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ABSTRACT: Controlled drug delivery systems have been
successful in introducing improved formulations for better use
of existing drugs and novel delivery of biologicals. The initial
success of producing many oral products and some injectable
depot formulations, however, reached a plateau, and the
progress over the past three decades has been slow. This is
likely due to the difficulties of formulating hydrophilic, high
molecular weight drugs, such as proteins and nucleic acids, for
targeting specific cells, month-long sustained delivery, and pulsatile release. Since the approaches that have served well for
delivery of small molecules are not applicable to large molecules, it is time to develop new methods for biologicals. The process
of developing future drug delivery systems, termed as the invention cycle, is proposed, and it starts with clearly defining the
problems for developing certain formulations. Once the problems are well-defined, creative imagination examines all potential
options and selects the best answer and alternatives. Then, innovation takes over to generate unique solutions for developing new
formulations that resolve the previously identified problems. Ultimately, the new delivery systems will have to go through a
translational process to produce the final formulations for clinical use. The invention cycle also emphasizes examining the reasons
for success of certain formulations, not just the reasons for failure of many systems. Implementation of the new invention cycle
requires new mechanisms of funding the younger generation of scientists and a new way of identifying their achievements,
thereby releasing them from the burden of short-termism.
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1. INTRODUCTION

The field of drug delivery has advanced for more than six
decades to evolve into its own scientific discipline. Advances in
the drug delivery field were fast in its early days (i.e., 1950−
1980), and visible impacts were made through a very large
number of new formulations introduced for clinical use,
especially for oral and transdermal delivery systems. One of
the biggest impacts that the new drug delivery systems have
made is increasing patients’ convenience and compliance. In
1950s, most oral drugs had to be administered 3−4 times a day,
requiring patients to take a drug at odd times, which is not easy
to comply with. Then, the introduction of the first controlled
release formulation, known as the Spansule technology,1

changed all these. The new formulation required only two
administrations, e.g., 8 a.m. and 8 p.m., which does not disrupt
a normal daily schedule. Introduction of the Spansule
technology prompted a host of new drug delivery systems,
and the new field of drug delivery technologies was born. The
four distinct drug delivery technologies, namely, dissolution-,
diffusion-, osmosis-, and ion-exchange-controlled release, were
developed during the first generation period, 1950−1980. In
retrospect, those technologies developed during the first
generation were low-hanging fruits of the drug delivery
technology tree. The four basic mechanisms, however, are
still used currently for producing many new once-a-day oral
formulations.
Once the basic drug delivery mechanisms were identified and

applied to making a large number of clinical products,
formulation scientists started dealing with more difficult

technologies for delivery of nonconventional drugs, such as
insulin and other biopharmaceuticals, and nucleic acid drugs. In
addition, the duration of drug release was extended from a day
or a week to months for injectable, long-term depot
formulations. The drug delivery technologies have also dealt
with targeted delivery, i.e., delivery of a drug to specific target
cells, implying that delivery to nontarget cells is minimized.
These types of drug delivery technologies reside at the top of
the drug delivery technology tree, and it has been difficult to
find suitable delivery technologies for many drugs of clinical
importance. The history of drug delivery technologies and the
areas of drug formulations that need the attention of
formulation scientists have been discussed previously.2−5

One of the pressing needs in the current drug delivery area is
to develop technologies and formulations that can achieve the
difficult tasks we have faced for the last few decades. These are
found, as examples and not as an exhaustive list, in Table 1. The
majority of new drug candidates are small molecular weight
drugs which are also hydrophobic, belonging to classes 2 and 4
of the Biopharmaceutics Classification System.6 Many new drug
candidates are practically insoluble in aqueous solution, making
it difficult to develop into clinically useful formulations. A good
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example is the development of a clinical formulation for
paclitaxel, a practically insoluble drug, requiring the use of
ethanol and Cremophor EL (Taxol).7 Delivery of hydrophilic,
high molecular weight drugs poses a different kind of challenge.
Protein drugs are prone to be denatured, and controlling the
initial burst release and sustained release of peptide drugs for
months is still difficult. One of the holy grails in drug delivery is
self-regulated insulin delivery, and even after more than three
decades of research, it is still far from clinical application.
Targeted delivery of an anticancer agent to tumors using
nanoparticle systems has been studied intensively by scientists
all around the world for the past few decades, but the initial
promise has not been realized. This article focuses on how we,
as formulation scientists, can improve the outcomes, i.e.,
translation of prototype systems in the laboratory to the
formulations that can be clinically used by patients.

2. THE INVENTION CYCLE
Formulation scientists develop various drug delivery systems.
Many times, however, we focus too much on small details,
thereby missing the big picture. Overcoming important
technological difficulties facing us today requires a new
approach starting from understanding the big picture where
particular technological problems are understood in the context
of the overall goals. When a drug delivery system is made, it is
thoroughly characterized for its in vitro properties, including the
drug release property. In vitro characterization is usually
followed by small animal experiments for pharmacokinetic
study before clinical trials. Without the clinical trials showing
the efficacy and safety, no formulation can be approved by the
Food and Drug Administration (FDA). One of the difficulties
currently facing the drug delivery field is the lack of translation
from seemingly promising drug delivery systems identified from
in vitro and small animal studies to FDA-approved products.
The drug delivery systems which are shown to be highly
promising in mouse studies turned out to be inefficient in
clinical trials. The current approach of developing drug delivery
systems is somehow not working.
In solving any of the problems listed in Table 1 and many

others, one can follow an effective pathway through the process
from inspiration of developing new formulations to imple-
mentation to clinical products with a requisite set of attitudes
and actions.8 This process, known as the invention cycle as
described by Tina Seelig,8 was slightly modified to make it
more relevant to developing clinically useful drug delivery
systems. The overall idea of the invention cycle is described in
Figure 1. The left of Figure 1 shows development of a drug
delivery system, which is basically a mixture of a drug and

excipients. The invention cycle consists of four steps: (1)
defining formulation problems of bringing laboratory proto-
types to the clinic; (2) creative imagination of all potential
answers; (3) innovation of existing technologies for finding
unique solutions; and (4) translation from the laboratory bench
to the clinic for human use. Each step of the invention cycle is
described in more detail in the following sections. The spine of
the invention cycle in Figure 1 is transforming drug delivery
systems to clinical products, both of which are highlighted in
green.

2.1. Defining Formulation Problems of Bringing
Laboratory Prototypes to the Clinic. Everything we do,
whatever it is, starts from asking, why? The question comes
from our inherent curiosity. Humans are naturally afraid of
uncertainty and ambiguity.9 This may be in large part due to
the survival of the species, but curiosity has been the source of
human progress. Formulation scientists have an intense
curiosity to find out why seemingly promising drug delivery
systems fail in clinical trials and, thus, solutions to the problems.
As listed in Table 1 as examples, there is a great need to
develop drug delivery systems for various important diseases.
Unless we clearly define the problems, answers cannot be
found. In the drug delivery field, it seems that we have not
spent enough time defining the problems facing the current
challenges for developing clinically effective drug delivery
systems. Our inclination is to deny the future uncertainty,9 as
most of our predictions of the future will turn out to be
inaccurate anyway.10 Thus, many of us are prone to stick to
what we are familiar with or follow state-of-the-art research,
even if they are not necessarily the best approach for solving the
current problems. All the uncertainties of the future will be
minimized, if we can identify the problems and, thus, find the
right answers.
A good example of the absence of clearly defined problems is

the current stalemate of so-called nanotechnology-based
targeted drug delivery systems. It has been very difficult in
translating seemingly very promising prototype formulations
for tumor targeted delivery into clinical products.11 Such
difficulty stems from the lack of problem identification. Almost
all prototype drug delivery systems for targeted delivery failed
when tested in humans,12−15 and thus, the problems exist in the
lack of intended functions in the human body. Yet, most
research is still focused on incremental improvement in in vitro
properties and small animal results. The first important step in
the invention cycle is identifying the source of the problem and
defining the problem clearly. For tumor targeted drug delivery,

Table 1. Barriers To Overcome by the Current DDSsa

1. delivery of poorly soluble drugs:
nontoxic excipients

2. peptide/protein/nucleic acid delivery:
control of the initial burst release and subsequent release rate
noninvasive delivery
in vitro−in vivo correlation

3. self-regulated drug delivery:
functional in the body for months

4. targeted drug delivery:
targeting tumor cells with minimal delivery to normal cells
overcoming the blood−brain barrier

aFrom ref 3.

Figure 1. Invention cycle of developing clinically useful formulations.

Molecular Pharmaceutics Perspective

DOI: 10.1021/acs.molpharmaceut.6b00015
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.molpharmaceut.6b00015


the problem exists in the lack of clear understanding of the
human body reacting against the administered drug delivery
systems. Yet, this problem has received only minimal attention.
This may be, in part, due to the fact that most researchers in the
targeted drug delivery are trained in physical chemistry or
engineering, rather than physiology. Defining the problem at
hand requires much more than passive collaboration among
researchers in different disciplines, as described below in
section 4, Afterthoughts.
2.2. Creative Imagination of the Potential Answers.

Once we define the problems at hand, it is time to allow our
creative imagination to consider all potential solutions, whether
current technologies can support them or not. This is the time
to maximize the benefit of harnessing the power of uncertainty
by coming up with diverse, seemingly far-fetched answers.
Those with a kaleidoscopic mind can break free from
preconceived ideas and become creative.9 None of the
imagined answers have been tested or tried, and it is likely
that most of them will fail. Failure, however, is a part of
progress, as it will provide new information, making the next
trial better. After all realistic solutions are reviewed and
examined, only seemingly unrealistic solutions will remain. The
seemingly implausible solutions are likely to become plausible
with new technologies that are to be invented and/or with
innovations of existing technologies. In the field of targeted
drug delivery to tumors using nanoparticulate formulations, for
example, the enhanced permeability and retention (EPR) effect
has been accepted as a fact, instead of a temporary hypothesis.
To date, no evidence has been found that the EPR effect
actually exists in human cancer patients.16 Thus, creativity here
is to imagine answers that do not involve the EPR effect.
Unfortunately, many researchers are still trapped in the EPR
concept which was erroneously conceived. We need to move
toward a more adaptive way of thinking that allows us to
change our mind in the face of new evidence.17

Imagination is a mental exercise to visualize unreal, seemingly
impossible, solutions to particular problems. Imagination elicits
new creativity and also unleashes the potential of exploiting
existing means to come up with something new. Once we
imagine new answers, the steps from the current technology to
the new technology become clear. The new answers here can
be tested through forming mental images of the prototypes of
new drug delivery systems. Imagination does not cost anything,
and imagining prototypes will involve even less mental effort.
The mental prototyping allows quick testing of a host of new
designs, some of which can be made into real prototypes.
Mental prototyping requires creativity that helps us escape from
the current technology gridlock. Imagination, however, is not as
easy as it sounds. Imagination requires active engagement of the
mind and the ability to envision various alternative solutions
that can be eventually tested experimentally to address
challenges.8 Starting with a solution found through creative
imagination makes it easier to find real solutions. This process
is known as “future back”.18 It is like finding the way out
through a maze by working from the end of the maze to the
start, which is often far easier than the other way around. An
example of this is to imagine drug delivery systems that are
distributed throughout the body, instead of falsely believing
that they go only to tumor cells. This allows mental prototyping
of new delivery systems that can maximize the drug efficacy
against tumor cells but minimize the drug effect toward normal
cells. This, in turn, can lead to the design of new delivery
systems that can control drug release dependent on the unique

environment around tumors. Such delivery systems can also
minimize the toxicity associated with the drug. The toxicity of
nanoparticle drug delivery systems has not been a topic studied
in depth. This is mainly due to the fact that none of the
nanoparticle formulations have been effective in clinical trials,
and thus, the potential toxicity has not been paid proper
attention. The creative imagination step, however, can include
the toxicity issue as a part of finding a solution.

2.3. Innovation of Existing Technologies for Unique
Solutions. An idea is just a statement of potential solutions to
a problem, while invention provides an original and useful
solution to the problem.19 Invention is often protected by
patents. Not all patents, however, are useful in making actual
products or processes. Invention presents a big solution which
in itself may not be practical, but provides a fundamental
understanding to problems it intends to solve, leading to
various different solutions. Different solutions to slightly
different problems require continuous innovation of the
technology. For example, recombinant DNA technology is a
new invention that made genetic engineering possible. Another
example of an invention is the microprocessor. The micro-
processor alone may not be useful, but it resulted in numerous
useful products, processes, and products through innovation.20

Innovation is based on the existing technologies and requires
focusing and reframing to generate unique solutions.8 Depend-
ing on the intended use, different technologies can be
combined to come up with a unique solution. Innovation
comes in small steps, and incremental innovations can be made
continuously. A good example is Apple’s iPhone. Combining
different elements, including technologies, inventions, designs,
and convenience, provides an innovative product that can
change the world. In drug delivery, 3D printing of a drug
delivery system21,22 is a good example of innovation, as the
technologies to make 3D printed formulations already existed,
but the way the formulation is made is quite different, and
hopefully it provides an alternative to the existing methods. The
current nanoparticle-based formulations have not been
clinically useful, but with continuous innovations, they can
achieve the original goal of making tumor targeted drug
delivery more effective.
For continuous innovation, it is important to keep learning.

Even when things are going well, we have to keep asking why
things work. When causes of outcomes are not clearly
understood, it is essential to keep innovating.9 We tend to
try to find answers only after we face failures. If we do not find
the causes of our successes, the success may not be maintained,
as things will be bound to change. When a new drug or a new
drug delivery system works, it is critical to find out why it
works, so that further innovation can be made. For example,
finding out the reasons for successful development of Doxil16,23

and Abraxane24 will help us design better drug delivery systems.
Both Doxil and Abraxane formulations are relatively simple
formulations, as compared with nanoparticle formulations
recently developed with multiple functions and complicated
structures. Thus, clinically useful formulations do not
necessarily need complicated structures. Yet, it has been our
inclination to make more complicated drug delivery systems
with only marginal improvement, if any, over the existing
formulations.14 Innovation by drug delivery scientists has to be
accompanied by the intended ultimate effects, i.e., treating or
preventing a disease. Ensuring successful innovation requires
aligning with the ultimate objectives of drug delivery. Too
often, we innovate for innovation’s sake. This leads to so-called
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technology overshooting,5 which simply makes technology
more complicated without any tangible new advantages or
benefits. The problems, such as cancers, diabetes, and other
diseases, can be corrected only after innovation is translated
into the actual products. This requires implementation, i.e.,
bringing innovative ideas to fruition.
2.4. Translation from Laboratory Bench to the Clinic.

Invention, innovation, and translation can be compared to a
pebble tossed into the pond, the rippling effect that the pebble
causes, and riding a wave formed from the ripple, respectively.20

There is no textbook or standard operating procedure on how
to translate ideas to fruition. Implementation is a difficult
process that requires passion with persistence and an attitude
that sees problems as opportunities.8 Implementation of
bringing new inventions and innovations to fruition is like
playing golf on a difficult golf course instead of practicing golf
swings on a driving range. Each shot on a golf course is
different and challenging, while a driving range provides the
same condition for all shots. Since the outcome of an
implementation process is uncertain, one has to be prepared
for an uncertain future by diversifying the efforts. Failing a drug
delivery system after costly clinical trials is a major setback for
everybody involved. All major disasters happened because those
in charge failed to seek out more information.9 Failures in
clinical trials may be due to different reasons for different drug
formulations, but quite often, “new” formulations fail because of
unwarranted optimism bestowed to the formulations simply
because they are “new”. We need to actively seek out more
information and continuously ask questions, instead of falling
into complacency with convenient assumptions. Once a
successful formulation is developed through clinical studies, it
inspires development of more formulations. In addition, it can
inspire others to develop similar or better formulations that can
pass the rigorous clinical studies.

3. CURRENT STATUS OF DRUG DELIVERY RESEARCH
The drug delivery area began more than six decades ago with an
idea that developing new drug delivery systems for existing
drugs would be more cost-effective and faster than developing
new drugs. It was true, at least in the beginning, that many new
drug delivery systems were developed. Drug delivery research
became more difficult for delivery of more complicated drugs,
such as protein drugs and nucleotides, which are large in size
and hydrophilic, especially for month-long delivery. New types
of drugs require new delivery systems, but the progress since
the 1980s has been slow. In hindsight analysis, it seems that too
much attention has been focused on innovations of drug
delivery systems that work only in in vitro conditions or in small
animal models, with a convenient assumption that they may
work in humans as well. It is time to shift our focus to our
ultimate goal, i.e., drug delivery systems effective in humans,
rather than finding satisfaction from successes in small animal
experiments.
The coin of the realm in the drug delivery field is in

developing clinical products. While numerous formulation
scientists have contributed to advances in the field, introduction
of clinical products for non-small molecular drugs has been
sporadic. Formulation scientists need to find out the causes of
such slow progress. One likely cause is that the problems facing
the current drug delivery field have not been clearly defined and
understood. In the absence of clearly defined problems, no clear
answers can be found. For the past decade or two, formulation
scientists have made numerous innovations in drug delivery

systems, in particular in the nanotechnology field, but they are
mostly for in vitro settings and their translation to clinical
products has been rare at best. The main issue is the lack of
converting the laboratory design into a clinically effective
formulation. This indicates that the problems facing the current
drug delivery field are not known. Formulation scientists alone
may not be able to clearly define the problems which arise
mainly from the lack of understanding of the human body.
Thus, collaboration among different disciplines, including
physiology, biology, and pharmacology, is essential.

4. AFTERTHOUGHTS
Collaboration among scientists in different disciplines is easy in
concept, but it remains ineffective without true dialogues
among them. An expert in one field may not fully understand
another field, making it difficult to define the problem and find
likely answers. Thus, it is necessary to train the next generation
of drug delivery scientists to understand different disciplines, as
a conductor of an orchestra has experience in playing most
instruments, without being great at playing all of them, to know
the magic and limitations of each instrument. Changing current
educational programs takes time, but it needs to be done for the
future.
The current funding situation is not favorable for young

scientists, especially in academia, to start their careers. The
current funding rates in many countries around the globe are
depressingly low. Those in charge of research funding do not
seem to understand the power of the wisdom of crowds. Large
groups of people, not to mention scientists, are smarter than a
small group of elite and better at solving problems, fostering
innovation, making intelligent decisions, and even predicting
the future.25 The current government funding agencies tend to
promote big programs, pouring in millions of dollars. When
such programs do not produce intended results, they seem to
pour in more research dollars. As the number of researchers
increases with relatively steady level of funding, the competition
becomes more intense, leading to fewer opportunities for
young scientists to explore their ideas. Scientific advances occur
as a result of trying many different ideas. The funding agencies
should promote research projects initiated by individual
investigators. It would also help if the government funding
agencies did not set the scientific agenda of the future. Their
track record of predicting the future of science and technology
has been disappointing.
One could argue that evaluation of the outcomes of research

projects is difficult and subjective. This may be true, and this is
why more, smaller grants should be provided to many more
investigators. Funding more investigators leads to exploring
more ideas, which, in turn, leads to higher probability of finding
something novel. One of the difficulties the young scientists in
academia are facing in building their careers is the pressure of
the tenure system. The tenure system is something that is
designed to guarantee professors’ freedom of teaching and
research. Before obtaining tenure, however, they are under
serious stress of meeting certain criteria in funding and
publication. This actually distracts them from doing their
work, some of which may take decades to reach fruition. Again,
evaluating achievements of an assistant professor without
considering the number of publications and the amount of
research funding may be difficult, but a new system needs to be
installed to make a better environment for researchers to do
their best work without worrying about the short-term
productivity.
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All of the above comments add uncertainty and ambiguity to
the future of formulation research, and so foresight analysis will
be impossible. However, the hindsight analysis of what we have
done indicates that we really need to try something different.
Unless we try, we will never know. This is thinking in new
boxes, not thinking outside the box. Our best bet for the future
of the drug delivery field is fostering the new generation of
formulation scientists.
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