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Abstract
This review identifies a timeline to nanomedicine anticancer drug approval using the business
model of inventors, innovators and imitators. By evaluating the publication record of
nanomedicine cancer therapeutics we identified a trend of very few publications prior to FDA
approval. We first enumerated the publications related to cancer involving polymers, liposomes or
monoclonal antibodies and determined the number of citations per publication as well as the
number of published clinical trials amongst the publications. Combining these data with the
development of specific nanomedicines, we are able to identify an invention phase consisting of
seminal papers in basic science necessary for the development of a specific nanomedicine. The
innovation phase includes the first report, the development and the clinical trials involving that
nanomedicine. Finally, the imitation phase begins after approval when others ride the wave of
success by using the same formulation for new drugs or using the same drug to validate other
nanomedicines. We then focused our analysis on nanomedicines containing camptothecin
derivatives, which are not yet approved including two polymers considered innovations and one
liposomal formulation in the imitation phase. The conclusion that may be drawn from the analysis
of the camptothecins is that approved drugs reformulated in polymeric and liposomal cancer
nanomedicines have a more difficult time navigating through the approval process than the parent
molecule. This is probably due to the fact that for most currently approved drugs, reformulating
them in a nanocarrier provides a small increase in performance that large pharmaceutical
companies do not consider being worth the time, effort and expense of development. It also
appears that drug carriers have a more difficult path through the clinic than monoclonal antibodies.
The added complexity of nanocarriers also deters their use to deliver new molecular entities. Thus,
the new drug candidates that might be most improved by drug delivery in nanocarriers are not
formulated in this fashion.
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1. Introduction
Richard Feynman proposed the concept of the nanosurgeons and nanodrug delivery devices
in his talk “There’s Plenty of Room at the Bottom”, where he urged researchers to develop
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nanodevices capable of interacting with the body at the cellular level [1]. Today, over fifty
years after Feynman’s talk, nanotechnology has become a significant focus of government
spending leading to numerous publications and patents, but few cancer nanomedicines.
Many of the cancer nanomedicines currently being investigated utilize small molecule
cytotoxic agents discovered during the 1960’s including the platinates, camptothecins and
adriamycins, which suffer from poor solubility, poor pharmacokinetics and various adverse
side effects. Indeed, of the traditional low molecular weight drugs, only 5% that reach the
clinical trial stage ever make it to the market [2]. Nanomedicines address these issues by
improving the solubility and tailoring the release rates to improve the pharmacokinetics of
the drug with the promise of reducing the adverse side effects [3]. However, from the vast
compositional space of nanoparticles, liposomes, polymers and proteins developed to treat
cancer, success is limited to just a few nanomedicines [4]. Each of these classes of
nanotherapeutics have had varying success at each stage of the development process. Recent
reviews on nanomedicine have identified the list of nanocarriers, which have made their way
from the bench to FDA approved cancer therapies [4, 5].

Taking a bibliographic approach [6] we have evaluated a few of the first nanotherapeutics
approved by the FDA for cancer therapy and identified the seminal papers that led to the
development of these therapies. From these publications we generated a time line for each of
the therapeutics to identify if there were similarities among various approaches that might be
associated with ultimate FDA approval. These therapeutics might be classified using the
business model of inventors, innovators and imitators (Economist.com/blogs/schumpeter
(http://www.economist.com/blogs/schumpeter)). Inventors are those who create new
technologies necessary for drug development. Innovators are those who use these invented
technologies to develop a new drug. Once the first drug of the class has been approved,
many imitators try to reproduce these results with other drugs or other drug delivery systems
leading to a dramatic increase in publications. As pointed out elsewhere, imitation can be a
good business strategy and by extension a good research strategy if the old is remixed with
the new (Economist.com/blogs/schumpeter (http://www.economist.com/blogs/schumpeter).
However, in the drug delivery field even imitation might not lead to a better formulation of a
new drug.

Identifying a timeline from invention to innovation and finally imitation is our goal. By
looking at the publication statistics for the field we hope to identify trends that resulted in
FDA approved nanomedicines for the beneficial treatment of cancer patients.

2. Small molecule drugs vs. nanomedicines
The platinates, camptothecins and adriamycins along with many other cytotoxic agents
suffer from poor water solubility, poor pharmacokinetics and numerous adverse side effects.
These small molecule therapeutics achieve approval when the therapeutic benefits outweigh
the adverse side effects. For example, camptothecin failed to achieve FDA approval due to
the unpredictable side effects, however, chemical modification with a charged carboxylase-
cleavable carbamate produced irinotecan (Camptosar©) [7]. This prodrug-forming chemical
modification improved the water solubility and enabled more efficient dosing strategies with
fewer adverse side effects as compared to camptothecin. The improved solubility and dosing
facilitated accelerated FDA approval of irinotecan in 1996 and full approval in 1998.
Although the approval process identified irinotecan as a beneficial therapeutic for patients,
adverse reactions persist, such as serious diarrhea.

Nanocarriers, such as polymers and liposomes, also aim to improve the solubility and
efficacy while decreasing the adverse side effects. Ideally, these aims are achieved by
administering the active agent systemically in a protected fashion with tailored release at to
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the site of interest. Improved delivery also comes in the form of the enhanced permeation
and retention (EPR) effect [8], which enables improved circulation of the nanocarrier with
accumulation through the characteristic leaky vasculature at the site of the tumor. This
strategy allows for a lower effective dose to be administered to the patient and a higher dose
eventually arriving at the tumor. Potential nanocarriers capable of formulating nearly every
small molecule therapeutic have infrequently achieved approval suggesting that the
development process for small molecule drugs and nanocarriers are vastly different.

While small molecule and nanocarrier therapeutics are evaluated for efficacy and side
effects, nanocarriers are also evaluated for each of the components within the formulation.
Other concerns with nanocarriers that must be investigated prior to FDA approval include in
vivo aggregation, recognition by the reticuloendothelial system leading to immune
activation and controlled release of the therapeutic. This is further complicated when the
therapeutic is covalently attached to the drug carrier as in the case of many polymers. The
issues affecting drug delivery devices is underscored by the lack of nanocarriers approved
by the FDA. The short list of polymers approved for cancer therapy in the U.S. includes
Gliadel©, a poly(anhydride) implantable wafer approved for glioblastoma, [9] and a number
of PEGylated proteins [10] with Zinostatin stimalmer© (SMANCS) approved in Japan [11].
The first two of these therapeutics are not considered nanomedicines because Gliadel© is not
a nanocarrier and PEGylated proteins are nanosized prior to PEGylation. The absence of
polymer nanomedicines receiving FDA approval is surprising due to the vast compositional
space of polymer architectures and the burgeoning research within the field [12]. On the
other hand, the list of liposomal drugs approved by the FDA for cancer therapy, with the
active component and the company in parentheses, include Doxil© (Doxorubicin; Johnson &
Johnson; recently reviewed by Barenholz [13]), DaunoXome© (Daunorubicin; Gilead),
Mepact© (Muramyl tripeptide; IDM Pharma SAS) and Depocyt© (Cytarabine; Pacira
Pharmaceuticals) with Myocet© (Doxorubicin; Enzon) approved in Europe and Canada [14].
Depocyt© is technically not a nanomedicine because the multi-lamellar vesicles are between
3–30 microns in size.

Monoclonal antibodies are nanomedicines that bridge the gap between small molecules and
polymer or liposomal drug delivery vehicles. Some antibodies function as active agents,
while others act as nanocarriers delivering drug conjugates to the tumor. Antibodies may
then be considered ideal nanomedicines because they take advantage of the size and
solubility of polymer and liposomal drug carriers and the unimolecular characteristics of
small molecule therapeutics. This is evident by the success that monoclonal antibody
therapy has had in recent years [15]. Currently, there are eleven antibodies approved for
therapy listed here with the target and company in parentheses including Rituxan© (CD20;
Genentech), Herceptin© (HER2; Genentech/Roche), Campath© (CD52; Genzyme),
Zevalin© (CD20; labeled with Y-90; Biogen-Idec), Bexxar© (CD20; labeled with I-131;
Coriza/GlaxoSmithKline), Erbitux© (EGFR; Imclone/Lilly), Avastin© (VEGF; Genentech/
Roche), Vectibix© (EGFR; Amgen), Arzerra© (CD20; Genmab), Yervoy© (CTLA-4;
Bristol-Myers Squibb), Adcetris© (CD30; Seattle Genetics) with Mylotarg© (CD33; labeled
with calicheamicin; Wyeth/Pfizer) pulled from the market in 2010.

3. By the numbers
To first compare each of the fields we evaluated the publication record of cancer
therapeutics over time. The publication data reported here reflects the citations available
through SciFinder Scholar as of April 2012. Manuscripts published in 2012 were not
included. The total number of publications annually, excluding reviews, was obtained for
cancer as a whole, polymeric cancer therapy or liposomal cancer therapy. Clinical trials
were then enumerated by limiting each of these searches accordingly using SciFinder
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Scholar delimiters (listed in Table 1). Publications of small molecule drugs were searched in
the same manner and limited by polymeric or liposomal therapy to identify the subset of
publications dealing with each of these areas. Average number of citations per publication
was used to evaluate the publications in each area by dividing the number of citations by the
total number of publications.

In all, there have been nearly three million cancer publications dating back to the late
1800’s. Notably, there were only 10,000 publications in total prior to 1945, but over 140,000
in 2011 alone. The dramatic increase in the number of publications after World War II
coincided with the National Cancer Institute Act of 1944 and the discovery that chemical
warfare agents were leading to lymphoid and myeloid suppression and thus could be
exploited for use in cancer therapy [16]. Of the three million total publications since 1945,
86,000 involve clinical trials, which amounts to about 3% of all publications. Certainly
many more clinical trials have been performed that have not been published or were not
identified by SciFinder Scholar as clinical trials, but we have decided to use this dataset to
provide a representative but relative estimate of clinical trials to enable a general comparison
between the modalities.

We evaluated the relative impact or influence of liposomes, polymers and monoclonal
antibodies, by calculating the average number of citations per publication using data from
the years between 1985 and 2005 (Table 1). We selected this time window because prior to
1985 there are fewer than 50 publications in each field providing, too few data points to
accurately infer any information. Whereas, in the years after 2005, over 40% of papers do
not have a citation compared to 30% between 1985 and 2005. During this period, the
citations per publication for polymers and liposomes was 11.67 ± 0.60 and 9.83 ± 0.66,
respectively. Although a trend exists, this difference is not statistically significant. Citation
per publication for monoclonal antibodies, on the other hand, is significantly lower than both
polymers (p < 0.0001) and liposomes (p < 0.05) with 7.36 ± 0.53 citations per publication as
determined by a Kruskal-Wallis one-way ANOVA. Interestingly, this trend is inversely
related to the number of FDA approved drugs on the market.

Taking a closer look at each of the fields, synthetic polymeric cancer therapeutics date back
to the early 1960’s with fewer than 9000 publications and only 95 published clinical trials,
which accounts for only 1% of publications in this field (Figure 1A). Liposomes have a total
of over 12,000 publications dating back to the late 1960’s with over 500 clinical trials or
more than 4% of publications (Figure 1B). Monoclonal antibodies on the other hand have
over 35,000 papers and 2,800 clinical trials or 8% published since 1976. Interestingly, it
took only 10 years (1986) for the total number of antibody publications to exceed 1000,
whereas liposomes took 19 years (1991) and polymers took 36 years (1995). Enumerating
clinical trials and the time that each field take to publish 1000 papers is simple and appears
to track directly with the number of drugs approved by the FDA. It is also clear that there are
very few drug delivery related publications in a field prior to drug approval.

4. The timeline of drug approval
To more closely identify the publication history of the approved nanomedicines, we analyze
the publications that came before and after drug approval. From these publications we are
able to identify the inventors, innovators and imitators within a field. The inventors create
the technology necessary for drug development including cell targeting markers, protein
engineering technology, drug discovery, etc. The innovators remix the invented technology
into a drug formulation and navigate the approval process. The imitators exploit the
technology of the newly approved drug to ride the wave of success that preceded them. We
identify the seminal publications during the invention phase critical for the development of

Venditto and Szoka Page 4

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



each specific therapeutic. The innovation phase begins after the final invention was
published and helps to determine the time that it took for those inventions to become a
published therapeutic candidate. We also identify the number of years that each
nanomedicine takes to enter clinical trials and the number of years from when clinical trials
begin until drug approval. Imitation comes thereafter as demonstrated by the dramatic
increase in publications, which include new potential therapeutics as well as basic research
to identify mechanisms of action or new indications for the same drug. The invention,
innovation and imitation phases are overlaid on the publication plot in Figure 2 for
polymers, liposomes and monoclonal antibodies.

In 1997, Rituximab became the first monoclonal antibody approved for cancer therapy. Four
publications involving rituximab were produced in 1994, one of which was a clinical trial,
followed by twelve publications in 1997. Since 1997 there have been 11,500 publications
involving rituximab. This is in comparison to the whole field of anticancer monoclonal
antibody research, which achieved 7,400 publications prior to the approval of Rituximab and
27,000 publications since then. Certainly, many basic science publications other than the
first twelve Rituximab publications led to the development and discovery of Rituximab, but
it is clear that once this antibody was identified, there was a very focused route to deliver the
antibody into the clinic.

The invention phase for rituximab is highlighted by the identification of murine monoclonal
antibodies that target CD20 on B-cells [17, 18] followed by the technique of generating
humanized antibodies [19, 20]. Finally, the identification of CD20 expression on B cell
lymphomas [21] led Reff et al. to exploit these developments and generate a humanized anti-
CD20 monoclonal antibody for treating B cell lymphoma [22]. This handful of seminal
publications prior to the initial patent application for rituximab in 1993 [23] can be
accurately attributed to the generation and approval of rituximab in 1997. Furthermore,
based on these publication dates, the innovation phase lasted about nine years where the
multiple inventions were combined to generate the final monoclonal antibody that was
approved by the FDA for the treatment of cancer. Since then, many more antibody therapies
have been approved, as the imitation phase has proven quite fruitful in this example.

To draw a comparison to liposomes the innovation phase started shortly after the final
invention, due to the focus of the team to get a liposomal therapeutic into the clinic. The
number of publications involving liposomal doxorubicin prior to 1995 was quite limited and
the inventions that led to the formulation of Doxil© include the discovery of the adriamycins
in 1964 and 1969 [24, 25] and the development of liposomes in the same year [26].
Gregoriadis first encapsulated enzymes in liposomes in the early 1970’s [27] and became a
visionary in liposomal drug delivery by mapping out the landscape of the field and
providing insight into the future success of the field [28; 29]. Tökes then first encapsulated
doxorubicin in liposomes in 1979 [30]. The other inventions necessary for the development
of Doxil© followed shortly thereafter including the development of an extrusion method to
generate uniform vesicles [31], the development of PEG-DSPE [32] and the improved
method of remote loading [33, 34]. Clinical trials on Doxil then started in 1991 and FDA
approval came in 1995. While Rituximab© and Doxil© may follow similar invention and
innovation phases, the comparison between a therapeutic antibody and a drug delivery
vehicle is not appropriate due to the differing mechanisms of action as discussed previously.
Two nanomedicines that bridge the gap between antibody-based therapy and liposomal drug
delivery are Mylotarg© and Abraxane©. Mylotarg© is a calicheamicin conjugated anti-CD33
antibody that requires drug release to achieve a therapeutic effect. Abraxane©, on the other
hand, is an albumin-based nanoparticle with paclitaxel encapsulated/associated with the
protein aggregate.
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The active agent of Mylotarg©, calicheamicin, was first discovered in 1989 from the broth
of micromonospora echinospora [35]. Conjugation of this drug to an antibody was first
invented by Hinman in 1993 using a hydrazone cleavable linker [36] based on data from 9
years prior showing the necessity for drug hydrolysis on antibodies to achieve therapeutic
efficacy [37]. Just two years later, CD33 was identified on acute myoblastic leukemia cells
along with the murine monoclonal antibody that recognizes CD33 [38]. Just two years after
all of the pieces were in place for a therapeutic to be innovated, a patent was filed for
Mylotarg© [39] followed by three publications in 1999, one of which was a clinical trial
[40]. The clinical trials on Mylotarg© actually started in 1997 and approval came in 2000
under the accelerated drug approval program, but was pulled from the market in 2010 after
questionable safety and efficacy data in post-approval studies.

Albumin’s ability to interact with hydrophobic molecules was first described in detail by
Klotz in 1947 [41] and exploited in the development of Abraxane©. Twenty-one years later,
albumin was administered to children with human growth hormone as a method for non-
covalent protection of the hormone [42]. One year later, methotrexate was covalently
attached to albumin for anti-cancer therapy [43]. Many researchers have investigated the
effects of covalent drug attachment to albumin since the late 1960’s and paclitaxel was
covalently attached to albumin in 1997 [44]. Abraxane©, however, was only made possible
due to non-covalent association of paclitaxel with albumin using high-pressure jet
technology patented in 1999 [45]. Clinical trials then started in 2001 and published a year
later [46] with final approval for Abraxane© coming in 2005.

The short time between first report and clinical trials may be due to the proprietary nature of
the research being conducted in that these products are designed and developed long before
clinical trials start or before the therapeutics are reported in the literature. This, coupled with
the estimated five-year time lag for papers to be cited, suggests that although we have
identified the innovation phase as being less than ten years, there is likely a much shorter
period from the invention phase to innovation. Indeed, rituximab was developed based on a
report in 1989 that anti-idiotype antibodies react with tumor markers [47], suggesting only a
five year innovation period to develop rituximab rather than a nine year period as the
literature suggests. Furthermore, the difference between drugs is likely due to many factors
leading to drug approval, including money, appropriate collaborations and the long-term
focus of the research project. Indeed, large companies, such as IDEC Pharmaceuticals who
developed rituximab, and Wyeth Ayerst Research who brought Mylotarg© to the clinic,
generally benefit from having all of the required attributes to efficiently innovate new drugs
and achieve FDA approval. On the other hand, a small US company named Vivorx
Pharmaceuticals Inc., later named American Bioscience, developed and patented Abraxane©

in 1999 [45]. This small drug company became viable after a $4 million dollar investment
by Premeire Inc., which allowed them to launch the development of Abraxane©.

5. Nanomedicines in the pipeline
To determine if we can learn if the publication record can tell us anything about the
prospects of nanomedicines, three nanomedicines containing camptothecin derivatives that
are not yet approved are evaluated. Camptothecin was first identified in the mid-60’s by
Wall and Wani [48] and showed promising anticancer effects, but the poor solubility and
unpredictable side effects prevented the drug from being approved [7]. Since that time, the
FDA has approved irinotecan and topotecan with another analogue, karenitecan, currently in
clinical trials [49]. Studies involving the parent molecule and each of the analogues that
followed have led to 10,000 publications, 15% of which are clinical trials. In contrast,
polymer camptothecin publications exceed 350, five of which are clinical trials or 1.4% of
publications (Figure 3), while liposomal formulations containing a camptothecin derivative
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have received just over 300 papers with 14 clinical trials or 4.7% (Figure 3). We also
identified the publication statistics of platinates, which follow similar trends as summarized
in Table 1 and represented graphically in Figure 3, but not discussed here.

There are many factors leading to the imbalance of clinical trials when comparing polymers
to liposomes even though they have a similar number of publications. One reason is that
polymer researchers focus on the appropriate drug attachment to optimize the
pharmacokinetics, while many liposomal formulations may be readily generated without the
requirement to devise new chemical linkages what are in essence new molecular entities.
Thus liposomes allow for a wider range of release rates of the parent compound without
generating new molecular entities. This enables efficacy studies to be directly correlated to
the liposome properties and formulation characteristics.

Evaluation of the publication record of two not yet approved polymeric drugs was then
performed to compare to their trajectories of the approved drugs. These polymer
nanocarriers are two of the more promising nanomedicines currently in clinical trials and are
both based on the delivery of camptothecin. One nanocarrier (CRLX 101) is a cyclodextrin
polymer containing camptothecin currently in Phase II clinical trials with Cerulean Pharma
Inc. [50] and the other (EZN-2208) is a branched PEG construct by Enzon also in Phase II
clinical trials. Due to the use of the same parent drug, the invention phase with these two
nanomedicines overlap.

The inventions that lead to CRLX 101 include the patent for linear cyclodextrin copolymers
in 1998 [51] which was published as a cationic transfection reagent in 2003 [52]. The
polymer was then redesigned to prevent cytotoxicity while including a carboxylic acid for
camptothecin attachment [53] and optimized for efficacy in mice a year later [54]. Phase I
clinical trials with CRLX 101 started in 2006 and proceeded into phase II trials in 2008,
which are still ongoing and to be completed in April 2013 [55]. The number of publications
leading to phase two trials is limited to just six publications, one of which is a clinical trial.
While CRLX 101 is being investigated by Cerulean Pharma Inc. the original polymer was
developed in academia in collaboration with Insert Therapeutics Inc., now Calando. Calando
then licensed the rights of CRLX 101 to Cerulean Pharma Inc., but it is clear that the focus
of Davis et al. and the industrial collaborations have pushed cyclodextrin polymers into the
clinic rapidly for camptothecin delivery as well as siRNA delivery.

Enzon’s PEG-camptothecin construct follows a more circuitous route due to poor phase II
efficacy results received in 2005. PEG-camptothecin was first reported in 1998 by
Greenwald [56] as a method to improve solubility of the drug and as a method to improve
lactone stability. This version of pegylated camptothecin consisted of a linear 40kDa
poly(ethylene glycol) with two camptothecin moieties at each end. Five more publications
followed the original report in 1998, which led to a Phase II clinical trial in 2003, however,
poor efficacy data led Enzon to pull the compound from clinical trials. After reevaluating the
observed issues from the first construct they reformulated the compound with a branched
40kDa poly(ethylene glycol) containing a camptothecin derivative at each of four ends [57].
The camptothecin derivative employed is the metabolite of irinotecan and with four drug
moieties improves the drug loading in this system. This construct entered the clinic in 2007
and is currently in phase II clinical trials with four publications thus far.

We then compare this to liposomal irinotecan, which is also in clinical development, but as
part of the imitation phase following Doxil’s approval. Liposomal irinotecan was developed
as a nanomedicine by Hermes Biosciences Inc. using a novel method of drug loading based
on a patent filed in 1997 [58]. Thirty years after the development of liposomes [26] and the
discovery of camptothecin [48], liposomal formulations containing camptothecin derivatives
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were first reported in the literature [59]. Drummond and coworkers then applied Kirpotin’s
patent of intraliposomal drug stabilization [58] to a camptothecin derivative, irinotecan, as a
basis for the MM-398 [60]. Furthermore, this formulation entered clinical trials in the same
year and continues to be investigated in Phase III trials by Merrimack Pharmaceuticals. We
have summarized the innovation phase in Figure 4 to emphasize the amount of time each of
these nanomedicines have taken from invention to innovation to clinical trials and approval.

6. Lessons Learned Moving Forward
From these examples of approved drugs, and drugs in clinical trials during the innovation
phase or the imitation phase all have similar publication trajectories. In the examples of
approved nanomedicines, there are very few publications prior to FDA approval and in all
cases even fewer publications prior to clinical trials. This is in stark contrast to the necessity
for academicians to continue to publish to receive funding and the National Cancer
Institute’s criteria of an extended publication list to receive grants. If in fact the NCI aims to
bring anti-cancer drugs from bench to bedside, then the focus should be on funding
nanocarrier drug formulations where there are few publications as a way to change the focus
from publishing to drug approval as is the case with pharmaceutical companies. The more
important issue is that inventors, innovators and imitators currently apply for the same
funding from government sources. Perhaps a more appropriate solution that will result in
more drugs in the clinic is to allow inventors to apply for basic science funding, innovators
to apply for drug development funding and once a drug is approved specific funds are
established for imitators.

This suggestion is like the child’s tale of a cat (drug development reality) who was very
effective at keeping down the mouse population (drug approval). The mice decided the
problem would be solved if they could put a bell (predictor of success) on the cat’s collar to
alert them when the cat was coming. The problem is who can put the bell on the cat (identify
potential solutions for nanocarrier drug delivery). Clearly we are unable to identify which
basic science projects will translate into successful drugs. Our solution is to not try. Rather,
we would replace peer review of basic science/new systems grants with an evolution
inspired lottery system. Researchers with a documented laboratory to undertake the research
would submit their CV and a 250-word abstract of their research plan. Program officials
would validate the capability of each investigator to undertake the research and funding
would be based on a lottery system. Some percentage of abstracts would be selected for two
years of funding at a modest support level per year. An investigator would only be permitted
to have one lottery grant.

At first, one might say ‘everyone would apply and poor ideas will be funded’. Our response
is that ‘yes, everyone will apply and some poor ideas will be funded’ but this happens now.
It has been documented that reviewers are unlikely to respond well to new ideas [61,62].
Rather reviewers promote established ideas. So seeding research by lottery will seed some
new ideas and thus fund innovators. These new ideas could then receive additional funding
by established channels. Like a favorable mutation, a new idea could evolve into a new drug
treatment.

Furthermore, in 2011, the world’s governments spent about $10 billion to fund
nanotechnology research with the US allocating nearly $2 billion to The National
Nanotechnology Initiative and over $400 million of their budget directed to the NIH [63].
With increased funding directed toward nanotechnology, the structure of separated funding
for inventors, innovators and imitators will enable more efficient development of guidelines
for approval of each nanomedicine since those destined for the clinic will be identified from
the onset. There are currently many nanomedicines in clinical trials [5] and with more
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nanomedicines being approved each year it is clear that the approval of these therapeutics
lead to improved regulatory guidelines. This is truly what drives the imitation phase
observed after the approval of a drug. Of great importance to the field of nanomedicines and
drug delivery is the introduction of the Nanotechnology Regulatory Science Act of 2011
introduced by Sen. Mark Pryor, which will enable FDA spending to “…identify generalized
principles and characteristics regarding the behavior of classes of nanomaterials with
biological systems” [64]. This is a critical piece of legislation with the goal properly
evaluating nanomedicines to generate clear guidelines for the approval of nanomedicines
with the hope of delivering more drugs into the clinic.

One final aspect of drug approval that will facilitate more nanomedicines in the clinic is the
surge in collaborative efforts between academia and the pharmaceutical companies [65].
While these programs are still in their infancy and issues related to intellectual property will
continue to be addressed, the collaborations initialed through these partnerships will have
lasting impacts on the field of drug development and nanomedicine approval.

Nanocarriers have a clear role to play in the future of therapeutics [66]. With a variety of
nanocarriers entering the clinic and many more to come it is clear that the growing field has
much more to offer to society. Inventors, innovators and imitators each hold an integral part
to the progress of drug development and as we have shown here if we are truly interested in
bringing more drugs into the clinic we should focus less on our publication record and more
on devising scientific progress that translates into patient treatment.
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Figure 1.
Nanomedicine publication profiles over time. A: Polymeric cancer therapeutics, B:
liposomal cancer therapeutics and C: monoclonal antibody therapeutics. Solid line: Number
of publications per year, Dashed line: number of citations per year and Dotted line: number
of published clinical trials per year.
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Figure 2.
Invention, innovation and imitation timeline overlapped on the plot of publications per year
with seminal publications highlighted.
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Figure 3.
Polymer and liposomal cumulative publication profiles with small molecule drugs. A:
Publication profile of polymer and liposomal therapeutics containing a camptothecin
derivative and B: publication profile of polymer and liposomal therapeutics containing
platinum. Black lines: Polymer publications, Grey lines: liposomal publications, Solid lines:
all publications and Dotted lines: clinical trials.
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Figure 4.
Nanomedicine innovation and approval timeline. Blue arrows: Innovation phase, period
from last invention to drug innovation; Red Arrows: Development phase, period from
innovation to clinical trials; Green Arrows: Clinical trial phase, period from clinical trials to
FDA decision. Lack of a blue arrowhead denotes concurrent innovation and clinical trials.
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Table 1

Comparison of publications, citations and percentage of clinical trials in cancer for polymer, liposome and
monoclonal antibody therapeutics.‡

Cancera Platinatesa Camptothecinsb

All
Publications 2,850,000 19,000 10,000

Clinical Trials 86,000 (3%) 2100 (11%) 1500 (15%)

Polymers

Publications 9000 500 400

Clinical Trials 95(1%) 4 (1%) 5 (1%)

Citations per Publicationa 11.67 13.84 11.70b

Liposomes

Publications 12,000 600 300

Clinical Trials 500 (4%) 90 (15%) 14 (5%)

Citations per Publicationa 9.83 8.80 5.79b

Monoclonal Antibodies

Publications 35,000 - -

Clinical Trials 2,800 (8%) - -

Citations per Publicationa 7.36 - -

a
Citations per publication reported between the years 1985 and 2005.

b
Camptothecin citations per publication reported between the years 1995 and 2005.

†
Search terms - All Cancer: cancer NOT reviews; All Cancer Platinates: cancer AND platinum therapy NOT reviews; All Cancer

Camptothecins: cancer AND camptothecin NOT review: Cancer Polymers: cancer AND polymer NOT review; Cancer Polymer Platinates:
cancer AND polymer AND platinum therapy NOT review; Cancer Polymer Camptothecins: cancer AND polymer AND camptothecin NOT
review; Cancer Liposomes: cancer AND liposome NOT review; Cancer Liposomal Platinates: cancer AND liposome AND platinum therapy;
Cancer Liposomal Camptothecins: cancer AND liposome AND camptothecin; Cancer Monoclonal Antibodies: cancer AND monoclonal
antibody therapy NOT review; Clinical Trials: Identified using the above search strings and the clinical trial selection in SciFinder Scholar.
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