplifying and/or shortening 
treatment times, in comparison, is expected to significantly improve 
adherence rates198,201–204. Recently, a phase III RCT achieved a break-
through in showing that an abridged 4-month antibiotic regimen was 
non-inferior to the standard 6-month regimen205.

Inhalable, antibiotic dry powder drug formulations are currently 
under investigation to improve tuberculosis treatment compared with 
oral, short-acting antibiotics. These systems are advantageous because 
they are able to achieve a high localized concentration of drug in the lungs 
and, potentially, reduce the risk of systemic toxicity. This may also allow a 
reduction in the dose amount, dosing frequency and/or treatment dura-
tion, thereby reducing the likelihood of developing multidrug-resistant 
tuberculosis. Liposomes are one such carrier that have been extensively 
investigated in the context of pulmonary delivery, including for tuber-
culosis. Although studies have shown that these systems — particularly 
those with large payload capacities206 — can provide sustained release and 
improve the pharmacokinetic profile of antibiotics, efforts are underway 
to address critical challenges, such as the co-loading of all drugs currently 
prescribed as part of conventional tuberculosis treatment207,208.

Prophylactics
High adherence to contraceptives and antiretroviral therapies is crucial 
for their efficacy given that a single instance of non-adherence could 

Box 3

Creating a paradigm shift from developing new drugs to developing  
novel drug delivery systems
Currently, only about 10% of new chemical entities that enter  
phase I clinical trials achieve US Food and Drug Administration (FDA) 
approval259, with the majority dropping out of the clinical pipeline 
owing to issues with pharmacokinetics, efficacy and safety260. An 
analysis of new chemical entities that failed in phase II or phase III 
clinical trials between 2013 and 2015 found that three quarters of these 
trials were discontinued, in part, owing to efficacy and safety concerns 
due to poor pharmacokinetics and a narrow therapeutic window, 
respectively261. These issues can often be addressed by formulating 
a drug in a controlled-release system, suggesting that a stand-alone 
drug that has previously failed in clinical trials could be clinically  
viable when combined with the proper drug delivery system (DDS).

A DDS that has the added benefit of significantly improving patient 
adherence can often constitute a favourable value proposition 
compared with the development of a new drug. For example, 
hypertension-related health expenditures are one of the largest costs 
paid out by public insurance in the United States262. Antihypertensive 

medications are taken by more than two thirds of US adults263 and are 
estimated to cost an average of $336 annually per patient264. Patients 
who are non-adherent to these hypertension medications are at a 
significantly higher risk for related morbidity and mortality265. Of the 
91.7 million people taking hypertension medications in the United 
States263, 14.4% (13.2 million) are completely non-adherent266. In 2014, 
non-adherence resulted in 350,000 preventable hospitalizations 
at an average cost of $16,623 per patient, amounting to $5.9 billion 
in avoidable medical spending267. Thus, a DDS that enables these 
13.2 million high-risk patients to achieve full adherence could cost 
up to 133% more annually ($784 total) than the standard treatment 
option to account for the financial benefit of avoiding unnecessary 
hospitalizations. This opportunity for significant cost savings is often 
not well conveyed to or fully appreciated by payers and providers who 
make these systems available to patients268. Accordingly, there is a 
need to instate a more holistic cost–benefit analysis when ascertaining 
whether the added benefits of a DDS justify the increased cost.
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lead to unintended pregnancy or HIV transmission. Accordingly, the 
documented usage of long-acting contraceptives and HIV PrEP formula-
tions provides insight into how intervention-free DDSs can maximize 
adherence and improve patient satisfaction and outcomes. Vaccines 
are a form of prophylaxis for which several long-term DDS options 
(for example, transdermal and microneedle patches, intranasal sprays 
and injectable pulsatile-release microparticles) intended to reduce 
administration frequency are in clinical development209,210.

In general, patients have benefited from discrete, long-acting and 
comparatively invasive formulations of contraceptives and HIV PrEP 

over shorter-acting oral alternatives. In the near future, DDSs offering 
additional benefits (for example, fewer side effects, dual-drug delivery 
or an even longer duration of action) that emerge in this space, along 
with the first long-acting vaccine options of their kind, are expected to 
further improve the health of patients and communities.

Contraceptives. Contraceptive DDSs include transdermal patches, 
intravaginal rings, intramuscular injectables, subdermal implants 
and intrauterine devices (IUDs). The latter two fall into the category of 
long-acting reversible contraception (LARC) as they can be removed 
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Fig. 4 | Examples of drug delivery systems in development that could 
substantially improve adherence. Medication adherence could be improved 
by systems that enable oral delivery of biologics, autonomously regulate the 
concentration of a drug in circulation or mimic a multi-dose dosing regimen 
with a single injection. a–c, Examples of systems in each category include the 
self-orienting millimetre-scale applicator (SOMA), which injects insulin across 
the gastric mucosa and leads to near zero-order release for hours (panel a); the 
glucose-responsive microneedle (GR-MN) insulin patch consisting of an array of 

polymeric needles that reversibly swell under hyperglycaemic conditions and 
collapse when blood glucose levels return to normal to modulate insulin release 
(panel b); and core shell poly(lactic-co-glycolic acid) (PLGA) microparticles 
synthesized via the stamped assembly of polymer layers microfabrication 
method capable of releasing active pharmaceutical ingredient cargo in discrete 
bursts at pre-programmed intervals (panel c). Part a adapted with permission 
from ref. 120, AAAS. Part b adapted from ref. 121, Springer Nature Limited. Part c is 
adapted from ref. 34, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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on-demand prior to drug depletion. LARCs take the matter of adher-
ence out of the hands of the patient almost entirely for the duration 
of their use (up to 3 years for an implant, 3–7 years for a hormonal IUD 
and 10 years for a copper IUD). Although all of the aforementioned 
contraceptive methods generally have a theoretical failure rate of <1% 
with perfect use, only IUDs attain this in practice. In comparison, the 
reported annual failure rates are approximately 1–2% for injectables 
and implants and 2–9% for non-LARC methods (tablets, patches and 
rings)211–213. Accordingly, it has been reported that the risk of contra-
ceptive failure is 20-fold higher among those using tablets, patches or 
rings as compared with LARCs211. Continuation rates with IUDs are also 
generally higher; 12-month continuation rates are reported to range 
from 80 to 89% for IUDs, from 68 to 83% for implants and from 49 to 
73% for the tablet, patch, ring and depot injection214–216. Moreover, the 
rates of satisfaction appear to mirror the rates of continuation and it has 
been reported that more than four fifths of women using a LARC were 
still using their chosen method after 12 months of use, in comparison 
with half of women using a non-LARC method214.

The principles underlying modern contraceptives have remained 
the same for nearly 60 years as focus has largely been placed on mak-
ing marginal improvements to hormonal strategies in women that are 
known to be effective. The future of contraceptive DDSs is towards vari-
ous non-hormonal strategies in women and both hormonal and non-
hormonal strategies in men. Accordingly, DDSs will likely be required 
to successfully deliver small molecules or delicate biologics to target 
locations. An example of the latter are anti-sperm antibodies capable 
of rapidly binding and immobilizing sperm in the female reproductive 
tract. These drugs must be formulated in a device, such as a vaginal 
film or suppository (for short-term delivery) or ring (for longer-term 
delivery), in order to remain stable and biologically active throughout 

both storage and use217. Novel DDSs such as these have the potential to 
improve contraceptive effectiveness, in part by mitigating or eliminat-
ing the negative side effects conventionally associated with hormonal 
approaches and encouraging adherence.

HIV pre-exposure prophylaxis. Stigma against HIV/AIDS is one of the 
most commonly reported barriers to adherence to prophylactic or 
therapeutic antiretroviral therapy218,219. Non-adherence is the strongest 
predictor of antiretroviral therapy failure and is strongly associated 
with an increased risk of mortality92,93. Poor adherence is also one of 
the primary reasons behind subpar clinical trial outcomes that have 
found oral PrEP to be ineffective or poorly effective. For example, in the 
Preexposure Prophylaxis Initiative (iPrEx) trial, daily dosing of emtric-
itabine and tenofovir disoproxil fumarate was initially found to reduce 
HIV transmission by only 44% overall220; however, when a retrospective 
analysis was limited to the approximately 18% of participants who 
were adherent (having a plasma tenofovir diphosphate concentration 
consistent with taking four or more doses per week221) or highly adher-
ent (having a plasma tenofovir diphosphate concentration consistent 
with taking seven doses per week), the risk reduction increased to an 
estimated 96% and 99%, respectively222. Similar findings have been 
reported in other trials that initially reported an underwhelming rate 
of efficacy for oral PrEP drugs223.

In 2022, the FDA approved two injectables for HIV/AIDS prophy-
laxis and treatment: a long-acting injectable formulation of the pro-
phylactic cabotegravir (CAB-LA) that is taken every 2 months98, and a 
therapeutic combination of CAB-LA and long-acting rilpivirine taken 
monthly99. In phase III testing of the former, patients were given either 
active oral Truvada and inactive CAB-LA (placebo) or inactive Truvada 
(placebo) and active CAB-LA. The rate of partial adherence or better 

Box 4

Market failure of inhalable insulin
In the years leading up to its market approval, inhalable insulin 
generated great interest and was widely heralded as a system with 
the potential to revolutionize diabetes treatment269. However, the 
only two inhalable insulin products to be commercialized, Exubera 
and Afrezza, have both experienced underwhelming market 
success. The Exubera device became the first US Food and Drug 
Administration (FDA)-approved inhalable insulin system in 2006, but 
was taken off the market just 1 year later270. The device was obtrusive 
and non-intuitive, requiring patients to convert from the often-
used subcutaneous insulin ‘units’ to the non-intuitive milligrams271. 
Additionally, some patients who used Exubera presented with 
pulmonary side effects, such as a decline in lung function and/or 
increase in insulin antibodies, which were not as common in those 
taking subcutaneous insulin272. This development, in conjunction 
with the perceived notion that inhalable insulin slightly increased the 
incidence rates of lung cancer among smokers, led to the addition 
of a boxed warning on the prescription and increased apprehension 
among both patients and health-care providers270.

The only other product of this kind to emerge since the market 
failure of Exubera is MannKind’s Afrezza, which claimed a share of just 

0.1% of the diabetes market 1 year after its launch in 2014 (refs. 270,273). 
Although the drug is still available and its contemporary market sales 
are showing an upward trend, inhalable insulin sales still account 
for less than 1% of total treatment visits for insulin and significantly 
less than 1% of the diabetes drug market274. Despite being a smaller 
and more intuitive device than Exubera, Afrezza still offers relatively 
inflexible dosing options275, leading clinicians to strongly encourage 
patients on Afrezza to continuously monitor their glucose levels. This 
requirement offsets the benefits of increased convenience and adds 
to the cost of disease management275,276. Additionally, Afrezza has 
a similar safety profile to Exubera and produces a persistent cough 
in more than one quarter of patients277. The fear of inhalable insulin 
posing a possible carcinogenic risk in general has also carried over 
from Exubera, despite the lack of any definitive clinical evidence271. 
The culmination of these factors, in addition to its high cost — which 
is more than twice that of injectable rapid-acting insulin278 — has led 
most insurance companies to list Afrezza as a non-preferred brand, 
imposing higher co-payments on patients and stymying interest and 
accessibility270.
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among participants in the latter group was higher as determined via 
blood analysis. In phase III testing of CAB-LA and long-acting rilpi-
virine, an overwhelming majority — 91% of patients — preferred the 
long-acting injectable to the oral daily dosing regimen at the end of 
the year-long trial100. This is in alignment with results from previous, 
scenario-based surveys in which participants have signalled an interest 
in a long-acting alternative to oral PrEP and believed it would improve 
their adherence97,224,225.

Many DDSs currently in preclinical development for HIV are 
focused on increasing the duration of release for existing PrEP drugs. 
One class of examples are subdermal/subcutaneous implants for the 
extended release of drugs such as islatravir, tenofovir alafenamide, 
emtricitabine and cabotegravir226,227. Efforts are also underway to cre-
ate novel dual-acting systems that can offer both contraception and 
protection against HIV228.

Multi-dose vaccines. The main barriers that parents face when vac-
cinating their children, aside from misconceptions about the safety of 
vaccines and the threat of vaccine-preventable illnesses, are forgetful-
ness and difficulty in tracking vaccinations229,230. Vaccines that require 
fewer doses and/or a shorter treatment time are associated with higher 
rates of completion across multiple age groups222,231,232. For example, 
among female patients who initiate HPV vaccination, only one third 
complete the vaccine regimen, and of these only two thirds receive all 
three doses within a valid time frame233–235. Switching to a two-dose or 
one-dose regimen, both of which have been shown to be effective, is 
expected to significantly improve adherence236–238.

Given that a majority of vaccines are administered via intramus-
cular injection, needle phobia is also an addressable issue that affects 
immunization compliance63. MAPs, a class of DDSs for single-dose or 
multi-dose vaccinations currently in preclinical development, can 
painlessly deliver a vaccine across the skin barrier into the epidermis 
or upper dermis using significantly less antigenic material than would 
be required for an intramuscular injection82,83. Tolerability studies have 
shown that 70–90% of participants would prefer using a MAP over 
receiving an intramuscular injection with a hypodermic needle71–73. 
There is also evidence to suggest that the added convenience of a 
self-administered vaccine option in the form of a MAP could improve 
vaccination coverage among vaccine-hesitant individuals74.

Vaccinations are different from many other types of health-care 
intervention in that at-home vaccination options usually do not exist 
and patients must visit a provider (or vice versa) in order to receive a 
dose. Long-acting DDSs, such as injectable pulsatile-release micropar-
ticles capable of mimicking a bolus dose multi-injection vaccine regi-
men, have the potential to combat under-immunization due to patient 
forgetfulness or negligence, or, as is often the case in the developing 
world, limited access to health-care providers and resources239,240.

Outlook
To have the greatest impact, DDSs must be developed in a way that 
aligns with the needs of patients, clinicians, pharmaceutical companies 
and payers. Whereas patients and clinicians typically want to achieve 
the best health outcomes with the fewest side effects (which should fac-
tor in the patient’s ability to adhere to the prescribed dosing regimen), 
pharmaceutical companies seek profit and payers aim to balance cost 
and patient benefits. DDSs have the potential to provide value for all 
stakeholders. For patients and clinicians, superior efficacy, improved 
convenience and reduced side effects can make DDSs valuable options. 
For companies, DDSs have the potential to capture an additional share 

of the market due to patient preference, to rescue drugs that have failed 
in clinical trials or to extend the effective patent lifetime for existing 
drugs to maintain an advantage over emerging generics. Historically, 
a large emphasis has been placed on developing and bringing a new 
drug to market whereas relatively minimal effort has been placed on 
developing DDSs for existing drugs with addressable flaws in their 
pharmacokinetic profile or route of administration. A shift in this strat-
egy, reflecting an improved appreciation for the critical role of patient 
adherence, could allow insurance providers and pharmaceutical com-
panies alike to assess the benefits of DDSs more accurately and make 
their development more commercially attractive (Box 3).

The nature of the existing disease treatment should be considered 
when creating a novel DDS. For example, patients who have taken the 
same medication for years may have become accustomed to the side 
effects and, therefore, be less receptive to a new route of administra-
tion. At present, most clinically approved DDSs are oral extended-
release formulations owing to the generally high patient acceptability 
of this delivery route and ease of manufacturing; however, there are 
some limitations with this approach, such as a limited duration of 
action due to a short gastric residence time. Parenteral administra-
tion of injectable depots and implantable devices still constitutes a 
viable option for greatly reducing the required dosing frequency and 
improving adherence. These systems have the added benefit of being 

Box 5

Market failure of long-acting 
injectable human growth 
hormone
Recombinant human growth hormone (rhGH) is typically 
administered daily via subcutaneous injection in patients with 
growth hormone deficiency. Nutropin Depot, a twice-monthly 
injection of microspheres containing rhGH, was approved by the 
US Food and Drug Administration (FDA) in 1999 (refs. 279,280). 
Unfortunately, the added convenience of less frequent dosing 
with this drug delivery system (DDS) was partially offset by the 
need to deliver large volumes of the viscous formulation via 
multiple injections with a large-bore needle, which led to pain and 
left a visible bump on the (often, paediatric) patient’s skin for an 
extended period of time281. As is the case with most biodegradable 
microparticle depot formulations, Nutropin Depot also produced a 
large initial burst, releasing 22% of the total loaded rhGH in the first 
24 h, and caused frequent injection site reactions282,283. Additionally, 
the bioavailability of rhGH administered via Nutropin Depot was 
33–55% lower than that of rhGH administered via subcutaneous 
injection, requiring that 15% more rhGH was used and significantly 
increasing the cost of treatment284. Finally, manufacturing 
Nutropin Depot involved a complex and cost-intensive cryogenic 
freeze-drying process intended to preserve the activity of the 
encapsulated rhGH285. In 2004, the product comprised only 
$16 million (5%) of Genentech’s total growth hormone sales, but 
cost $4 million to manufacture and was discontinued281,286.
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more readily compatible with biological drugs, which have gained a 
large share of the market over the past decade.

Novel DDSs currently in clinical or preclinical development have 
the potential to initiate a paradigm shift and redefine what constitutes 
an ‘acceptable’ treatment option in the near future. Examples of these 
potentially paradigm-shifting technologies include ingestible systems 
that make biologics orally bioavailable and/or provide sustained API 
release over 1 week or longer, sense-and-respond systems that autono-
mously regulate the concentration of a drug in circulation to minimize 
the need for manual intervention and pulsatile-release systems that 
mimic multi-dose regimens with a single injection (Fig. 4).

Despite their advantages, DDSs still face logistical hurdles that can 
stymie their translation from bench to bedside, even after obtaining 
regulatory approval. Case studies of DDSs that have been removed 
from the market — inhalable insulin (Exubera and Afrezza) (Box 4), long-
acting injectable human growth hormone (Nutropin Depot) (Box 5) and 
several iontophoretic devices (LidoSite, Ionsys and Zecuity) (Box 6) — 
highlight three lessons learned. First, an initial demonstration of safety 

is paramount to the ultimate translational success of a DDS; even if a 
once-flawed DDS is fixed after its initial launch or is quickly supplanted 
by an improved device, the perceived lack of safety among patients 
and clinicians can still negatively affect sales of the device and devices 
similar to it in the future. Second, the logistical challenges associated 
with large-scale manufacturing, which are typically greater for a DDS 
than for a stand-alone drug, should be appreciated and addressed early 
on to prevent potentially fatal consequences. Last, the DDS must fill 
an unmet or poorly met clinical need in the context of real-world use. 
Iontophoretic devices, for example, have thus far mainly focused on 
the treatment of acute symptoms such as migraine headaches, or been 
used to achieve dermal analgesia in a doctor’s office. In both scenarios, 
patient adherence is already high and viable oral and passive transder-
mal drug alternatives exist241,242. Moving forward, these devices may  
prove more commercially and clinically successful if their unique 
attributes are leveraged to fill a clinical gap that affects patient adher-
ence. For example, iontophoretic devices currently in development are 
capable of delivering drugs into ocular tissue and directly into tumours,  
both of which are difficult environments to penetrate or require inva-
sive means to do so. Thus, the types of challenge that have prevented 
the widespread use of once-promising DDSs are worth considering 
when translating new DDSs; each should be engineered to address the 
most pressing challenges facing the current standard-of-care treatment 
for the relevant disease target(s) to increase the likelihood of achieving 
meaningful clinical adoption.
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