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ABSTRACT
Biomaterials field has evolved with the development of novel nanostructures. Specifically,
nanoparticles (NPs) can be designed to obtain nanodevices for drug delivery, imaging and/or diagnosis
in medicine. The study of the different types of NPs, as well as their properties represents a crucial
knowledge to develop suitable NPs for a particular purpose.
Keywords: nanoparticle size, nanoparticle polydispersity index, nanoparticle shape, nanoparticle
surface electrical potential, nanoparticle types, nanoparticle applications

1. Introduction
Currently available methods for drug delivery are
characterized by daily or more frequent administrations1.
Despite several routes may be used to deliver the drug,
not all of them are suitable for all types of molecules. In
fact, oral route cannot be used to deliver drugs that may
be degraded in the digestive tract1. Frequently, the
available methods for drug delivery have low solubility
in aqueous media, reducing the bioavailability of the
drug2. The recurrent side-effects are also a problem of
these methods3. Then, various alternative candidates to
effectively and safely delivery drugs have been
investigated.
Biomaterial devices have been tailored at a microand nanoscale to be used in medicine. The devices can be
produced with different shapes (i.e. particles, fibers, rods,
discs) for drug delivery of a variety of molecules.
Microparticles (MPs), defined as particles whose size
ranges from 1 to 1000 µm have been studied4. They can
be administered by different routes, such as intranasally5,
subcutaneously6 or orally7. Additionally, they have high
specific surface area, when comparing with
macroparticles, which ensures high quantity of functional
groups for chemical reactions8. Stable suspensions
containing MPs characterized by narrow size dispersion
and presenting constant size along time, can be
obtained8. Gellan-gum9, chitosan10–12 or dextran13 are just
examples of a broad range of biomaterials used to
produce these MPs. MPs can be tailored to avoid
clearance mechanisms from the body, by increasing for
example their hydrophilicity14. Moreover, they can be
targeted to specific anatomical sites of the human body15.
When used as drug delivery devices, MPs are able to
entrap efficiently active agents, taking into account the
hydrophobic or hydrophilic drug character, protecting the
drug from undesired premature degradation and
interactions with the biological environment16.
Nanoparticles (NPs) are regarded as nanoentities
whose size ranges from 10 to 1000 nm17. Besides sharing
all the above-mentioned MPs advantages18–23, NPs also
have the capability to overcome several limitations of
MPs. In fact, due to their smaller size, they present much
higher specific surface area, because the total surface
area of a particle is inversely proportional to its
diameter8. Moreover, this reduction in size enables an
easier administration. As a matter of fact, NPs are more

	
  

suitable for parenteral administration, while MPs are
commonly used as implants24, since the capillaries have
5 - 6 µm in diameter25. Additionally, the uptake
efficiency of nanostructures into mice gastrointestinal
tissue was reported to be 15 – 250 times higher than that
particles with sizes in the range of 1 - 10 µm26.
Furthermore, NPs have sizes in the same range of the
entities controlling basic cellular functions27. In addition,
some properties are size-dependent and only found in the
nanoscale, such as optical response or magnetism27,
allowing their use also as diagnosis/imaging devices.

2. NPs properties
The properties of the NPs influence their behavior in
vivo. Particularly, morphological properties like shape
and size, can influence NPs circulation and targeting
within the body28,29. These properties are also responsible
for variations in the degradation rate of NPs and drug
release kinetics30. The shape and size of NPs are also
responsible for specific cell signaling31. NPs surface
properties and the presence/absence of targeting ligands
can also influence NPs behavior within a biological
system32,33. Being all these NPs properties somehow
related, it is difficult to define which of them will ensure
a particular biological effect. Additionally, small
variations in only one of these properties can, in fact,
potentiate enormous changes in the other NPs
performance.
2.1 Size and polydispersity index
Ideally, NPs should be in circulation until they reach
the target anatomical site. However, the immune system
can contribute to their elimination, due to NP recognition
by the reticulum endothelial system (RES)34.
Alternatively, mechanical filtration by the lungs, liver,
kidneys or spleen can lead to NPs clearance34. Size,
among other properties, is very important regarding
particle elimination. A schematic representation of the
distribution of particles with different sizes after
intravenous administration is presented on Figure 1.
Studies have reported that MPs larger than 7 µm are
filtered mechanically, being entrapped in the capillary
network of the lungs35,36. Particles with diameters in the
range of 0.1 - 7 µm are detected by the RES in the liver
or spleen, being phagocytized by Kupffer cells or by
spleen macrophages, respectively35,37,38. If the particle
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diameter is lower than 100 nm, it will remain in the
blood vessels within fenestrae of the endothelial lining39,
since the possibility of being uptaken by macrophages or
recognized by opsonins is reduced. The smallest NPs,
with diameter inferior to 6 nm, suffer from glomerular
filtration in the kidneys40–42.

Particles
diameter
> 7 µm
0.1-7 µm
< 6 nm

Figure 1: Expected body distribution of intravenously
administration of particles with different sizes.

Size also affects the rolling velocity, diffusion and
adhesion of particles43. In fact, it was shown that larger
microspheres roll faster than smaller microspheres29.
Regarding NPs adhesion, as their size increases, their
attachment rate decreases29. This fact can influence
cellular internalization of NPs because this phenomenon
can be influenced by a previous step of particle adhesion
to cells29,44. This can be explained by the need of specific
and essential interactions in order to endocytosis occur44.
Works dedicated to study the influence of the size of
gold NPs in the cell internalization have inconsistent
results. While some researchers argue that smaller gold
NPs are better internalized than larger NPs45, others
claim that, no linear correlation exists and that there is an
optimal NP size for cellular internalization46. This
incongruence might be explained by the use of different
cell types with different biological characteristics.
NPs diameter and surface area also have a
fundamental role in drug delivery applications, if the
drug release relies on NPs matrix degradation. For
instance, poly(lactic-co-glycolic acid) (PLGA) NPs and
MPs were used to assess the kinetics of degradation and
release of loaded proteins47. At initial time points,
smaller particles presented faster degradation and protein
release rates than larger particles47.
Additionally to the size, it is important the
polydispersity index (PDI) of NPs suspensions. This
index gives information about the sizes of NPs present in
a given suspension. Basically, the suspension contains
particles with increasingly different sizes as the value of
the PDI increases. NPs PDI, besides NPs size, is a very
important parameter because the presence of a
polydisperse suspension can lead to unexpected
variations in the NPs behavior25.

	
  

2.2 Shape
Recent reports have suggested a significant role of
particle shape (sphere, ring, disc) in the circulation of
NPs, distribution within the body, cellular uptake and
general in vivo behavior34,48,49.
The influence of the shape in the NPs transport
within the human body was already evaluated in several
works39,50,51. While spherical particles move freely,
particles with irregular geometry present much higher
probability to align or tumble in vessels bifurcations or
filtering organs50. For a spherical particle to pass through
the spleen, it must have less than 200 nm in diameter52.
However, if it is a disk-shape with a diameter around 7
µm and 150 nm in height, it can pass through this
organ52. Additionally, it was already shown that
nanospheres and nanocylinders are internalized more
promptly than longer filaments, in vitro51. The
circulation time after intravenous injection also depends
on the shape. Spherical and cylindrical NPs were
compared after intravenous injection in mice, and the
results showed that cylinders are able to persist longer in
circulation51. The interactions of albumin, present in the
blood, with gold NPs is also dependent on NPs shape53.
Cubic gold NPs were able to induce strong unfolding
effects in albumin than the spherical counterparts53.
Recent studies have also shown that particles having
identical chemical composition but different shapes have
different cytotoxicities: nanowires proved to be more
toxic than spherical NPs54. A recent review covers the
influence of non-spherical NPs in the delivery an antitumor drug49.
2.3 Surface properties
Distinct surface properties, such as hydrophobicity
and surface charge, have been used to characterize
NPs55,56. Hydrophobicity has huge relevance since it
influences NPs clearance from the body due to RES
action. Indeed, a decrease in the hydrophobicity leads to
reduction of the nonspecific interactions with proteins.
As a consequence, phagocytosis by macrophages is
diminished57.
NPs surface electrical potential, also known as zeta
potential, is the potential of a particle or molecule due to
its charge in a certain medium and gives the tendency for
the particles to undergo aggregation58. In fact, as the
absolute value of this surface electric potential increases,
the repulsion between NPs is intensified58. Positively
charged NPs are more nonspecifically internalized than
their neutral or negatively charged counterparts23,59.
Specifically for both dendritic cells and macrophages
uptake, similar conclusions were reported59. In addition
to charge-dependent, the tendency for internalization is
also cell-dependent60.
2.4 Targeting
After administration, it is desired that NPs, contrarily
to other alternative therapies, have the ability to target a
specific anatomical site (Figure 2), in order to reduce
side effects over healthy tissues. To achieve this goal,
targeting approaches, either passive or active, can be
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Micelles are stable due to their hydrophilic shell and
have prolonged circulation time in the blood43.
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used. In the passive targeting, it is exploited the
physicochemical/structural characteristics of the target
site used to adjust the NPs properties27. As an example,
NPs size can be reduced enough to allow taking
advantage of the enhanced permeation and retention
mechanism present in tumors, characterized by their
characteristic leaky vasculatures61. On the other hand, in
the active targeting, molecules are linked to the surface
of the NPs to produce actively targeted NPs27. These
molecules can be ligands, monoclonal antibodies,
engineered antibody fragments, proteins, peptides,
carbohydrates, nutrients, or aptamers23,27. The active
targeting mechanism takes advantages of the highly
specific interactions between the molecule present in
specific tissues, cells or organelles within the body and a
molecule linked at the surface of the NPs62.
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Figure 3: Main types of NPs used in various applications;
image not at scale.

A dendrimer is morphologically characterized by a
branched structure grown from one or more cores. The
size of these NPs is easily controlled by the number of
generations that are allowed to grow over these cores.
Dendrimers present difficulties regarding drug
incorporation and release, being their synthesis quite
time-consuming65.
Liposomes are vesicles made entirely of lipidic
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compounds.
The most common are the unilamellar
Surface-modified
a
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NPs containing
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drugs drugs
drug drug
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liposomes whose size usually ranges from 100 to 800
nm27. These spherical structures are made of amphiphilic
Conventional
drug
Conventional
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compounds and present high production cost and content
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a drug a drug
leakage. As main advantages, they are completely
Surface-modified NPs containing a drug
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Target site
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immunogenic66.
Compact polymeric NPs are nanostructures made
Drug pathDrug path
Drug path
entirely of natural or synthetic polymers. They are
Figure 2: Body distribution of conventional drug vs. surfaceusually more stable than liposomes allowing sustained
modified NPs containing a drug, after oral administration.
localized drug delivery for weeks, with reduced drug
leakage64. In these polymeric nanostructures, the
3. Types of NPs
therapeutic agent can be eventually linked covalently.
Depending on the application (i.e. diagnosis, imaging Alternatively, it can be adsorbed at the NPs surface or
or therapy), different types of NPs (Figure 3) have been dissolved or entrapped within the NPs structure
proposed63, being some of them used for more than one (nanospheres) or encapsulated inside a polymeric shell
aim. In this section, NPs types are divided in two main (nanocapsules)64,67.
groups: organic and inorganic NPs. The first group
An intermediate type of NPs is the core-shell
includes micelles, dendrimers, liposomes, hybrid and polymer-lipid hybrid NPs. In its structure a
compact polymeric NPs. The second group includes biodegradable hydrophobic polymeric core and a lipidic
fullerenes, quantum dots, silica and gold NPs.
outer monolayer are present68. Alternatively, an inner
Micelles are nanostructures made of amphiphilic polymeric core surrounded by an external lipid bilayer
molecules, like polymers or lipids64. When exposed to can be used69. Core-shell polymer-lipid hybrid NPs bring
aqueous environments, they hide their hydrophobic together complementary characteristics of both
groups inside the structure and expose the hydrophilic structures, namely higher stability, enhanced drug
groups. On the other hand, when in lipid-rich encapsulation yield and superior in vivo cellular delivery
environments, their structure may organizes in a reverse efficacy70. As drug delivery systems, the drug is usually
way64. Poorly water-soluble drugs can be loaded into the encapsulated in the polymeric core, whereas the lipid
micelles hydrophobic core, while amphiphilic drugs outer layer reduces water diffusion rate, slowing down
align with the micelle amphiphilic structure with the drug the kinetics of drug release70. Alternatively, hybrid NPs
polar groups near the micelle hydrophilic groups. can be composed of an inorganic core surrounded by an
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4. Biomedical applications

NPs have been produced to deliver drugs120–123,
proteins/peptides124,125 and genes126, to be used in various
biomedical areas including cancer therapy127 and
vaccination128. In fact, NPs can be used in various
administration routes, such as oral, nasal, parenteral or
intraocular129, representing and efficient and effective
improvement over current methods130.
As drug delivery devices, NPs have been widely
explored as biodegradable carriers due to their great
advantages over conventional systems such as: enhanced
delivery (increase the stability of pharmaceutical agents),
use of lower amounts of expensive drugs, extended drug

	
  

bioactivity by protecting it from environmental effects in
biological media and more effective treatment with
minimal side effects131. Ideally, these drug delivery
nanosystems are characterized by a single dose
treatment, allowing a controlled drug release profile
along time, characterized by a drug concentration within
the therapeutic window. This will allow surpassing the
multiple dosages causing a variable concentration, which
characterize commonly available therapies3 (Figure 4).
The mechanism behind the release of the therapeutic
compound from the NPs may be mediated by surface or
bulk erosion, chemical or biological degradation,
diffusion through the pores or release from the surface.
Additionally, also an external stimulus can trigger the
drug release. Sometimes, more than one of these
mechanisms occurs simultaneously. Detailed information
on the mechanisms and factors/parameters affecting drug
release from specific types of NPs are reported
elsewhere132–134.
Concentration

organic shell, namely a metallic core surrounded by a
polymeric shell63.
Quantum dots, nanometric multifunctional inorganic
fluorophores used in imaging, detection and targeting,
are luminescent semiconductor crystals71–73. They are
made of elements from groups II–VI or III–V, being their
structure generally based on cadmium sulfide (CdS) and
cadmium selenide (CdSe), that can be highly toxic71,74.
As advantages, comparing to traditional fluorophores
(organic dyes and fluorescent proteins), quantum dots
present a broad absorption range and narrow emission
spectra. In fact, they have tunable size emission with
different wavelengths over a broad range of the light
spectrum75. Additionally, quantum dots present high
photostability76, being remarkably resistant to
photobleaching77. The use of quantum dots is based on
their unique chemical and physical properties, achieved
due to their size and highly compact structure71.
NPs can also be simply made of carbon molecules
with various highly symmetric and stable forms, called
fullerenes (allotrope of carbon)78. Buckminsterfullerene
(C60), the most well-known fullerene, is a rigid
icosahedron with 60 carbon atoms. In its structure, single
bounds form pentagons and double bounds form
hexagons79. Fullerenes disadvantages, such as the low
solubility in organic solvents, are overcome by their
unique optic, electric and magnetic properties (such as
superconductivity80), rendering them important devices
in medical diagnosis and imaging81.
Inorganic materials, such as gold, silver, platinum
and silica, can also be used to produce NPs. Inorganic
NPs can be prepared by different methods, forming a
highly ordered and rigid three-dimensional arrangement
with metal or covalently linked atoms82. Their properties,
such as size and shape, are almost not influenced by the
in vivo conditions, unlike organic NPs82. However,
inorganic NPs drawbacks have to be taken into account.
In the case of metallic NPs, the impossibility to load
drugs into their structure and their possible negative
effects in blood have to be considered83,84. However,
their high potential as magnetic responsive nanoentities
is of great importance and has been extensively reviewed
in the literature85. On the other hand, silica NPs have
associated a cytotoxic effect related with an increase of
reactive oxygen species levels and decrease of
glutathione levels86.

Common
therapies

Therapeutic
window

Controlled
release
Repeated doses

Time

Figure 4: Concentration profile of common therapies
(red line) and controlled release along time (green line).

Additionally to the characteristics already mentioned
for drug delivery systems (i.e. biocompatible, non-toxic,
controlled release of the loaded compound), in the case
of gene delivery, NPs needs also to ensure high
transfection efficiencies135,136. Genetic material, such as
DNA or siRNA137, was incorporated into NPs126,138,
allowing to protect the genetic material from nuclease
degradation139. Similarly to drugs, the genetic material
should be released in a controlled way (characterized by
a suitable dose during a certain time period), in order to
ensure controlled gene expression140. The genetic
material needs to be entrapped within the matrix, being
released due to the combined effects of diffusion and
matrix degradation141.
Certainly for gene therapy and sometimes for
drug/protein delivery, NPs need to be internalized by the
target cells to obtain an intracellular action. Two main
groups of endocytic pathways for the internalization of
nanocarriers have been identified: phagocytosis and
pinocytosis. Among this last pathway, receptor-mediated
endocytosis (clathrin-mediated endocytosis or caveolinmediated endocytosis), clathrin/caveolin-independent
endocytosis and macropinocytosis have been described
in the literature (Figure 5)142–145. The cellular uptake of
NPs depends on the surface charge146, size147, shape148,149
or cell type150. Indeed, while phagocytosis is typically
related with the uptake of large particles, pinocytosis is
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associated with the uptake of fluids and solutes. On the
other hand, while phagocytosis is related to cells with
phagocytic
capacity
(macrophages,
neutrophils,
monocytes and dendritic cells), pinocytosis is a more
general phenomenon, occurring in all types of cells151.

Figure 5: Cell-NPs interaction due to antibodyantigen.

As important as the overall stability and bioactivity of
the loaded cargo, its delivery in the biological location
(specific cells or tissues) is also required. Taking
advantage of the receptor-mediated endocytosis, NPs can
be tailored to deliver intracellularly their cargo to a
specific population of cells152 (Figure 6). Exploitation of
the unique cell surface markers present in a specific cell
population allows promoting drug delivery. In fact,
loaded NPs can be surface modified with antibodies153,
peptides154 and other disease-targeting moieties155 for
disease treatment, as referred previously.
Beyond their use in therapy, NPs can also be utilized
in combined functionalities, like theranostics (therapy +
diagnosis). Several examples are already available in the
literature. For instance, polymers like PLGA and PCL
have been used for theranostics purpose. For example,
hybrid NPs containing a polymeric part (PLGA) loaded
with a drug (doxorubicin for cancer treatment) and a
magnetic part (magnetic nanocrystals used as
ultrasensitive magnetic resonance imaging (MRI)
probes) linked to specific antibodies (responsible for the
targeting action) allow the treatment, targeting and
imaging of breast cancer156. In other work, PCL NPs
were prepared by a double-emulsion process in which a
drug (Stilbene) and iron oxide NPs (used as imaging
devices) were included to obtain the final formulation157.

5. Conclusions
Despite the tremendous evolution in the NPs
field in the last years, a lot of improvements are still
needed to routinely use those medical devices. For
instance, knowing NPs size after their production
following certain process conditions is a real obstacle to
develop highly reproducible therapies. Additionally, the
complete study of how a variation in the production
parameters affects NPs properties is another limitation.
The creation of NPs enabling the release of a specific
compound in both spatial and temporal controlled way is
still an open problem. The complexity involved in all
these studies has hampered the development of efficient
and suitable NPs for specific biomedical applications.
The development and implementation of a totally
automatic equipment able to surpass the inherent
variability of the operator and applicable to all materials
and conditions can be a possible solution to increase NPs
reproducibility158. Another issue regarding NPs
production is the scale-up. Indeed, some of the NPs
production methods cannot be easily performed in an
industrial scale needed to create a product available in
the market159–161. As important as all just-mentioned
issues is the creation of a laboratorial platform able to
mimicking the in vivo environment specific of a living
organism. It will be a powerful and unique tool in the
NPs development, since in vitro studies lack several
biological cues and events that can influence the
performance of NPs. This could avoid the use of animals
in a first stage and render NPs testing with less ethical
constraints162.

6. References
1. Varde NK, Pack DW. Microspheres for controlled release
drug delivery. Expert Opin. biol. ther. 2006;4(1):35-51.
2. Lu Y, Park K. Polymeric micelles and alternative
nanonized delivery vehicles for poorly soluble drugs. Int. J.
Pharm. 2013;453(1):198-214.
3. Janssen M, Mihov G, Welting T, Thies J, Emans P. Drugs
and polymers for delivery systems in OA joints: Clinical
needs and opportunities. Polymers (Basel). 2014;6(3):799819.
4. Lockman P, Mumper R, Khan M, Allen D. Nanoparticle
technology for drug delivery across the blood-brain barrier.
Drug Dev. Ind. Pharm. 2002;28(1):1-13.

Figure 6: Schematic representation of the main types of endocytosis.

	
  

5

5. Takenaga M, Serizawa Y, Azechi Y, et al. Microparticle
resins as a potential nasal drug delivery system for insulin.
J. Control. Release 1998;52(1-2):81-87.
6. Hilbert A, Fritzsche U, Kissel T. Biodegradable
microspheres containing influenza A vaccine: immune
response in mice. Vaccine 1999;17(9-10):1065-1073.
7. Bodmeier R, Chen H, Paeratakul O. A novel approach to
the oral delivery of micro- or nanoparticles. Pharm. Res.
1989;6(5):413-417.
8. Kawaguchi H. Functional polymer microspheres. Prog.
Polym. Sci. 2000;25(8):1171-1210.
9. Pereira D, Silva-Correia J, Caridade S, et al. Development
of gellan gum-based microparticles/hydrogel matrices for
application in the intervertebral disc regeneration. Tissue
Eng. Part C 2011;17(10):961-972.

21. Lamprecht A, Ubrich N, Yamamoto H, Afer U, Takeuchi
H. Biodegradable nanoparticles for targeted drug delivery
in treatment of inflammatory bowel disease. J. Pharmacol.
Exp. Ther. 2001;299(2):775-781.
22. Subia B, Kundu S. Drug loading and release on tumor cells
using silk fibroin-albumin nanoparticles as carriers.
Nanotechnology 2013;24(3):035103.
23. Alexis F, Pridgen E, Molnar L, Farokhzad O. Factors
affecting the clearance and biodistribution of polymeric
nanoparticles. J. Pharm. Sci. 2008;5(4):505-515.
24. Danhier F, Ansorena E, Silva J, Coco R, Le Breton A, Préat
V. PLGA-based nanoparticles: an overview of biomedical
applications. J. Control. Release 2012;161(2):505-522.
25. Singh R, Lillard J. Nanoparticle-based targeted drug
delivery. Exp. Mol. Pathol. 2009;86(3):215-223.

10. Custódio C, Cerqueira M, Marques A, Reis R, Mano J. Cell
selective chitosan microparticles as injectable cell carriers
for tissue regeneration. Biomaterials 2015;43:23-31.

26. Desai M, Labhasetwar V, Amidon G, Levy R.
Gastrointestinal uptake of biodegradable microparticles:
effect of particle size. Pharm Res. 1996;13(12):1838-1845.

11. Costa R, Custódio C, Arias F, Rodríguez-Cabello J, Mano
J. Nanostructured and thermoresponsive recombinant
biopolymer-based microcapsules for the delivery of active
molecules. Nanomedicine Nanotechnology, Biol. Med.
2013;9(7):895-902.

27. Ratner B, Hoffman A, Schoen F, Lemons J. Biomaterials
Science: An Introduction to Materials in Medicine. Third
Edit. Canada: Academic Press; 2014.

12. Custódio C, Santo V, Oliveira M, Gomes M, Reis R, Mano
J. Functionalized microparticles producing scaffolds in
combination
with
cells.
Adv.
Funct.
Mater.
2014;24(10):1391-1400.
13. Lima A, Puga A, Mano J, Concheiro A, Alvarez-Lorenzo
C. Free and copolymerized γ-cyclodextrins regulate the
performance
of
dexamethasone-loaded
dextran
microspheres for bone regeneration. J. Mater. Chem. B
2014;2(30):4943-4956.
14. Simón-Yarza T, Formiga F, Tamayo E, Pelacho B, Prosper
F, Blanco-Prieto M. PEGylated-PLGA microparticles
containing VEGF for long term drug delivery. Int. J.
Pharm. 2013;440(1):13-18.
15. Manocha M, Pal P, Chitralekha K, et al. Enhanced mucosal
and systemic immune response with intranasal
immunization of mice with HIV peptides entrapped in PLG
microparticles in combination with Ulex Europaeus-I lectin
as M cell target. Vaccine 2005;23(48-49):5599-5617.
16. Wischke C, Schwendeman S. Principles of encapsulating
hydrophobic drugs in PLA/PLGA microparticles. Int. J.
Pharm. 2008;364(2):298-327.
17. Hamidi M, Azadi A, Rafiei P. Hydrogel nanoparticles in
drug delivery. Adv. Drug Deliv. Rev. 2008;60(15):16381649.
18. Grislain L, Couvreur P, Lenaerts V, Roland M, DeprezDecampeneere D, Speiser P. Pharmacokinetics and
distribution of a biodegradable drug-carrier. Int. J. Pharm.
1983;15(3):335-345.
19. Dubernet C, Couvreur P. Nanoparticles in cancer therapy
and
diagnosis.
Adv.
Drug
Deliv.
Rev.
2002;54(Supplement):631-651.
20. Muller R, Maaben S, Weyhers H, Mehnert W. Phagocytic
uptake and cytotoxicity of solid lipid nanoparticles (SLN)
sterically stabilized with Poloxamine 908 and Poloxamer
407. J. Drug Target. 1992;4(3):161-170.

	
  

28. Moghimi S, Hunter A, Murray J. Long-circulating and
target-specific nanoparticles: theory to practice. Pharmacol.
Rev. 2001;53(2):283-318.
29. Patil V, Campbell C, Yun Y, Slack S, Goetz D. Particle
diameter influences adhesion under flow. Biophys. J.
2001;80(4):1733-1743.
30. Dunne M, Corrigan O, Ramtoola Z. Influence of particle
size and dissolution conditions on the degradation
properties
of
polylactide-co-glycolide
particles.
Biomaterials 2000;21(16):1659-1668.
31. Jiang W, Kim B, Rutka J, Chan W. Nanoparticle-mediated
cellular response is size-dependent. Nat. Nanotechnol.
2008;3(3):145-50.
32. Xiao K, Li Y, Luo J, et al. The effect of surface charge on
in vivo biodistribution of PEG-oligocholic acid based
micellar nanoparticles. Biomaterials 2012;32(13):34353446.
33. Shah N, Vercellotti G, White J, Fegan A, Wagner C,
Bischof J. Blood−nanoparticle interactions and in vivo
biodistribution: impact of surface PEG and ligand
properties. Mol. Pharm. 2012;9(8):2146-2155.
34. Caldorera-Moore M, Guimard N, Shi L, Roy K. Designer
nanoparticles: Incorporating size, shape, and triggered
release into nanoscale drug carriers. Expert Opin. Drug
Deliv. 2010;7(4):479-495.
35. Illum L, Davis S, Wilson C, Thomas N, Frier M, Hardy J.
Blood clearance and organ deposition of intravenously
administered colloidal particles. The effects of particle size,
nature and shape. Int. J. Pharm. 1982;12(2-3):135-146.
36. Kanke M, Simmons G, Weiss D, Bivins B, Deluca P.
Clearance of 141Ce-labeled microspheres from blood and
distribution in specific organs following intravenous and
intraarterial administration in beagle dogs. J. Pharm. Sci.
1980;69(7):755-762.
37. Ikada Y. Phagocytosis of polymer microspheres by
macrophages. Adv. Polym. Sci. 1990;94:107-141.

6

38. Moghimi S, Hedeman H, Muir I, Illum L, Davis S. An
investigation of the filtration capacity and the fate of large
filtered sterically-stabilized microspheres in rat spleen.
Biochim Biophys Acta 1993;1157(3):233-240.
39. Stolnik S, Illum L, Davis S. Long circulating
microparticulate drug carriers. Adv. Drug Deliv. Rev.
1995;16(95):195-214.
40. Longmire M, Choyke P, Kobayashi H. Clearance properties
of nano-sized particles and molecules as imaging agents:
considerations and caveats. Nanomedicine 2012;3(5):703717.
41. Choi H, Liu W, Misra P, et al. Renal clearance of quantum
dots. Nat. Biotechnol. 2007;25(10):1165-1170.
42. Vinogradov S, Bronich T, Kabanov A. Nanosized cationic
hydrogels for drug delivery: preparation, properties and
interactions with cells. Adv. Drug Deliv. Rev.
2002;54(1):135-147.
43. Bamrungsap S, Zhao Z, Chen T, et al. Nanotechnology in
therapeutics: a focus on nanoparticles as a drug delivery
system. Nanomedicine 2012;7(8):1253-1271.
44. Nel A, Mädler L, Velegol D, et al. Understanding
biophysicochemical interactions at the nano-bio interface.
Nat. Mater. 2009;8(7):543-57.
45. Cho E, Au L, Zhang Q, Xia Y. The effects of size, shape,
and surface functional group of gold nanostructures on their
adsorption and Internalization by cells. Small
2011;6(4):517-522.
46. Chithrani B, Ghazani A, Chan W. Determining the size and
shape dependence of gold nanoparticle uptake into
mammalian cells. Nano Lett. 2006;6(4):662-668.
47. Panyam J, Dali M, Sahoo S, Ma W. Polymer degradation
and in vitro release of a model protein from poly (D,Llactide-co-glycolide) nano- and microparticles. J. Control.
Release 2003;92:173-187.
48. Muñoz-Mármol M, Crespo J, Fritts M, Maojo V. Towards
the taxonomic categorization and recognition of
nanoparticle shapes. Nanomedicine 2015;11(2):457-465.
49. Truong N, Whittaker M, Mak C, Davis T. The importance
of nanoparticle shape in cancer drug delivery. Expert Opin.
Drug Deliv. 2014;12(1):1-14.
50. Champion J, Katare Y, Mitragotri S. Particle shape: a new
design parameter for micro- and Nnanoscale drug delivery
carriers. J. Control. Release 2014;121(1-2):3-9.
51. Geng Y, Dalhaimer P, Cai S, et al. Shape effects of
filaments versus spherical particles in flow and drug
delivery. Nat. Nanotechnol. 2007;2(5):249-256.
52. Yoo JW, Doshi N, Mitragotri S. Adaptive micro and
nanoparticles: Temporal control over carrier properties to
facilitate drug delivery. Adv. Drug Deliv. Rev. 2011;63(1415):1247-1256.
53. Ramezani F, Amanlou M, Rafii-Tabar H. Gold nanoparticle
shape effects on human serum albumin corona interface: a
molecular dynamic study. J. Nanoparticle Res.
2014;16(2512):1-9.
54. Adili A, Crowe S, Beaux M, et al. Differential cytotoxicity
exhibited by silica nanowires and nanoparticles.
Nanotoxicology 2008;2(1):1-8.

for efficient drug delivery system. Polymer (Guildf).
2006;47(13):4571-4580.
56. Jiang J, Oberdorster G, Biswas P. Characterization of size,
surface charge, and agglomeration state of nanoparticle
dispersions for toxicological studies. J. Nanoparticle Res.
2009;11(1):77-89.
57. Bazile D, Prud’homme C, Bassoullet M, Marlard M,
Spenlehauer G, Veillard M. Stealth Me.PEG-PLA
nanoparticles avoid uptake by the mononuclear phagocytes
system. J. Pharm. Sci. 1995;84(4):493-498.
58. Wang A, Pu K, Dong B, et al. Role of surface charge and
oxidative stress in cytotoxicity and genotoxicity of
graphene oxide towards human lung fibroblast cells. J.
Appl. Toxicol. 2013;33(10):1156-1164.
59. Thiele L, Merkle H, Walter E. Phagocytosis and
phagosomal fate of surface-modified microparticles in
dendritic cells and macrophages. Pharm. Res.
2003;20(2):221-228.
60. Chung T-H, Wu S-H, Yao M, et al. The effect of surface
charge on the uptake and biological function of mesoporous
silica nanoparticles in 3T3-L1 cells and human
mesenchymal stem cells. Biomaterials 2007;28(19):29592966.
61. Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor
vascular permeability and the EPR effect in
macromolecular therapeutics: A review. J. Control. Release
2000;65(1-2):271-284.
62. Veiseh O, Gunn J, Zhang M. Design and fabrication of
magnetic nanoparticles for targeted drug delivery and
imaging. Adv. Drug Deliv. Rev. 2010;62(3):284-304.
63. Parveen S, Misra R, Sahoo S. Nanoparticles: a boon to drug
delivery,
therapeutics,
diagnostics
and
imaging.
Nanomedicine Nanotechnology, Biol. Med. 2012;8(2):147166.
64. Orive G, Anitua E, Pedraz J, Emerich D. Biomaterials for
promoting brain protection, repair and regeneration. Nat.
Rev. Neurosci. 2009;10(9):682-692.
65. Adair J, Parette M, Erhan I, Kester M. Nanoparticulate
alternatives for drug delivery. ACS Nano 2010;4(9):49674970.
66. Akbarzadeh A, Rezaei-Sadabady R, Davaran S, et al.
Liposome: classification, preparation, and applications.
Nanoscale Res. Lett. 2013;8(102):1-9.
67. Reis C, Neufeld R, Ribeiro A, Veiga F. Nanoencapsulation
I. Methods for preparation of drug-loaded polymeric
nanoparticles. Nanomedicine 2006;2(1):8-21.
68. Zhang L, Chan J, Gu F, et al. Self-assembled lipid-polymer
hybrid nanoparticles: a robust drug delivery platform. ACS
Nano 2008;2(8):1696-1702.
69. Hu C-M, Zhang L, Aryal S, Cheung C, Fang R, Zhang L.
Erythrocyte
membrane-camouflaged
polymeric
nanoparticles as a biomimetic delivery platform. Proc.
Natl. Acad. Sci. U. S. A. 2011;108(27):10980-10985.
70. Hadinoto K, Sundaresan A, Cheow W. Lipid-polymer
hybrid nanoparticles as a new generation therapeutic
delivery platform: a review. Eur. J. Pharm. Biopharm.
2013;85(3 Pt A):427-43.

55. Choi C, Chae S, Nah J-W. Thermosensitive poly (Nisopropylacrylamide)-b-poly(3-caprolactone) nanoparticles

	
  

7

71. Ghasemi Y, Peymani P, Afifi S. Quantum dot: magic
nanoparticle for imaging, detection and targeting. Acta
Biomed. 2009;80(2):156-165.
72. Slotkin J, Chakrabarti L, Dai H, et al. In vivo quantum dot
labelling of mammalian stem and progenitor cells. Dev.
Dyn. 2009;236(12):3393-3401.
73. Michalet X, Pinaud FF, Bentolila L a, et al. Quantum dots
for live cells, in vivo imaging, and diagnostics. Science
2005;307(5709):538-544.
74. Fernandez-Fernandez A, Manchanda R, McGoron A.
Theranostic applications of nanomaterials in cancer: drug
delivery, image-guidade therapy and multifunctional
platforms. Appl Biochem Biotechnol 2012;165(7-8):16281651.
75. Gao X, Cui Y, Levenson R, Chung L, Nie S. In vivo cancer
targeting and imaging with semiconductor quantum dots.
Nat. Biotechnol. 2004;22(8):969-976.
76. Bailey R, Nie S. Alloyed semiconductor quantum dots:
tuning the optical properties without changing the particle
size. J. Am. Chem. Soc. 2003;125(23):7100-7106.
77. Dubertret B, Skourides P, Norris D, Noireaux V, Brivanlou
A, Libchaber A. In vivo imaging of quantum dots
encapsulated in phospholipid micelles. Science (80-. ).
2002;298(5599):1759-1762.
78. Chen Z, Ma L, Liu Y, Chen C. Applications of
functionalized
fullerenes
in
tumor
theranostics.
Theranostics 2012;2(3):238-250.
79. Ma
H,
Liang
X-J.
Fullerenes
as
unique
nanopharmaceuticals for disease treatment. Sci. China
Chem. 2010;53(11):2233-2240.
80. Chakravarty S, Kivelson S. Superconductivity of foped
fullerenes. Europhys. Lett. 1991;16(8):751-756.
81. Bosi S, Da Ros T, Spalluto G, Prato M. Fullerene
derivatives: an attractive tool for biological applications.
Eur. J. Med. Chem. 2003;38(11-12):913-923.
82. Kim T, Hyeon T. Applications of inorganic nanoparticles
as therapeutic agents. Nanotechnology 2014;25(1):1-14.
83. De Jong W, Borm P. Drug delivery and nanoparticles:
applications and hazards. Int. J. Nanomedicine
2008;3(2):133-149.
84. Mishra D, Hubenak J, Mathur A. Nanoparticle systems as
tools to improve drug delivery and therapeutic efficacy. J
Biomed Mater Res A. 2013;101(12):1-15.
85. Santo V, Rodrigues M, Gomes M. Contributions and future
perspectives on the use of magnetic nanoparticles as
diagnostic and therapeutic tools in the field of regenerative
medicine. Expert Rev. Mol. Diagn. 2013;13(6):553-566.
86. Lin W, Huang Y-W, Zhou X-D, Ma Y. In vitro toxicity of
silica nanoparticles in human lung cancer cells. Toxicol.
Appl. Pharmacol. 2006;217(3):252-259.
87. Nair L, Laurencin C. Biodegradable polymers
biomaterials. Prog. Polym. Sci. 2007;32(8-9):762-798.

	
  

as

8

