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Modern drug delivery technology began in 1952 with the advent of the Spansule® sustained-release capsule
technology, which can deliver a drug for 12 h after oral administration through an initial immediate dose fol
lowed by the remaining released gradually. Until the 1980s, oral and transdermal formulations providing
therapeutic durations up to 24 h for small molecules dominated the drug delivery field and the market. The
introduction of Lupron Depot® in 1989 opened the door for long-acting injectables and implantables, extending
the drug delivery duration from days to months and occasionally years. Notably, the new technologies allowed
long-term delivery of peptide and protein drugs, although limited to parenteral administration. The introduction
of the first PEGylated protein, Adagen®, in 1990 marked the new era of PEGylation, resulting in Doxil®
(doxorubicin in PEGylated liposome) in 1995, Movantik® (PEGylated naloxone - naloxegol) in 2014, and
Onpattro® (Patisiran - siRNA in PEGylated lipid nanoparticle) in 2018. Drug-polymer complexes were intro
duced, e.g., InFed® (iron-dextran complex injection) in 1974 and Abraxane® (paclitaxel-albumin complex) in
2005. In 2000, both Mylotarg™ (antibody-drug conjugate – gemtuzumab ozogamicin) and Rapamune® (siro
limus nanocrystal formulation) were introduced. The year 2000 also marked the launching of the National
Nanotechnology Initiative by the U.S. government, which was soon followed by the rest of the world. Extensive
work on nanomedicine, particularly formulations designed to escape from endosomes after being taken by tumor
cells, along with PEGylation technology, ultimately resulted in the timely development of lipid nanoparticle
formulations for COVID-19 vaccine delivery in 2020.
While the advances in drug delivery technologies for the last seven decades are breathtaking, they are only the
tip of an iceberg of technologies that have yet to be utilized in an approved formulation or even to be discovered.
As life expectancy continues to increase, more people require long-term care for various diseases. Filling the
current and future unmet needs requires innovative drug delivery technologies to overcome age-old familiar
hurdles, e.g., improving water-solubility of poorly soluble drugs, overcoming biological barriers, and developing
more efficient long-acting depot formulations. The lessons learned from the past are essential assets for devel
oping future drug delivery technologies implemented into products. As the development of COVID-19 vaccines
demonstrated, meeting the unforeseen crisis of the uncertain future requires continuous cumulation of failures
(as learning experiences), knowledge, and technologies. Conscious efforts of supporting diversified research
topics in the drug delivery field are urgently needed more than ever.

1. Evolution of drug delivery systems
The term “drug delivery system” means a drug formulation, e.g.,
tablet, capsule, ointment, and solutions. The term “controlled release
drug delivery system” or “controlled drug delivery system” means that a
formulation has a built-in technology to control the drug release kinetics
over time. The controlled release drug delivery systems are distin
guished from conventional formulations that release most or all loaded

drug(s) immediately without any control. Thus, conventional formula
tions are usually called “immediate release” or IR formulations. The
term “controlled” had an additional meaning of maintaining relatively
constant (i.e., the same) drug concentration in the blood over time.
However, maintaining a constant drug concentration was difficult,
especially for oral controlled release formulations.
The evolution of drug delivery technologies can be described in
different ways, e.g., classes of therapeutics and delivery paradigms [1].
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Here, the evolution is described by introducing new technologies using
the products approved by the U.S. Food and Drug Administration (FDA).
Fig. 1 describes landmark developments in drug delivery systems that
have shaped the history of controlled drug delivery systems. While drug
delivery technologies improve constantly, the ultimate measure of the
success of a formulation is demonstrated safety and efficacy through the
approval by the FDA, enabling patients to benefit from the new tech
nologies. As shown on the left of Fig. 1, the initial developments were
based on oral and transdermal formulations, all of which were based on
four drug release mechanisms: diffusion-, dissolution-, osmosis-, and ion
exchange-controlled drug release. Out of the four, dissolution- and
diffusion-controlled mechanisms have been used most widely. Modu
lated drug delivery, also called self-regulated drug delivery, was mainly
designed to control insulin delivery, but it has not been achieved yet.
A formulation providing longer durations of release is theoretically
as equally effective as an IR formulation, as long as the drug concen
tration in the blood remains below the maximum safe concentration
(Cmax) and above the minimum effective concentration (Cmin). The ratio
Cmax/Cmin is known as a therapeutic index. Since most drugs have a
therapeutic index large enough to be safe even if excess drugs are
consumed, certain fluctuations of the drug concentration in the blood
typically result in the same efficacy. Furthermore, controlled release
drug delivery systems can minimize the number of peaks and troughs in
plasma concentrations, thereby minimizing potential side effects and
periods of non-efficacy. Since the drug concentration in the blood does
not have to be constant to be safe and effective, various formulations
were developed, called “sustained” or “extended” release systems. Over
time, different terms have been used interchangeably. Other terms, such
as “therapeutic system” or “modified system,” were also used. Still, they
all mean controlled release formulations – whereby controlled release is
referred to as the ideal release of the drug, i.e., at a zero- or first-order
rate constant. According to the FDA, modified-release solid oral
dosage forms refer to extended-release and delayed/enteric-coated for
mulations [2]. The terms “extended-release” and “modified-release” are
used by the US Pharmacopeia (USP), and their requirements for the
respective drug release are specified in their individual monographs
(USP <724> and < 1088>) [3]. Nowadays, almost all formulations are
made for sustained drug delivery, and thus, the term “drug delivery
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system” is used to represent all types of formulations. Conventional
tablet and capsule formulations are distinguished by calling them
immediate-release formulations. Since the late 1980s, sustained-release
has also meant drug delivery for months. Thus, the meaning of
sustained-release needs to be understood in the context of drug delivery
technologies and their representative administration routes.
1.1. The beginning
1.1.1. The Spansule technology and beyond
The dawning of the controlled release drug delivery systems began
with the introduction of the Spansule® 12-h release technology by
Smith, Kline & French Laboratories, which was first applied to develop
Dexedrine® (delivering dextroamphetamine sulfate), followed by Con
tac® 600 (delivering phenylpropanolamine hydrochloride and chlor
pheniramine maleate). [4–6]. The Spansule technology is based on
controlling the dissolution of the drug core through a coating barrier
that limits access to gastrointestinal (GI) fluids, and thus, the
dissolution-controlled mechanism. It spurred the development of other
oral formulations utilizing different release mechanisms, such as
diffusion-controlled (e.g., Ocusert® delivering pilocarpine), osmotic
pressure-controlled (Oral Osmotic (OROS®) formulation, such as Acu
trim® delivering phenylpropanolamine, and Concerta delivering meth
ylphenidate), and ion-exchange-controlled (e.g., Delsym® delivering
dextromethorphan). Out of these, dissolution- and diffusion-controlled
systems dominate the number of formulations approved by the FDA.
There are only about 20 products based on osmosis, while there is only
one product, Delsym, based on an ion-exchange mechanism. Since the
ion-exchange mechanism is not suited for sustained release in the high
salt environment, the resin particles are also coated with diffusionlimiting polymers. The diffusion-controlled release mechanisms were
also used to develop various transdermal drug delivery systems, e.g.,
Transderm Scop®. Other controlled-release mechanisms were devel
oped and explored during the 1950s–1980s, but most commercial
products were based on the dissolution- and diffusion-controlled
mechanisms and the mixture of the two. Norplant, a cylinder-shaped
tube the size of a match stick, contains a contraceptive agent that is
released through the silicone rubber tube for 5 years. It received FDA
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Fig. 1. Evolution of drug delivery systems through the introduction of FDA-approved drug products from the Spansule® oral controlled release formulation to the
lipid nanoparticle formulations for COVID-19 vaccine delivery. 24-h release oral controlled release formulations in the 1950–1970s were followed by 24-week
injectable depot formulations in the 1990s and nanomedicine in the 2000s. Technological advances made in the last seven decades provide a foundation for
further developing new technologies for the next few decades.
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approval in 1990, much later than other formulations utilizing the same
reservoir technology simply because it had to have a long clinical testing
period. Although, it was removed from the US market in 2002, mainly
due to insertion and removal issues and lack of experience in adminis
tering the implants. During the first three decades, mathematical
modeling for drug release was developed to further mature the drug
delivery field [7].

polymers due to their long history of safety. While other biodegradable
polymers may provide better functionality, such as better properties of
controlling drug release and higher drug loading, the absence of any use
in FDA-approved products requires additional regulatory hurdles such
as toxicology studies to demonstrate the safety and fate of the polymer
after injection/implantation.
Controlling the drug release kinetics for weeks and months is
significantly different from drug release for a day. The long-acting,
ranging up to 6 months, formulations require large(r) doses, and the
drug release needs to be controlled throughout their lifetimes. Currently,
three different formulation types can deliver drugs up to 6 months:
microparticles, in situ forming implants, and solid implants. Micropar
ticle formulations have been most common due to their ability to load
large amounts of drugs (up to ~35% of the total solids content), control
the drug release, and administer by either intramuscular or subcutane
ous injection.
While two dozen products have been developed using PLGA poly
mers, surprisingly, our understanding of PLGA polymers has been
minimal. Despite more than 3 decades of PLGA formulation develop
ment, as shown in Fig. 2, there are currently no FDA-approved generic
products of long-acting injectable formulations available on the market.
One of the reasons for this is the absence of thorough characterization of
PLGA polymers. To approve a generic product, FDA needs to consider
whether a proposed product is qualitatively (Q1) and quantitatively
(Q2) the same as the reference listed drug (RLD) with respect to inactive
ingredients [14]. To determine whether PLGA polymers used are the
same component (Q1) and the same components in the same concen
tration (Q2), they must be analyzed for their L:G ratio, molecular
weight, and end-group. The issue becomes complicated when an RLD
utilizes more than one PLGA type or unconventional PLGA polymer, e.g.,
branched PLGA instead of linear PLGA [13,15,16]. Thorough charac
terization of PLGAs presents additional benefits for optimizing drug
loading and release by using the optimum PLGA.

1.1.2. Zero-order drug release and modulated drug release
The ability of drug release at a zero-order rate attracted many sci
entists to develop oral formulations that can maintain a constant drug
concentration in the blood. Although, making such oral formulations
was difficult due to a few physiological limitations. First, as an oral
formulation transits from the stomach to the intestine, the drug ab
sorption usually decreases because of the reduced absorption abilities of
the lower segments of the intestine. This problem was usually com
pounded by the reduced drug amount released from the formulation
over time. The only example of maintaining the constant blood con
centration for about 16 h was phenylpropanolamine HCl release from
Acutrim® (an OROS formulation) [8,9]. Compensating decreased drug
absorption as a formulation transits through the intestine requires more
drug released over time, which is much more complicated than making
zero-order release formulations. Furthermore, maintaining a constant
drug concentration in the blood is not necessary, as most drugs have a
therapeutic index (The maximum safe drug concentration/the minimum
effective drug concentration, or Cmax/Cmin) that is large enough to be
safe and effective over the order of magnitude different blood
concentrations.
Another extensive effort was focused on developing modulated, also
known as self-regulated, delivery formulations. This type of delivery
system is essential for insulin delivery because insulin needs to be
delivered in an exact amount and at the right time as the glucose con
centration in the blood fluctuates [10]. But the controlled technology
developed to date has been limited to continuous release at a specific
rate, and modulated release is still out of reach [11]. For insulin de
livery, e.g., a formulation needs to contain a glucose sensor, actuator,
and feedback system controlling the insulin release. The modulated drug
delivery system remains the most complex technical issue. Hopefully,
fully implantable modulated delivery systems can be developed and
commercialized soon.

1.2.2. Nanocrystal suspensions
Nanocrystal suspensions are another category of long-acting inject
able formulations, composed mainly of hydrophobic drugs with minimal
amounts of excipients or surfactants, resulting in very high drug load
ings. High energy milling is widely used as a preparation method for this
type of formulation. Furthermore, the active molecule can be synthe
sized into a prodrug, often with a long-chain fatty acid, to further
decrease the aqueous solubility and/or dissolution rate, and requires
enzymatic or hydrolytic cleavage to become active [17]. Paliperidone
palmitate (Invega Sustenna®) is a nanocrystal suspension of the
palmitate ester of paliperidone, of which active metabolite of risperi
done. An alternative solid-state mechanism is formulating the drug as a
salt or co-crystal with a hydrophobic counterion/conformer. Olanzapine
pamoate (Zyprexa Relprevv®) is a nanocrystal salt formulation of
olanzapine with pamoic acid acting as the counterion. While these for
mulations are advantageous due to the extraordinarily high drug
loading, issues that may arise include changes in the crystal polymorph,
aggregation within the suspension, and tissue irritation [18,19].

1.1.3. Boundaries of the early drug delivery technologies
The critical point of the technological advances in the beginning was
that the controlled release formulations were almost exclusively dedi
cated to oral formulations for 12- or 24-h delivery, and to some extent, to
transdermal formulations. For oral formulations, in vitro drug release
profiles are usually correlated to the in vivo pharmacokinetic (PK) pro
files. Thus, the PK profiles could be adjusted by controlling the formu
lation parameters. The controlled release formulations started to deliver
more prolonged periods, ranging from weeks to months. However, the in
vitro drug release kinetics no longer dictated the PK profiles. Developing
formulations that deliver drugs for 24 h is significantly different from
developing formulations designed for 24 weeks.

1.3. PEGylation

1.2. Long-acting injectable formulations

1.3.1. PEGylated proteins and PEGylated liposomes
PEGylation is a process of attaching poly(ethylene glycol) (PEG) to
protein molecules so that proteins can circulate in the blood longer than
the control with substantially reduced immunogenic responses [20–23].
However, the subsequent studies on PEGylated proteins and drug de
livery systems showed that the body produced antibodies against PEG,
causing accelerated blood clearance (ABC) [24,25]. The ABC phenom
enon is a concern if PEGylated formulations are administered repeat
edly, and thus, more effective use of PEGylation requires better
understanding. The hydrophilic PEG molecules are known to wobble on
the protein surface to reduce uptake by the reticuloendothelial cells,

1.2.1. PLGA-based systems
The first long-acting injectable formulation approved by the United
States Food and Drug Administration (FDA) was Lupron Depot® deliv
ering leuprolide acetate for 1 month. Since the first approval in 1989,
the PLGA microparticle formulation has expanded to deliver the drug up
to 6 months by adjusting the lactide:glycolide (L:G) ratios and molecular
weight(s) of the polymer(s). This new long-acting injectable formulation
was followed by other systems that delivered various small molecules,
peptides, and proteins [12,13]. All polymer-based, biodegradable longacting injectable formulations approved by the FDA are based on PLGA
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Lutrate Depot
(Leuprolide acetate)

1, 3, 4, 6 months, MP
1989, 1996, 1997, 2011
7.5 mg/month

1, 3, 6 months, MP
2000, 2001, 2010
3.75 mg/month

1 month MP, 2006
380 mg/month

1 month, MP, 2014
20, 40, 60 mg/month

Somatulin LA

3 months MP, 2018
22.5 mg/month

(Afamelanotide Implant)

(Lanreotide acetate)

1, 3 months SI, 1989
3.6 mg/month

2 weeks MP, 2000
30 mg/2 weeks

3 months SI, 2009
0.7 mg/3 months

6 months MP, 2017
22.5 mg/6 months

2 months SI, 2019
8 mg/month

1 month MP ,1998
20 mg/month

2 weeks MP ,2001
1 mg/2 weeks

1 month SI, 2011
0.37 mg/month

3 months MP, 2017
32 mg/3 months

4-6 months SI, 2020
10 Pg/6 months

1 week, IS ,1998
50 mg/week

1, 3, 4, 6 months IS, 2002
7.5 mg/month

1 week MP, 2012, 2017 (BCise)
2 mg/week

1 month IS, 2017
100, 300 mg/month

1 month MP, 1999
13.5 mg/month (Discontinued)

2 weeks MP, 2003
25 mg/2 weeks

3 month MP ,2012
3.75 mg/month

1 month IS, 2018
90, 120 mg/month

MP: Microparticle
SI: Solid implant
IS: In Situ forming
implant

Fig. 2. Injectable long-acting PLGA formulations approved by the U.S. FDA. All products are based on microparticle, in situ forming implant, and solid implant
formulations.

proteolytic degradation, and immune responses, resulting in enhanced
therapeutic efficacy. PEGylation also reduces protein drug bioactivity by
reducing the binding to the target site, but the more prolonged circu
lation overall results in enhanced therapeutic efficacy. The concept of
PEGylation was born in the late 1970s by Professor Frank Davis of
Rutgers University [22,26,27]. The main advantage of PEGylation is
that it increases blood circulation time, and the idea was used to
improve the residence time of liposomes. The first successful PEGylated
liposomal formulation was Doxil® approved in 1995, demonstrating
increased uptake by tumors and decreased toxicity, specifically the
cardiotoxicity of doxorubicin [28–30].
The first injectable formulation of PEGylated protein was approved
(Adagen®, pegademase bovine injection) in 1990, shortly after the first
long-acting injectable PLGA formulation, Lupron Depot®, was
approved. Fig. 3 shows the introduction of PEGylated protein drugs
approved by the FDA. Over the last 30 years, about 20 PEGylated protein
formulations have been developed. PEGylated interferon-α2b is
currently used for treating COVID-19.
The significance of the PEGylation technology goes beyond

increasing the circulation times of modified proteins, and its application
to liposomal formulations, starting from Doxil® (PEGylated liposome
delivery doxorubicin) in 1995, was the beginning to other vital formu
lations. Liposomes were initially referred to as Bangosomes or smectic
mesophase [31] after Alec Bangham first observed multilamellar lipid
structures in 1964 [32]. The name was changed later to liposomes as the
lipid structures were formulated using phospholipids [33]. The lipo
some’s potential as a drug delivery system was first suggested by
Gregory Gregoriadis [34,35]. Later, liposomes were also used to deliver
DNAs to cells [36]. Since the first approval of a PEGylated liposome
formulation, Doxil®, more than a dozen lipid formulations have been in
clinical use [29]. In addition to liposomes, lipid nanoparticles contain
ing PEGylated lipid have shown successes in delivering oligonucleotides,
e.g., Onpattro® (siRNA in PEGylated lipid nanoparticle) in 2018. One of
the essential uses of PEGylation technology was the rapid development
of mRNA-based COVID-19 vaccines in PEGylated lipid nanoparticles
[37–41]. Comiranty® (COVID-19 vaccine, mRNA by Pfizer/BioNTech)
received full approval by the FDA in August 2021. The Covid-19
pandemic has dramatically reinvigorated research in lipid

Fig. 3. Development of PEGylated drugs for the last two decades. PEGylation was also critical in the development of liposome and lipid nanoparticle formulations.
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Fig. 4. Timeline of the development of mRNA vaccines against COVID-19 by BioNTech/Pfizer (BNT162b2, Green) and Moderna (mRNA-1273, Blue). (Modified from
Reference [69]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

nanoparticles, where new and old lipid-based nanoparticles could be
crucial for delivering next-generation Covid-19 vaccines, new mRNAbased vaccines, and gene-editing therapies such as CRISPR-Cas9.
PEGylation has also been used to modify small molecules. Movan
tik®, approved in 2014, is a PEGylated α-naloxol derivative (naloxegol)
that can reduce transport across the blood-brain barrier (BBB) to prevent
the side effects in the central nervous system [42,43]. Most drugs need to
be delivered to overcome the BBB, but preventing transport across the
BBB found a successful application here.

been the key to developing COVD-19 mRNA-based vaccines delivered
via lipid nanoparticles (see below).
2.1. Drug-polymer complexes and conjugates
A complex is a molecular assembly of individual molecules held
together by non-covalent bonds, such as electrostatic and/or hydro
phobic interactions. Thus, the associated molecules can be dissociated
upon changes in the environmental conditions. Drug complexes are
usually made using water-soluble polymers, such as low molecular
weight dextran used in InFed®, approved in 1974 [52,53], and Dex
ferrum® in 1992 [54,55], and albumin in Abraxane®, approved in
2005. InFed is an iron complex with low molecular weight (5000–7000
Da) dextran that has been used to correct iron deficiency [54,56]. Iron
complexed with low molecular weight dextran has been clinically
demonstrated to be safer than the complex with high molecular weight
dextran (96,000 Da) [55,57–59]. Another widely known drug-polymer
complex is Abraxane®, nanoparticles of 100 mg paclitaxel coated with
900 mg human albumin for cancer treatment [60]. The main advantage
of making drug-polymer complexes is to increase the water-solubility of
the poorly soluble drugs.
A drug-polymer conjugate is a polymeric carrier having covalently
bound drug molecules [61,62]. The carrier polymer, due to its macro
molecular structure with multiple functional groups, can carry a large
number of covalently bound drug molecules. The idea is attractive, as
this allows incorporation of a targeting moiety and an imaging agent,
and other useful agents, in addition to many drug molecules to either the
polymer backbone or functional side groups depending on the linker
chemistry. Since then, numerous drug-polymer conjugates have been
tested in clinical studies [63,64], but with disappointing results. Adding
a targeting moiety, e.g., ligand or antibody, does not increase the tar
geting property because the distribution is mainly controlled by blood
circulation. Ligand-receptor and antigen-antibody interactions occur
only after they successfully reach the target site(s). Here, drug-polymer
conjugates exclude PEGylated drugs, as the PEG chains used in PEGy
lation do not have the functions of polymeric carriers of the proposed
drug-polymer conjugates. Monoclonal antibodies themselves have
played a vital role in drug development. Subsequently, antibodies were
conjugated with drugs (Ab-drug conjugates, or ADC). The first antibodydrug conjugate approved for clinical use was Mylotarg® (gemtuzumab
ozogamicin) in 2009 [65]. An N-acetyl-γ-calicheamicin molecule is
covalently linked to the CD33-directed monoclonal antibody in Mylo
targ [66]. Binding with the CD33 antigen results in internalization and
hydrolytic release of the calicheamicin moiety, resulting in DNA damage
and cell death. Eight additional antibody-drug conjugates were
approved by the FDA up to 2020 [67].

2. Nanomedicine
In the Year 2000, the United States government introduced a new
initiative called the National Nanotechnology Initiative (NNI). Its
application to the drug discovery and delivery field has been known as
nanomedicine. Since its beginning, the nanomedicine field has almost
exclusively focused on tumor-targeted drug delivery [44]. Still, the
outcome has been less than anticipated, and the number of new anti
cancer formulations approved has been few [45–47]. Mylotarg®,
Doxil®, and Abraxane® (albumin-paclitaxel complex approved in 2005)
have become the face of nanomedicine. The approvals of Doxil® and
Abraxane® were based primarily on reduced side effects rather than
superior efficacy of the drugs. The reduction in side effects is an essential
contribution to making better products. However, the results are not
entirely based on the prevailing theory of “enhanced permeability and
retention,” commonly known as the EPR effect, which nanomedicines
were supposed to possess for tumor-targeted drug delivery, theoretically
resulting in more efficacious products with reduced side effects.
While tumor-targeting of nanomedicine has yet to be achieved, the
research on various forms of nanoformulations has produced a few
critical side achievements. First, by being “nano in size,” nano
formulations end up increasing the water-solubility of poorly soluble
drugs. Nanosized drug crystals, or nanocrystals, increase the dissolution
kinetics of poorly soluble drugs fast enough to continuously release drug
molecules as the dissolved drugs are absorbed by the body. Thus, the
overall result appears to be increased water-solubility. The first nano
crystal formulation approved by the FDA was Rapamune® in 2000.
Another critical improvement by nanomedicine research is the
manipulation of lipid molecular structures to escape from endosomes
more efficiently. Realizing that once nanoparticles are entrapped by
endosomes, limiting access to other subcellular components of cells,
engineering escape from the endosome is the first step toward efficacy,
and formulations were designed with this in mind [48–50]. One of the
results has been the lipid formulations used in Onpattro® for the de
livery of siRNA, approved by the FDA in 2018 [51]. Onpattro contains
an ionizable cationic lipid that was optimized for RNA encapsulation
and intracellular delivery and the PEG-containing lipid that regulates
the nanoparticle size. The lipid molecular and assembled structures have
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2.2. Lessons learned from nanomedicine

stability and endosomal escape of the delivered RNAs. The lipid nano
particle formulation was successfully used to develop Onpattro®, the
first formulation approved by the FDA for delivery of siRNA targeting
transthyretin [51,78]. Lipid nanoparticle formulations with different
ionizable cationic lipids were optimized for use in mRNA vaccines.

Although the progress made by the nanomedicine field has been slow
in developing tumor-targeted drug delivery systems, the technology
developed through the period has been a source of ultrafast develop
ment of mRNA vaccines against COVID-19. It took only 2 months from
the announcement of the genetic sequence of SARS-CoV-2 to initiating
the clinical trials of mRNA vaccines [68]. (See Fig. 4)
As of December 2021, nine vaccines have been approved for full use
[70], and the first two vaccines approved by the FDA, Pfizer/BioNTech
and Moderna vaccines, use mRNA. mRNAs are very unstable and thus,
require proper protection. Protection must be followed by efficient de
livery into the cells and escape from the endosome to be effective as a
vaccine. The PEGylated lipid nanoparticles turned out to be working just
as they were designed to. This is, by any measure, a fabulous achieve
ment by formulation scientists. This speedy development of functional
mRNA delivery lipid nanoparticles was possible only because of the
cumulation of the decades-long progress in the sophisticated delivery
systems for delivering genetic drugs, such as siRNA, mRNA, and plasmid
DNA [71]. The fruit of the decades-long research activities was collected
in the area that the initial nanomedicine researchers did not consider as
their primary objective.
While lipid nanoparticles worked well for RNA delivery, further
advances are necessary, including “endosomal escape” to reach the
cytosol [72]. Ionizable lipids form destabilizing non-bilayer structures at
the acidic pH present in endosomes, ultimately resulting in endosomal
escape. Along with the optimal extent of PEGylation, the concept of
ionizable lipids [73] was introduced to form ionizable lipid nano
particles for the efficient delivery of nucleic acids [72]. Ionizable lipids,
forming cations in the acidic environment of the endosome, interact
with anionic lipids to form an inverted cone shape, resulting in the
membrane fusion, endosomal disruption, and release of the entrapped
nucleic acid into the cytosol [74–77].
Fig. 5 summarizes the contribution that decades-long nanomedicine
research has made to the COVID-19 vaccines. The majority of nano
medicine research was centered around tumor-targeting. Two factors
were critical in targeted delivery to tumors: PEGylation for more
extended circulation and improved stability of nanomedicine, and
effective endosomal escape for drug release in the cytosol. For the de
livery of unstable RNAs, lipid nanoparticles consisting of PEGylated
lipid and ionizable cationic lipid were developed to maximize the

2.3. Significance of the lesson
2.3.1. Unexpected results in clinical trials
Since the identification of HIV as the cause of AIDS in 1984, the
development of AIDS vaccines has been ongoing. Since 1987, a dozen
HIV vaccine clinical trials have been completed, but none has been
successful. Some trials were halted due to safety concerns, while others
have not demonstrated protection against HIV as of 2021 [79,80]. Un
derstandably, a test vaccine cannot provide protection, as HIV is not a
singular type of virus but composed of different types, groups, subtypes,
and strains. Some clinical trials, however, have even shown that vac
cines resulted in an increased risk of HIV infection [81–83]. The
increased risk is suspected to be due to the dampened vaccine-induced
responses by the pre-existing immunity against a recombinant adeno
virus type-5 vector used in the studies [84]. Only in 2021, a promising
result was obtained using a new HIV immunogen (delivered using
Alhydrogel® alum) that elicits broadly neutralizing antibodies binding
to conserved regions of HIV [85].
Initially, DNA vaccines were developed. They are simple in design
and development, quick and straightforward in manufacturing with
better quality control, and heat-stable with simpler transportation in
lyophilized form relative mRNA-based vaccines. But the practical issues
have been a low cellular uptake, the requirement of entering into the
nucleus, and the lack of efficiency in responses [86,87]. While RNA
vaccines are effective, they are inherently unstable compared to DNA
with poor thermal stability, requiring sub-freezing temperatures
[88,89]. In 2021, Moderna started a Phase 1 study to evaluate the safety
and immunogenicity of its mRNA vaccine for HIV-1 [90]. Even with the
issues in manufacturing and transport, the efficacy may outweigh the
other variables, providing opportunities for novel delivery vehicles, lo
gistics, and other opportunities to make these formulations more viable
to the developing world.
It seems that 2021 is the dawning of mRNA vaccines for the future
[69,91]. The success of mRNA vaccines and RNA therapeutics, however,
is a result of using the suitable delivery systems, lipid nanoparticles,

Fig. 5. The essence of the contribution of nanomedicine in the fast development of COVID-19 vaccines. The technologies developed for tumor-targeted drug delivery
were combined with siRNA delivery using ionizable cationic lipids, leading to the fast development of mRNA COVID-19 vaccines.
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3.2. Small molecule drugs & biologics

which were developed over more than a decade [92]. The compositions
of the Pfizer-BioNTech and Moderna lipid nanoparticles are very similar,
and the story behind it can shed some light on how the science of lipid
nanoparticle formulations mixed with the business aspect to create and
deliver (administratively and logistically) the vaccines [93,94].
Since the first clinical trial of the HIV vaccine in 1986, more than
three decades have passed. The fact that new approaches based on
broadly neutralizing antibodies and mRNA have been highly successful
indicates that paradigms change and a prevailing opinion at a given
period may be wrong, coupled with different vaccine concepts that need
to be tested in parallel [95]. It is essential to accept that the development
of an HIV vaccine, and any new formulations for that matter, is
complicated; the temptation of just following the fashion of the time
should be avoided, where long-term commitment is necessary by both
funding agencies and scientists [95]. At present, mRNA is bound to be
the fashion for the coming decade, but only time will tell if the current
stunning success of the mRNA-based COVD-19 vaccine will translate
into additional medical breakthroughs [96]. Considering significant
differences in development between vaccines and disease treatment that
requires steady delivery of therapeutic agents, one can expect only
several clinical products in the next decade or two.
While the COVID-19 pandemic has been shockingly disastrous, it
also brought the best of our ability to develop vaccines and novel antiviral molecules at an unprecedented rate. Such speed can be applied
to other health priorities, such as cancer, antibiotic-resistant bacteria,
and chronic diseases [68].

Table 1 shows the top 20 best-selling drugs in 2010 in the United
States [98] and worldwide in 2015 [99] and 2020 [100]. Most drugs are
used long-term for treating chronic diseases. The list of drugs in Table 1
shows that the number of biologics has increased significantly over the
last decade. According to the report by EvaluatePharma, biologics
occupied only 34% of the top 100 products in 2010. Its share gradually
increased to 53% in 2018 and remained around 50% for the next several
years [101]. This clearly indicates that future drugs will be an equal
mixture of small molecules and biologics. Currently, most biologics are
administered by injection for short-term delivery. It is necessary to
develop long-acting injectable formulations that can deliver the drug(s)
for weeks and months to provide enhanced convenience and compliance
to patients.
3.3. Targeted drug delivery
The concept of targeted drug delivery needs to be clarified because it
has different meanings to scientists depending on their disciplines. The
original concept of the magic bullet (targeted drug) by Paul Ehrlich is
that antitoxins, or antibodies, have selective targeting to a bacterium
without affecting other organisms. Here, selective targeting simply
means “selective killing” of a bacterium. The antibodies still distribute
throughout the body but selectively interact with the targets. Most of the
drugs we consume mainly interact with the targets, but they also interact
with normal cells, causing side effects. Thus, the magic bullet concept
did not mean that antibodies, or drug molecules, only go to targets
[102–104].
The current concept of targeted drug delivery using nanomedicine
has evolved into something quite different from the original magic bullet
concept. Nowadays, the term “targeted drug delivery” is used if a
nanomedicine delivers slightly more drugs than the control, which is
usually a drug solution, to target tumors [45,47]. All anticancer drugs
are still harmful to normal cells, and thus, the idea of using “targeted
drug delivery” without affecting normal cells does not apply. Further
more, delivering a drug or nanoparticles to the solid tumor is not
enough, as the drug has to diffuse through the tumor microenvironment
and get into tumor cells to be effective [105]. Thus, delivery of a drug to
a target site is not necessarily the same as the efficacy. Nevertheless, the
concept of targeted drug delivery using nanomedicine has permeated
the field deeply, and this needs to be changed to make genuinely tar
geted drug delivery systems in the future.
Targeted drug delivery is essential in gene therapy. If the genes of

3. Future
3.1. Chronic diseases
As the average lifespan increases, more years will be spent by pa
tients living with chronic diseases requiring further long-term treat
ment. The 10 most common chronic conditions include hypertension
(high blood pressure), high cholesterol, arthritis, ischemic heart disease
(or coronary heart disease), diabetes, chronic kidney disease, heart
failure, depression, Alzheimer’s disease and dementia, and chronic
obstructive pulmonary disease [97]. Taking drugs once a day may not be
convenient enough, not to mention a few times a day. For many elderly
people who have to take medicines for the rest of their lives, once-a-day,
or even once-a-month, may not be convenient enough.

Table 1
Examples of Top 20 drugs sold in selected years.
2010
Lipitor
Nexium
Plavix
Advir
Abilify
Seroquel
Singulair
Crestor
Actos
Epogen
Remicade
Enbrel
Cymbalta
Avastin
OxyContin
Neulasta
Zyprexa
Humira
Lexapro
Rituxan

$7.2 B
$6.3 B
$6.1 B
$4.7 B
$4.6 B
$4.3 B
$4.1 B
$3.8 B
$3.5 B
$3.3 B
$3.3 B
$3.3 B
$3.2 B
$3.1 B
$3.1 B
$3.0 B
$3.0 B
$2.9 B
$2.8 B
$2.8 B

2015
(Atorvastatin)
(Esomeprazole)
(Clopidogrel)
(Salmeterol)
(Aripiprazole)
(Quetiapine)
(Montelukast)
(Rosuvastatin)
(Pioglitazone)
(Epoetin Alfa)
(Infliximab)
(Rivaroxaban)
(Duloxetine)
(Bevacizuma)
(Oxycodone)
(Pegfilgrastim)
(Olanzapine)
(Adalimumab)
(Escitalopram)
(Rituximab)

Humira
Harvoni
Enbrel
Remicade
Rituxan
Lantus
Avastin
Herceptin
Revlimid
Sovaldi
Advir
Crestor
Lyrica
Neulasta
Gleevec
Xarelto
Copaxone
Januvia
Abilify
Tecfidera

$14.0 B (Adalimumab)
$13.9 B (Ledipasvir)
$8.7 B (Etanercept)
$8.4 B (Infliximab)
$8.5 B (Rituximab)
$7.0 B (Insulin Glargine)
$6.8 B (Bevacizuma)
$6.6 B (Trastuzumab)
$5.8 B (Lenalidomide)
$5.3 B (Sofosbuvir)
$5.2 B (Salmeterol)
$5.0 B (Rosuvastatin)
$4.8 B (Pregabalin)
$4.7 B (Pegfilgrastim)
$4.7 B (Imatinib)
$4.3 B (Rivaroxaban)
$4.0 B (Glatiramer)
$3.9 B (Sitagliptin)
$3.8 B (Aripiprazole)
$3.6 B (Dimethyl Fumarate)
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2020
Humira
Keytruda
Revlimid
Eliquis
Imbruvica
Elyea
Stelara
Opdivo
Biktarvy
Xarelto
Enbrel
Prevnar 13
Ibrance
Avastin
Trulicity
Ocrevus
Rituxan
Xtandi
Tagrisso
Remicade

$20.4 B (Adalimumab)
$14.4 B (Pembrolizumab)
$12.2 B (Lenalidomide)
$9.2 B (Apixaban)
$8.4 B (Ibrutinib)
$8.4 B (Aflibercept)
$7.9 B (Ustekinumab)
$7.9 B (Nivolumab)
$7.3 B (Emtricitabine)
$6.9 B (Rivaroxaban)
$6.4 B (Rivaroxaban)
$6.0 B (Diphtheria protein)
$5.4 B (Palbociclib)
$5.3 B (Bevacizumab)
$5.1 B (Dulaglutide)
$4.6 B (Ocrelizumab)
$4.5 B (Rituximab)
$4.4 B (Enzalutamide)
$4.3 B (Osimertinib)
$4.2 B (Infliximab)
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interest are entering non-target cells, the side effect will surely follow. In
the early days of gene therapy and even current clinical gene therapy
trials, some volunteers died due to the unexpected delivery to the wrong
places by inactivated adenovirus vectors which still can stimulate an
immune response [106–108]. The same issue persists in 2021: patients
died during the gene therapy trials [109] or developed cancers [110].
While gene therapies and cell therapies will continue to improve their
safety and efficacy, they will have serious competition by the small
molecule therapeutics, which are always easier to produce and admin
ister. It is important to remember Ehrlich’s adage that success in science
requires the four big G’s: “Geduld, Geschick, Glück, und Geld” (patience,
cleverness, luck, and money) [111]. While the mRNA vaccine develop
ment was performed at “Warp Speed,” we should not necessarily
conclude that all therapies will follow this same speed and continue to
remember and practice the four G’s.

insulin can be absorbed from the GI tract and control the in vivo glucose
level [133]. This may be true in mice. But even then, one needs to
carefully dissect the details of the experimental conditions. The mice
were kept in the fasted condition before administering insulin, at orders
of magnitude larger than that used in humans. Microneedle transdermal
delivery systems were also used to deliver insulin to observe the
decrease in the blood glucose level for several hours [134]. Remember,
insulin is not a drug that can be delivered at an arbitrary concentration
range anytime. It has to be delivered at the exact amount at the exact
time to be effective, and it has to be responsive to the fluctuations of the
glucose level in the blood. Furthermore, the insulin release has to be
stopped after the glucose level is lowered. The timely delivery of an
accurate dose at the right time is critical for insulin delivery, and
currently, there are no drug delivery systems that can fulfill such re
quirements reproducibly. The development of self-regulated insulin
delivery systems is one of the holy grails in drug delivery.
Oral drug delivery has been the most preferred administration route.
However, further mechanistic understanding of processes critical to oral
absorption needs to be obtained, such as interindividual variations,
differences of drug absorption between different genders and ages,
gastric retention, and formulation limitations (of poorly water-soluble
drugs and poorly permeable drugs) [135].

3.4. Overcoming biological barriers
Biological barriers to drug delivery scientists are considered to be a
nuisance. Without biological barriers, drug delivery will be much easier.
At the same time, we all know that biological barriers are essential for
protecting us from harmful materials. Biological barriers can be divided
into epithelial barriers and endothelial barriers. Epithelial barriers
include mucosal tissues (e.g., cornea, nose, gastrointestinal tract, and
lung) and the epidermis [112,113]. The endothelial barriers, e.g., bloodbrain barrier, consist of the endothelial cell membrane, tight junctions,
apical surface glycocalyx, and basement membrane [114].
Over the years, various approaches have been proposed to overcome
biological barriers [115–122], and many have shown promises in
increasing drug absorption. The higher drug bioavailability, however,
comes with a significant price. Once biological barriers are compro
mised, not only beneficial drugs but also all pathogens enter the system
together. To date, there has been no “safe” approach to overcoming
biological barriers. It is necessary to distinguish the potential of over
coming biological barriers in small animal experiments from clinical
applications, which requires a clear demonstration of safety and
efficacy.

3.4.2. The blood-brain barrier
The blood-brain barrier (BBB) has been the main hurdle in treating
central nervous system diseases. To overcome the BBB, various drug
delivery systems have been developed, e.g., adeno-associated virus
vectors [136], virus-mimetic nanoparticles [137], erythrocytemimicking nanovehicles (nanovehicles coated with erythrocyte mem
branes) [138], cell-based delivery nanocarriers [139], cell-penetrating
peptide-linked nanovehicles [140], extracellular vesicles [141], inject
able hydrogels [142], tight junction modulators [143], and immuno
modulators [144]. While most have shown promising efficacy in small
animal models, translations to clinical use are still far away. It is
encouraging to observe successful Phase II clinical trials of paclitaxel
trevatide (ANG1005, a conjugate of paclitaxel with Angiopep-2) that
effectively crosses the BBB via a low-density lipoprotein receptor-related
protein [145]. To demonstrate clinical safety and efficacy, precision
dosing, off-target effects, and scale-up manufacturing issues must be
resolved [144].
The lack of suitable BBB models is a compounding factor in slow
progress in developing formulations for diseases like Alzheimer’s dis
ease, Parkinson’s disease, multiple sclerosis, epilepsy, and ischemic
stroke [146]. The lack of suitable models is not limited to drug delivery
to the brain, and other disease models, particularly cancer treatment
[147,148], also need to be improved. Drugs have also been delivered
directly to the brain by intranasal deposition and absorption on the ol
factory and respiratory epithelia, reducing systemic exposure and
providing greater bioavailability [149,150]. Such administration routes,
however, require more work to understand the underlying mechanisms
to be practical. The drug distribution pattern in the brain is unknown,
making it difficult to use the drugs that become effective only after
binding to specific receptors in specific brain regions [151].

3.4.1. Oral drug delivery: from small molecules to peptide drugs
Oral drug delivery is the most convenient and most widely used
means of drug delivery. Oral drug delivery has formulation barriers,
such as low water-solubility and low stability, and biological barriers,
particularly short GI transit time, low permeability/absorption, and
presystemic clearance. The biopharmaceutics classification system was
developed to account for two crucial drug properties critical to drug
bioavailability, water-solubility and permeability [123,124]. To over
come the short GI transit time, formulation scientists have developed
various gastro-retentive formulations, including floating, mucoadhe
sion, swellable, high-density systems, superporous hydrogel, magnetic
systems, and unfoldable/extendible designs [125]. Although, gastric
physiology differences, including gastric pH and motility, can largely
influence the absorption and residence time and thus the resultant
pharmacokinetic profile [126]. Still, genuine gastro-retentive systems
are yet to be developed.
The GI tract is designed to absorb small molecules, such as carbo
hydrates, amino acids, and fat-soluble molecules. All orally adminis
tered drugs are low molecular weight drugs. It has been a dream of drug
delivery scientists to deliver peptide and protein drugs by oral admin
istration, as its benefit is unmeasurable. Various approaches and devices
have been tested to overcome poor absorption of peptide and protein
drugs [127–130], but again they are all only in the research and
development stage.
The reality of oral drug delivery is that the bioavailability of peptide
and protein drugs is so low that it is not practical regardless of the de
livery system used [131,132]. The difficulty becomes insurmountable
when it comes to the oral delivery of insulin. Many studies indicate that

3.5. Long-term treatment for chronic diseases
A chronic illness is a long-term health condition that may not have a
cure. Examples of chronic illnesses are addiction, Alzheimer’s disease
and dementia, arthritis, asthma, cancer, chronic obstructive pulmonary
disease, Crohn’s disease, cystic fibrosis, diabetes, depression, epilepsy,
heart disease, human immunodeficiency virus/acquired immunodefi
ciency syndrome (HIV/AIDS), hypertension, multiple sclerosis, Parkin
son’s disease, and tuberculosis. 60% of adults have a chronic disease in
the U.S., and 40% of adults have two or more [152]. Treating chronic
diseases requires ongoing medical attention and intervention for years.
Adherence to long-term therapy, however, is averaging 50% even in
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developed countries [153]. Adherence to long-term therapy requires
more than taking prescribed pharmaceuticals. It also encompasses
numerous therapeutic behaviors, including seeking medical attention,
filling prescriptions, taking medication appropriately, and attending
follow-up appointments [153]. Here, long-acting formulations are un
doubtedly helpful for increasing patients’ compliance and convenience,
particularly long-acting injectable formulations that deliver daily doses
for weeks and months.
Since 1989 when the first long-acting injectable formulation was
introduced, only about 20 drugs have been made into long-acting
injectable formulations with a duration ranging up to 6 months. The
duration of each formulation will increase beyond the 6-month mark
currently set. Still, the longer-term delivery depends on the daily dose of
each drug, drug stability, and the therapeutic index.
Long-acting formulations also include other formulations [154], e.g.,
devices that require surgery to implant in the body and another one for
removal, unless the formulation is designed to biodegrade. The surgi
cally implantable devices may be necessary if a drug is released for
years, but Norplant®, a contraceptive device delivering a drug for 5
years, had to be removed from the market due to incidences of being
unable to remove them. Thus, using biodegradable polymers is preferred
over using non-degradable formulations that have to be removed after
their use.

be competitive. There came human-on-a-chip to surpass organ-on-achip. Such utterly inadequate terminology still attracts considerable
research funding, and thus, others adapt to the same nonsense. This
occurs because so many scientists, particularly new, follow this “hot”
trend not to be left behind when the future is uncertain. The human
organs-on-chips research will be obsolete soon, as it is like practicing
golf on a simulator or a computer game instead of an actual golf course.
The human is just so different from human organs-on-chips. The dif
ferences in drug absorption, distribution, metabolism, and elimination
between humans and animals must be appreciated before presenting
new in vitro “gadgets”. Advances in treating diseases occur not because
of a handful of fancy terms and by a handful of famous scientists. Indi
vidual new drug formulations and biomedical technologies result from
the collective progress of various scientists, across different teams and
disciplines, and now across many companies. To continue accelerating
the progress, we need to examine whether the current system allows the
influx of new ideas or encourages me-too research. Since lipid nano
particles seem to be today’s research fashion, most research will focus on
a similar subject. This may hinder trials of new ideas. Remember that no
single tool is suitable for everything; even a Swiss army knife has its
limitations.

4. The future of drug delivery systems

The future events are impossible to predict, as they occur unpre
dictably. Who could have predicted COVID-19 would have paralyzed the
world and lipid nanoparticles would have become the savior of Homo
sapiens? Despite the deadly COVID-19 pandemic, we can find a remedy
and continue our lives. The future is uncertain, and we need to prepare
for an uncertain future by adapting to the new environment by
expanding our drug delivery technologies. Individual scientists need to
think and evaluate problems independently and often “outside the box.”
Diversified drug delivery technologies will make it easier and faster to
adapt to new problems. Since no single formulation or technology will
suffice for all diseases, investing in many different technologies will
allow an improvised adaptation repeatedly.
We need to be honest in accepting an uncomfortable number of
mistakes the field has made by focusing on specific topics in fashion at a
given time. When the decade-long investment has not worked out, it has
been a tendency to cover them up or emphasize many publications to
construe the investment as a success. The best we can do is to learn from
our mistakes. Often, mistakes, unsuccessful designs, or experiments that
do not align with the prevailing theory produce the most significant
impact in advancing science/technology.
As Fig. 1 shows, each technological advance provides a partial so
lution to a complex set of problems. PEGylation technology has been
suitable for developing products that are “good enough for better effi
cacy and safety,” and continuous, sequential advances will lead to
clinical products that help patients to live longer and better. The
evolutionary process has no foresight [155], and we need to have
diverse technologies ready to challenge any future, where unexpected
diseases may appear from anywhere. Scientific progress will train us to
know what is possible or impossible with the technology available now.
We need to focus on what we did and, more importantly, what we can do
differently in the future.
The progress of drug delivery research is slow. The extent of the
slowness can be easily recognized by comparing the progress made in
the computer industry (Fig. 6). Liposomes were discovered in 1964, and
in the same year, UNIVAC 1108 computer based on integrated circuits
with 1 MB memory was introduced at the price of $566,460 [156,157].
Fast forward to 2021, and the computer memory increased 30,000 times
with 200 times lower price and equally smaller size. On the other hand,
it took more than 30 years to translate liposomes into Doxil®, a PEGy
lated liposome, and more than 50 years to develop PEGylated lipid
nanoparticles for siRNA and mRNA delivery. The introduction of new
drug delivery formulations is bound to be slow and expensive due to the

4.2. Foresight analysis of drug delivery of the future

4.1. Hindsight analysis of drug delivery history
The beauty of fundamental research is that there may be no imme
diate application of the findings, yet they may provide the solid foun
dation for a quantum leap in another field [47]. Developing new
formulations, even if it is solely for acquiring a research grant rather
than the medical need, may turn out to be life-saving formulations. For
this process to be more productive, however, it needs to be changed. For
the last few decades, the current research and funding system has been
in place to encourage so-called innovation. Innovation, however, is
difficult to define. It is common to prepare a proposal that appears to be
highly innovative to convince the review panel, even if the real inno
vation is only minutely incremental at best. Such proposals are usually
accompanied by articles published in high-impact journals (or even too
many articles to count based on the ever-expanding open access journal
numbers), resulting in the vicious cycle of high-impact publication and
research funding. In the process, the desire to solve existing medical and
pharmaceutical problems has been minimized. Developing formulations
that can treat the existing diseases requires an iterative process to
optimize the formulation for safety and efficacy. This, however, has
been treated as an issue that should be dealt with by biomedical device
and pharmaceutical companies, not by the national funding agencies.
Furthermore, obtaining this funding mentioned above is even more
difficult as in vivo data is essentially “required” to be competitive; further
hindering newly formed labs, universities that may not have access to
facilities or groups that do not have access to pilot funding even to
perform these types preliminary studies.
As the brief review of the evolution of drug delivery technologies in
Fig. 1 highlights, only a dozen breakthrough drug delivery formulations
have been developed during the last 7 decades. This illustrates how
difficult it is to develop breakthrough technologies for clinical use.
Whenever a new technology is introduced, the field tends to focus on
that particular idea, and the majority follows down that path. This is
where diversity in research ideas becomes very narrow, and the field
does not evolve. We need to build a new system that encourages di
versity and different points of view in research, coupled with respective
funding allocations. One example that illustrates the current problem
well is the field of “organ-on-a-chip.” Growing cells in multiple layers on
chips by no means make them an “organ,” yet it dominates the field to
the point that research funding and publications must use such words to
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1964

2021
2005 Abraxane®
1994 Taxol ®
Paclitaxel in
Paclitaxel
PEGylated
in Albumin
Castor Oil
Complex

UNIVAC 1108 (1 MB memory)
1964

Liposome
(Bangosome)

2014 Movantik

1990 Adagen®
PEGylated
Protein

PEGylated naloxol

1995 Doxil®
PEGylated
Liposome

2018 Onpattro®

RNAi in
PEGylated Lipid
Nanoparticle

2017 Kymriah® CAR-T
Gene
Therapy

Laptop
(32 GB memory)

2021 Comirnaty® PEGylated
Lipid
Nanoparticle

Fig. 6. Comparison of evolutions of computer and liposome drug delivery systems from 1964 to 2021.

clinical studies requiring time to demonstrate safety and efficacy. On the
other hand, electronic systems can be introduced as soon as improve
ments are made and able to be made at scale. The perceived slowness of
the development of new drug delivery systems is mainly based on the
safety mentioned above and efficacy studies, which are not linearly
dependent on technological improvements. One way to accelerate the
formulation development is to focus on clinical applications more than
minor technological improvements.

Acknowledgments
This study was supported by the Ralph W. and Grace M. Showalter
Research Trust grant and in part by UG3 DA048774 from the National
Institute on Drug Abuse (NIDA).
References
[1] A.M. Vargason, A.C. Anselmo, S. Mitragotri, The evolution of commercial drug
delivery technologies, Nat. Biomed. Eng. 5 (2021) 951–967.
[2] FDA/CDER. SUPAC-MR, Modified release solid oral dosage forms scale-up and
post approval changes: Chemistry, manufacturing, and controls; in vitro
dissolution testing and in vivo bioequivalence documentation, 1997.
[3] USP, USP-NF 2021 (Issue 1), 2021.
[4] R.H. Blythe, Sympathomimetic Preparation, 1956.
[5] G.E. Ullyot, B.H. Ullyot, L.G. Slater, The metamorpohsis of Smith-Kline & French
Laboratories to Smith Kline Beecham: 1925-1998, Bull. Hist. Chem. 25 (2000)
16–20.
[6] A.M. Hillery, A.S. Hoffman, Historical introduction to the field of controlled drug
delivery, in: A.M. Hillery, K. Park (Eds.), Drug Delivery: Fundamentals &
Applications, Second edition, CRC Press, Boca Raton, FL, 2016, pp. 1–21.
[7] N.A. Peppas, Historical perspective on advanced drug delivery: how engineering
design and mathematical modeling helped the field mature, Adv. Drug Deliv.
Rev. 65 (2013) 5–9.
[8] J.-C. Liu, M. Farber, Y.W. Chien, Comparative release of phenylpropanolamine
HCl from long-acting appetite suppressant products: Acutrim vs, Dexatrim. Drug
Develop. and Indus. Pharm. 10 (1984) 1639–1661.
[9] Y.W. Chien, Novel Drug Delivery Systems, Second edition, Marcel Dekker, New
York, 1992. Second Edition. Revised and Expanded ed.. 797 pages.
[10] D.W. Scharp, P. Marchetti, Encapsulated islets for diabetes therapy: history,
current progress, and critical issues requiring solution, Adv. Drug Deliv. Rev. 6768 (2014) 35–73.
[11] K. Park, Controlled drug delivery systems: past forward and future back,
J. Control. Release 190 (2014) 3–8.
[12] Y.H. Yun, B.K. Lee, K. Park, Controlled drug delivery: historical perspective for
the next generation, J. Control. Release 219 (2015) 2–7.
[13] K. Park, S. Skidmore, J. Hadar, J. Garner, H. Park, A. Otte, B.K. Soh, G. Yoon,
D. Yu, Y. Yun, B.K. Lee, X.J. Jiang, Y. Wang, Injectable, long-acting PLGA
formulations: analyzing PLGA and understanding microparticle formation,
J. Control. Release 304 (2019) 125–134.
[14] FDA/CDER, Controlled Correspondence Related to Generic Drug Development,
file:///C:/Users/kp/AppData/Local/Temp/GUI_Final_
ControlledCorrespondenceDecember2020.pdf, 2020.
[15] S. Skidmore, J. Hadar, J. Garner, H. Park, K. Park, Y. Wang, X.J. Jiang, Complex
sameness: separation of mixed poly(lactide-co-glycolide)s based on the lactide:
glycolide ratio, J. Control. Release 300 (2019) 174–184.
[16] K. Park, A. Otte, F. Sharifi, J. Garner, S. Skidmore, H. Park, Y.K. Jhon, B. Qin,
Y. Wang, Formulation composition, manufacturing process, and characterization
of poly(lactide-co-glycolide) microparticles, J. Control. Release 329 (2021)
1150–1161.
[17] N. Gautam, J.M. McMillan, D. Kumar, A.N. Bade, Q. Pan, T.A. Kulkarni, W. Li,
B. Sillman, N.A. Smith, B.L.D. Shetty, A. Szlachetka, B.J. Edagwa, H.
E. Gendelman, Y. Alnouti, Lipophilic nanocrystal prodrug-release defines the
extended pharmacokinetic profiles of a year-long cabotegravir, Nat. Commun. 12
(2021) 3453.
[18] M. Jarvis, V. Krishnan, S. Mitragotri, Nanocrystals: a perspective on translational
research and clinical studies, Bioeng. Transl. Med. 4 (2018) 5–16.
[19] Y. Lu, J. Qi, X. Dong, W. Zhao, W. Wu, The in vivo fate of nanocrystals, Drug Des.
Discov. 22 (2017) 744–750.
[20] A. Abuchowski, J.R. McCoy, N.C. Palczuk, T. van Es, F.F. Davis, Effect of covalent
attachment of polyethylene glycol on immunogenicity and circulating life of
bovine liver catalase, J. Biol. Chem. 252 (1977) 3582–3586.
[21] F.F. Davis, T. Van Es, N.C. Palczuk, Non-immunogenic polypeptides 4 (179)
(1979) 337.

4.3. The ultimate goal
The ultimate goal of drug delivery research is to develop formula
tions that can deliver drugs to target sites with predefined release ki
netics and duration. Basic research is essential, but not all basic research
results in products used by patients. There are fundamental differences
between showing the potential of a particular drug delivery technology
and developing clinical products. Almost always, it takes decades to
translate new technologies into clinical products. Ensuring their safety
and efficacy in humans and scale-up production requires years of
research and development. Identification of antibacterial activity of
penicillin would not have been enough to save us from infection without
figuring out scale-up production. This is why the Nobel Prize in Physi
ology or Medicine was awarded jointly to Ernst B. Chain and Sir Howard
W. Florey, in addition to Sir Alexander Fleming.
Research on lipid nanoparticles for oligonucleotide delivery, espe
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