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As its applications continuously expand in many areas of life, nanotechnology has been receiving
increasing attention from all directions. Applications of nanotechnology are so diverse and
numerous that sometimes it may be difficult to stay updated with their developments. Just to
mention a few: in the agriculture industry, there has been talk about new pesticides, targeted
genetic engineering, agrochemical delivery, sensors to monitor soil; in the nutrition industry, we
are hearing about nutraceuticals, nutrient delivery, mineral and vitamin fortification, drinking
water purification; as far as the processing industry is concerned, much has been said about
nanoencapsulation of flavors/aromas, gelation and viscosifying agents, nanoemulsions, anti-caking,
sanitation of equipment and we could go on and on. . . .

The most basic definition of nanotechnology is: the engineering of functional systems at the
molecular level. Undoubtedly one of the most well-known and perhaps relevant application for
nanotechnology is nanomedicine. The layman’s definition of nanomedicine is quite simply: the
application of nanotechnology to diagnose or treat diseases or to repair damaged tissue. Given their
complexity and its implications for public health and human life, I think it is important to take a
moment to examine how the experts define these terms. The European Medicine Agency (EMA)
defined Nanotechnology as “the production and application of structures, devices and systems by
controlling the shape and size of materials at nanometre scale. The nanometre scale ranges from the
atomic level at around 0.2 nm (2 Å) up to around 100 nm.” It then went on to defineNanomedicine

“as the application of nanotechnology in view of making a medical diagnosis or treating or preventing
diseases. It exploits the improved and often novel physical, chemical and biological properties of
materials at nanometre scale” (1).

In its guidance document “Considering Whether an FDA-Regulated Product Involves the
Application of Nanotechnology” the Food and Drug Administration (FDA) specified that
““products that involve the application of nanotechnology” or “nanotechnology products” mean
products that contain or are manufactured using materials in the nanoscale range, as well as
products that contain or are manufactured using certain materials that otherwise exhibit related
dimension-dependent properties or phenomena”.

According to the definition of the European Commission (EC), which was published in a
Recommendation (2011/696/EU): “‘Nanomaterial’ means a natural, incidental or manufactured
material containing particles, in an unbound state or as an aggregate or as an agglomerate and where,
for 50 % or more of the particles in the number size distribution, one or more external dimensions is in
the size range 1 nm−100 nm. In specific cases and where warranted by concerns for the environment,
health, safety or competitiveness the number size distribution threshold of 50 % may be replaced
by a threshold between 1 and 50 %.” The Recommendation also goes on to specify that there
are some derogations (for fullerenes, grapheme flakes and single wall carbon nanotubes), defines
terms such as particle, agglomerate and aggregate, and provides information on how to determine
the compliance with the definition on the basis of the specific surface area by volume. The Joint
Research Centre of the European Commission (JRC), moreover, published three scientific and
technical reports to clarify the Recommendation and to define the term “nanomaterial” [Rauscher
et al. (2); Rauscher et al. (3); Roebben et al. (4)].
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Nanomedicines have evolved into a variety of forms
including, for example, nanoparticles, liposomes, micelles,
nanoemulsions, polymer-protein/drug conjugates, dendrimers,
nanocrystals, polymeric vesicles, antibody-drug conjugates,
nanogels, nanotubes, some already approved for diagnostic
and/or therapeutic use (5). Since Doxil, a PEGylated liposome
delivering doxorubicin, was first approved by the FDA in
1995, nanomedicine research has been taking giant steps
forward although the pathway to success has not been entirely
straightforward, and even today some may argue that it has not
fully lived up to its original promise to revolutionize therapy
and diagnosis.

It is undeniable that nanomedicines present extraordinary
advantages with respect to conventional medicines including
those of offering superior efficacy, bioavailability, improved
transport across the biological barriers and disease-
targeting, better adsorption, prolonged circulation and
blood concentration, reduced toxicity and immunogenicity,
etc. (6). These features, which depend on their basic
physicochemical properties, namely their size, surface/volume
ratio, softness/hardness, and their surface characteristics, have
been ameliorating the lives of many patients (7, 8). One of
the requirements for progress in this field is, nevertheless, a
thorough physicochemical characterization of the nanomedicine
before an vivo evaluation is carried out. When research is
performed using proper standards and correct controls it
accumulates precious knowledge for the entire scientific
community. While the guidance of regulatory agencies is
important for identifying the information needed for new
drug applications (NDAs), the diversity and complexity of
the different nanomedicine approaches have been obstructing
the realization of a general guidance protocol. In fact, FDA
addresses this point with dedicated industry documents such as
the “Liposome Drug Products,” which provides information
about chemistry, manufacturing, and controls, human
pharmacokinetics, bioavailability, and labeling documentation
(9), and “Drug Products, Including Biological Products, that
Contain Nanomaterials” (10). Further documents are expected
to provide vital information for the development of new
nanomedicine approaches. A recent paper claims “the variability
of published literature with regards to characterizations performed
and experimental details reported” as one of the cause of the
difficulties in the progress of nanotechnology for therapeutic
applications (11). We need to harmonize the characterization
of nanomedicines by performing standard protocols and by
properly reporting the details of the experiments, thus promoting
comparability between different approaches and reproducibility
of the data.

If we examine the majority of the nanomedicines that have
been studied until now we realize that for the most part
they are nanoformulations of already approved drugs. It is
important to remember that nanomaterials possess specific
physiochemical properties due to their small size leading not
only to the advantages listed above but also to concerns about
safety and toxicity. In fact, since nanosystems interact in different
ways to biological components it is vital to test for toxicity
using validated methods tailored to the nanomaterials (12).

As explained above, the lack of documents as guidance for
industry could deter future developments of nanomedicines and
delay the translation from the bench-to-bedside (13, 14). It
could also explain why researchers have often concentrated on
nanomedicine approaches that have already been approved as it
is a way to stay on the safe side and to avoid unexpected pitfalls
(14). Decision makers at all levels including the political one are
called upon to support innovative research and to sustain the
development of truly innovative nanomedicines. On their part,
scientists should strive to investigate new and original products
using a multidisciplinary approach to evaluate their research.

Although a large proportion of nanomedicines has been
dedicated to cancer therapy and diagnosis given the ever
rising number of that patient population, nanotechnology could
constitute a valuable resource for innumerable other diseases,
and the new applications that are developed can help to
advance research horizons. Getting back to cancer therapy,
which is the application of nanomedicine that most people are
familiar with, nanotechnology has created delivery systems for
selectively targeting cancer cell. Here is one of nanomedicines
greatest challenges: efficaciously and safely delivering drugs to
cancer cells.

Until now most of the approved and investigated
nanomedicines have been unable to completely fulfill the promise
of selective targeting to diseased tissues or cells, as analyzed in
details for nanoparticles in the review of Wilhelm et al. (15). This
review describes how the promises of better selective therapy
with nanoparticles have not yet been accomplished owing the
several difficulties for their delivery into tumors. Although
the points discussed in this review are very important for a
better design of particulate drug delivery systems, we might
remember that the advantages of a nanomedicine approach is
also going beyond the targeting. It can, for example, reduce the
toxic side effects of the drug, reduce its degradation, permit it
administration in water solution, etc. Then, beside the efforts
directed in increasing the percentage of nanomedicine injected
dose accumulating into the tumors, it would be relevant to study
and promote the residence time of the drug in the tumors. The
nanomedicines can work in this direction too. Nevertheless,
the ambition of a selective disease delivery is very important
and the path toward this goal is still long, as it has been for the
development of antibody-drug conjugates that collected several
failures before becoming a great therapeutic opportunity.

Targetingmay be achieved exploiting nanomedicines’ intrinsic
features, such as size, charge, or through a specific recognition
of a moiety composing the nanomedicine. Usually, targeting is
carried out most effectively via direct functionalization of the
nanomedicines’ surface/backbone with a targeting agent/moiety.

As is well-known, targeting is usually classified into two types:
passive targeting and ligand-mediated- (or active) targeting;
nanomedicine can provide an extremely effective approach by
exploiting both modality. Passive targeting to solid tumors and
inflamed tissues can occur through anatomical and physiological
changes in the tumor blood vessels together with the action
of mediators regulating blood flow, and it is defined enhanced
permeability and retention (EPR) effect (16). When ligand-
mediated targeting is used, recognition takes place in a very
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specific manner on the surface of a nanomedicine with a
targeting moiety interacting with its partner moiety (i.e.,
ligand-receptor or receptor-ligand interactions) to promote
site-specific or cell-specific retention and accumulation. As
explained above, nanomedicines are able to exploit both types
of targeting modalities. For example, thanks to their size,
they can improve biodistribution, pharmacokinetic and tumor
extravasation achieving an accumulation in proximity to the
cancer cells and, thanks to targeting moiety, they can interact
with cancer cells of the tumor stroma resulting in a higher
retention and internalization of drug release with the cancer
cells (17).

EPR has been for many years the driving force for the
development of many nanomedicines, especially nanoparticulate
drug delivery systems. Currently, it is known that the
positive advantages of the EPR effect might be affected by
several parameters like circulating plasma concentration of the
nanomedicine, its stability and plasma half-life, the tumor type,
tumor region, the presence of intratumoral necrotic or inflamed
area, and tumor vascularization (18, 19). Another important issue
for EPR effect is the patient-to-patient variability, which depends
on a patient’s pathological and physiological characteristics and
clinical condition (20–22). There is an intense debate about the
real value of the EPR effect in patients. Some studies support the
EPR-mediated accumulation of delivery systems within tumors,
while others show that the EPR effect depends on the tumor
model, suggesting that the EPR effect alone may not provide the
entire solution.

The final point I would like to touch upon is the complexity
and often the over-complexity of some nanomedicines. I
frequently find myself reading research papers reporting on
applications based on a combination of agents and targeting

systems for theranostic effects that are stimuli responsive, guided
by external stimuli, etc. Although these types of sophisticated
applications may at first seem advantageous, as also already
been highlighted by others, a more critical evaluation might
uncover problems in the characterization or relevance of some
of the components posing serious concerns about the real
applicability of the system and its reproducibility (23). If, on the
one hand, a certain degree of complexity is clearly necessary to
efficaciously interact with biological systems and to fight against
very multifaceted diseases, on the other, added features should be
pursued with an eye for balancing the increased complexity with
the risk of jeopardizing therapeutic outcome. Complexity should
not be sought only for the sake of novelty (24).

Together with members of the journal’s editorial board, I am
looking forward to being a part of this section of “Nano-based
Drug Delivery” under “Frontiers in Medical Technology” that will
no doubt address many of the challenges facing nanomedicine
research and pointing in the direction of future important
developments in this field.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

ACKNOWLEDGMENTS

The drug delivery and nanomedicine researches in the Author’s
lab has been supported by numerous granting agencies and
foundations, including AIRC (IG2017 20244), Italian Cystic
Fibrosis, Italian Ministry of Health, University of Padua (STARS
WiC), European Community, as well as private companies.

REFERENCES

1. CHMP. Committee for medicinal products for human use (CHMP).
Reflection Paper on Nanotechnology-Based Medicinal Products

for Human Use Executive Summary. (2006). Retrieved from
https://etp-nanomedicine.eu/wp-content/uploads/2018/10/reflection-
paper-nanotechnology-based-medicinal-products-human-use_en-1.pdf
(accessed November 26, 2019).

2. Rauscher H, Roebben G, Amenta V, Boix A, Calzolai SL, Emons H, et al.
Towards a review of the EC Recommendation for a definition of the term
“nanomaterial” Part 1: compilation of information concerning the experience
with the definition. In: Rauscher H, Roebben G, editos. JRC Scientific and

Policy Report, EUR 26567 EN. (2014). doi: 10.2788/36237
3. Rauscher H, Roebben G, Sanfeliu AB, Emons H, Gibson N, Koeber R,

et al. Towards a review of the EC Recommendation for a definition of
the term “nanomaterial” Part 3: scientific-technical evaluation of options
to clarify the definition and to facilitate its implementation. In: Rauscher
H, Roebben G, editors. JRC Scientific and Policy Report, EUR 27240 EN.
(2015). doi: 10.2788/678452

4. Roebben G, Rauscher H, Amenta V, Aschberger K, Boix A, Calzolai SL,
et al. Towards a review of the EC Recommendation for a definition of the
term “nanomaterial” Part 2: assessment of collected information concerning
the experience with the definition. In: Roebben G, Rauscher H, editos. JRC
Scientific and Policy Report, EUR 26744 EN. (2014). doi: 10.2787/97286

5. Duncan R, Gaspar R. Nanomedicine(s) under the microscope. Mol

Pharmaceut. (2011) 8:2101–41. doi: 10.1021/mp200394t

6. Choi YH, Han HK. Nanomedicines: current status and future perspectives
in aspect of drug delivery and pharmacokinetics. J Pharm Investig. (2018)
48:43–60. doi: 10.1007/s40005-017-0370-4

7. Liu W, Yang XL, Winston Ho WS. Preparation of uniform-sized
multiple emulsions and micro/nano particulates for drug delivery by
membrane emulsification. J Pharmaceut Sci. (2011) 100:75–93. doi: 10.1002/jp
s.22272

8. Onoue S, Yamada S, Chan HK. Nanodrugs: pharmacokinetics and safety. Int J
Nanomed. (2014) 20:1025–37. doi: 10.2147/IJN.S38378

9. Liposome Drug Products Chemistry Manufacturing, and Controls; Human
Pharmacokinetics and Bioavailability; and Labeling Documentation
Guidance for Industry (2018). Retrieved from: http://www.fda.gov/
Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.
htm (accessed November 29, 2019).

10. Drug Products Including Biological Products that Contain Nanomaterials
- Guidance for Industry (2017). Retrieved from: https://www.fda.gov/
regulatory-information/search-fda-guidance-documents/liposome-
drug-products-chemistry-manufacturing-and-controls-human-
pharmacokinetics-and (accessed November 29, 2019).

11. Faria M, Björnmalm M, Thurecht KJ, Kent SJ, Parton RG, Kavallaris M, et al.
Minimum information reporting in bio–nano experimental literature. Nat
Nanotechnol. (2018) 13:777–85. doi: 10.1038/s41565-018-0246-4

12. Halappanavar S, Vogel U, Wallin H, Yauk CL. Promise and peril
in nanomedicine: the challenges and needs for integrated systems
biology approaches to define health risk. Wiley Interdisc Rev Nanomed

Nanobiotechnol. (2018) 10:e1465. doi: 10.1002/wnan.1465

Frontiers in Medical Technology | www.frontiersin.org 3 December 2019 | Volume 1 | Article 1

https://etp-nanomedicine.eu/wp-content/uploads/2018/10/reflection-paper-nanotechnology-based-medicinal-products-human-use_en-1.pdf
https://etp-nanomedicine.eu/wp-content/uploads/2018/10/reflection-paper-nanotechnology-based-medicinal-products-human-use_en-1.pdf
https://doi.org/10.2788/36237
https://doi.org/10.2788/678452
https://doi.org/10.2787/97286
https://doi.org/10.1021/mp200394t
https://doi.org/10.1007/s40005-017-0370-4
https://doi.org/10.1002/jps.22272
https://doi.org/10.2147/IJN.S38378
http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/liposome-drug-products-chemistry-manufacturing-and-controls-human-pharmacokinetics-and
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/liposome-drug-products-chemistry-manufacturing-and-controls-human-pharmacokinetics-and
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/liposome-drug-products-chemistry-manufacturing-and-controls-human-pharmacokinetics-and
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/liposome-drug-products-chemistry-manufacturing-and-controls-human-pharmacokinetics-and
https://doi.org/10.1038/s41565-018-0246-4
https://doi.org/10.1002/wnan.1465
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles


Pasut Grand Challenges in Nano-Based Drug Delivery

13. Youn YS, Bae YH. Perspectives on the past, present, and
future of cancer nanomedicine. Adv Drug Deliv Rev. (2018)
130:3–11. doi: 10.1016/j.addr.2018.05.008

14. Zingg R, Fischer M. The consolidation of nanomedicine. Wiley Interdisc Rev

Nanomed Nanobiotechnol. (2019) 11:e1569. doi: 10.1002/wnan.1569
15. Wilhelm S, Tavares AJ, Dai Q, Ohta S, Audet J, Dvorak HF, et al.

Analysis of nanoparticle delivery to tumours. Nat Rev Mater. (2016)
1:16014. doi: 10.1038/natrevmats.2016.14

16. Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor vascular permeability
and the EPR effect inmacromolecular therapeutics: a review. J Control Release.
(2000) 65:271–84. doi: 10.1016/s0168-3659(99)00248-5

17. Maso K, Grigoletto A, Vicent MJ, Pasut G. Molecular platforms
for targeted drug delivery. Int Rev Cell Mol Biol. (2019)
346:1–50. doi: 10.1016/bs.ircmb.2019.03.001

18. Golombek SK, May JN, Theek B, Appold L, Drude N, Kiessling F, et al. Tumor
targeting via EPR: Strategies to enhance patient responses. Adv Drug Deliv

Rev. (2018) 130:17–38. doi: 10.1016/j.addr.2018.07.007
19. VicentMJ, Ringsdorf H, Duncan R. Polymer therapeutics: clinical applications

and challenges for development. Adv Drug Deliv Rev. (2009) 61:1117–
20. doi: 10.1016/j.addr.2009.08.001

20. Natfji AA, Ravishankar D, Osborn HMI, Greco F. Parameters affecting the
enhanced permeability and retention effect: the need for patient selection. J
Pharmaceut Sci. (2017) 106:3179–87. doi: 10.1016/j.xphs.2017.06.019

21. Nichols JW, Bae YH. EPR: evidence and fallacy. J Control Release. (2014)
190:451–64. doi: 10.1016/j.jconrel.2014.03.057

22. Tang Y, Soroush F, Sheffield JB, Wang B, Prabhakarpandian B, Kiani MF.
A biomimetic microfluidic tumor microenvironment platform mimicking
the EPR effect for rapid screening of drug delivery systems. Sci Rep. (2017)
7:9359. doi: 10.1038/s41598-017-09815-9

23. Leroux J-C. Editorial: drug delivery: too much complexity, not
enough reproducibility? Angew Chem Int Ed. (2017) 56:15170–
1. doi: 10.1002/anie.201709002

24. Leroux J-C. The novelty bubble. J Control Release. (2018) 278:140–
1. doi: 10.1016/j.jconrel.2018.03.032

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Pasut. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medical Technology | www.frontiersin.org 4 December 2019 | Volume 1 | Article 1

https://doi.org/10.1016/j.addr.2018.05.008
https://doi.org/10.1002/wnan.1569
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1016/s0168-3659(99)00248-5
https://doi.org/10.1016/bs.ircmb.2019.03.001
https://doi.org/10.1016/j.addr.2018.07.007
https://doi.org/10.1016/j.addr.2009.08.001
https://doi.org/10.1016/j.xphs.2017.06.019
https://doi.org/10.1016/j.jconrel.2014.03.057
https://doi.org/10.1038/s41598-017-09815-9
https://doi.org/10.1002/anie.201709002
https://doi.org/10.1016/j.jconrel.2018.03.032
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles

	Grand Challenges in Nano-Based Drug Delivery
	Author Contributions
	Acknowledgments
	References


