
Nanoparticle characterization: State of the art, challenges, and
emerging technologies

Eun Jung Cho1, Hillary Holback1, Karen C. Liu2, Sara A. Abouelmagd1,3, Joonyoung Park1,
and Yoon Yeo1,2,*

1Department of Industrial and Physical Pharmacy, Purdue University, 575 Stadium Mall Drive,
West Lafayette, IN 47907, USA
2Weldon School of Biomedical Engineering, Purdue University, West Lafayette, IN 47907, USA
3Department of Pharmaceutics, Faculty of Pharmacy, Assiut University, Assiut 71526, Egypt

Abstract
Nanoparticles have received enormous attention as a promising tool to enhance target-specific
drug delivery and diagnosis. Various in vitro and in vivo techniques are used to characterize a new
system and predict its clinical efficacy. These techniques enable efficient comparison across
nanoparticles and facilitate a product optimization process. On the other hand, we recognize their
limitations as a prediction tool, which owe to inadequate applications and overly simplified test
conditions. This article provides a critical review of in vitro and in vivo techniques currently used
for evaluation of nanoparticles and introduces emerging techniques and models that may be used
complementarily.
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1. Introduction
The field of nanomedicine has seen significant progress in the past decades, both in design
and the scope of applications. Various techniques are used to characterize nanoparticles
(NPs) and predict their ultimate fates in human body. However, current technology is
challenged in a sense that the characterization is often performed in a condition that does not
reflect the complexity of physiological environment. Moreover, in vivo studies based on
animal models largely remain a black box approach, where pharmacokinetics and
biodistribution of NPs are driven by a series of biological events that are not readily
predicted in vitro. In order to expedite the transition of a bench-top effort to a clinically
effective product, it is imperative that investigators employ adequate methodologies to
characterize nanomedicine, correlate their effects and biological consequences, and predict
the therapeutic outcomes in clinical subjects in the early stage of product development. The
purpose of this review is to overview current techniques used in NP evaluation from a
critical perspective, discuss potential pitfalls and cautions, and introduce emerging
technologies that deserve keen attention from the field of nanomedicine.
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2. In vitro characterization of NPs
2.1. Physical properties

2.1.1. Particle size—Particle size is the most basic information of NPs, one of the main
determinants of biodistribution and retention of the NPs in target tissues. Dynamic light
scattering (DLS) is commonly used for the particle size determination. DLS measures
Brownian motion of NPs in suspension and relates its velocity, known as translational
diffusion coefficient, to the size of NPs according to the Stokes-Einstein equation.1 The
particle size is defined as the size of a hypothetical hard sphere that diffuses in the same
fashion as that of the NPs being measured. The result is reported as a mean particle size and
homogeneity of size distribution. The latter is expressed as polydispersity index (PDI), a
dimensionless parameter calculated from a cumulants analysis of the DLS-measured
intensity autocorrelation function.2 A PDI value from 0.1 to 0.25 indicates a narrow size
distribution, and a PDI value greater than 0.5 does a broad distribution.3 While DLS
provides a simple and speedy estimate of the particle size, several studies suggest inherent
limitations of DLS. For example, DLS is relatively poor at analyzing multimodal particle
size distribution.3, 4 For example, when a mixture of 20 nm and 100 nm NPs is measured,
the signal of smaller particle is lost because the intensity of a spherical particle with a radius
r is proportional to r6; thus, the scattering intensity of small particles tends to be masked by
that of larger particles.

Microscopy provides an accurate assessment of the size and shape of an NP; however, it
often requires complicated sample preparation steps specific to microscope techniques,4

which can change samples and create artifacts (e.g., NP agglomeration during drying
process for electron microscopy5). Moreover, due to the limited throughput, it is difficult to
obtain particle size distribution.6 Another imaging-based method is the NP tracking analysis
(NTA), a single particle tracking technique based on dark field or fluorescence microscopy
and automatic imaging analysis.7 In this method, NP size is derived from the average
displacement of NPs undergoing Brownian motion within a fixed time frame.7, 8 An
advantage of this method is that it tracks individual NP and thus provides a high resolution
for multimodal samples and aggregation.7 On the other hand, it requires a sample to be
sufficiently diluted so that the observation fields may not be overly crowded.5 Alternatively,
NP size may be estimated by disc centrifugation, which depends on sedimentation speed of
NPs. Since NPs with a few % size differences settle at significantly different rates, the disc
centrifugation method can resolve a very small size difference (as little as 2%).9 Moreover,
this method can analyze a broad range of particle size, ranging from 5 nm to 75 μm. On the
other hand, it takes longer than other methods, lasting 15 to 30 minutes, and requires that
NPs be denser than the suspended fluid.9

Since these techniques rely on different physical principles and sample preparation, the
results vary according to the employed methods.5 For example, electron microscopy, DLS,
NTA, and disc centrifugation gave rise to highly variable results even for the well-defined,
homogeneous NPs. Depending on the methods and the type of averages reported (intensity,
number, or volume), silver NPs (70 nm) and gold NPs (15 nm) were measured as 40 nm–
124 nm and 11 nm–52 nm, respectively.5 In addition to the underlying principles, it should
be considered that sample status in each method is not the same. For example, the size of
NPs measured in solution is generally much larger than the dried NPs because of the
hydration layer.

The measured particle size can also be different depending on how the samples are prepared
even in the same method. For example, in DLS measurement, it is critical to ensure that the
NPs are well dispersed. NPs are typically dispersed via probe/bath sonication or vortex
mixing. A high energy dispersion method can temporarily reduce agglomeration, but the

Cho et al. Page 2

Mol Pharm. Author manuscript; available in PMC 2014 June 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NPs do not remain dispersed for a long time and agglomerate again.10 Therefore, it is often
observed that the increased duration of sonication and/or higher energy sonication method
ultimately promote agglomeration after initial dispersion due to the enhanced interaction of
NPs with high surface energy.10–12 Ionic strength of the NP suspension is another important
factor.11 When TiO2 NPs or quantum dots were analyzed, an increase in ionic strength from
0.001M to 0.1M resulted in 50-fold increase in the hydrodynamic diameter.11 This is
because the increasing ions shield the electrical layer on NPs that has kept the NPs apart at a
lower ionic strength. The pH of the NP suspension also plays a role in particle size
measurement.11 When pH is distant from the isoelectric point of NPs, the electrostatic
repulsive force is dominant over the van der Waals force, and NPs are well dispersed. On
the other hand, the repulsive force decreases and the hydrodynamic size increases, when the
pH is close to the isoelectric point and, thus, the NP surface is less charged. Due to the
dependence on pH and ionic strength, the size distribution in a condition where the
bioactivity of NPs is tested is quite different that measured in water. Murdock et al.
measured sizes of various inorganic and organic NPs in water or cell culture medium (with
or without serum) with DLS.10 In many cases, NPs aggregated to a greater extent in serum-
free medium than in water.10 The presence of serum proteins attenuated the size increase,
likely due to surface stabilization by the adsorbed proteins. Therefore, it is recommended
that the conditions in which NP size is measured be recorded when DLS is used for size
measurement.

Additional cautions are needed in measuring sizes of NPs with non-spherical shape. DLS
assumes spherical shape for NPs; therefore, it is important to validate this assumption via
microscopic examination. When the shape significantly deviates from a sphere, the DLS
measurement may be less accurate; thus, image analysis must be accompanied.13 It is also
noteworthy that the particle size can differ by a factor of 2 to 4 depending on the type of
particle size distribution used in DLS (i.e. intensity, volume, and number-based); therefore,
one should report the type in addition to the size.5

2.1.2. Surface charge—Surface charge, expressed as zeta potential, critically influences
the interaction of an NP with the environment.3 There are two liquid layers surrounding an
NP: strongly bound inner part (Stern layer) and weakly bound outer layer. Zeta potential is
commonly measured by laser Doppler electrophoresis, which evaluates electrophoretic
mobility of suspended NPs in the medium, thus measuring the potential at the boundary of
the outer layer. Generally, particles with zeta potential more positive than +30 mV or more
negative than −30 mV have colloidal stability maintained by electrostatic repulsion. One
limitation is that in bimodal samples the zeta potential value of larger particles dominates
the scattering signal of smaller particles, similar to DLS size measurements.10

The zeta potential measurement depends on the strength and valency of ions contained in the
NP suspension. High ionic strength and high valency ions compress the electric double
layer, resulting in reduction of the zeta potential.14, 15 The pH, the concentration of
hydrogen ions in the medium, greatly influences the zeta potential as well. When the
suspension is acidic, the NPs acquire more positive charge, and vice versa. Therefore, a zeta
potential value without indication of solution pH is a virtually meaningless number.1 It is
recommended that information of the NP suspension be precisely described in reporting the
zeta potential, including the ionic strength, composition of the medium, and the pH.16, 17 For
comparison of results across different studies, it is conceivable to normalize the zeta
potential by pC (negative logarithm of concentration of counterion species).17

2.1.3. Drug release kinetics—When NPs are used for the delivery of a drug, the ability
of NP to release the drug is evaluated over a period of time, since it ultimately determines
the availability of a drug at target tissues, thereby the therapeutic outcomes.3 There are three
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possible mechanisms of drug release: desorption of the surface bound/adsorbed drug,
diffusion from the polymer matrix, and release subsequent to polymer erosion. In the case of
a matrix-type polymer NP, in which the drug is uniformly distributed in the matrix, the
release occurs by diffusion and/or erosion of the matrix. If the diffusion occurs more rapidly
than matrix degradation, diffusion is likely to be a main mechanism of drug release. Rapid
initial burst release is attributed to the fraction of the drug adsorbed or weakly bound to the
surface of the NPs.18

Drug release from NPs is studied in at least three ways: sampling and separation, dialysis
membrane diffusion, and in situ analytical technique.19 In the sampling and separation
technique, the released drug is separated from NPs by filtration, centrifugation, or
centrifugal filtration, and quantified by various analytical methods. The NPs are
supplemented with fresh release medium, resuspended, and incubated further for next
sampling. While this method can be performed with a small amount of samples and simple
analytical equipment, several shortcomings exist. Irrespective of the separation methods, the
process is slow and inefficient, which make them less suitable for studying NPs that rapidly
release a drug. Moreover, centrifugal force or shear stress during filtration required for NP
separation, which becomes increasingly strong when NPs are relatively small, can alter the
NPs and the release kinetics. Dialysis membrane diffusion depends on continuous diffusion
across the dialysis membrane filtration. Advantages of this method are that the NPs are not
subject to invasive separation processes and sampling is quick and simple. On the other
hand, the dialysis membrane can attenuate the drug release as a diffusion barrier or an
adsorptive surface; therefore, a control experiment with a free drug should be accompanied
to account for the membrane effect. The dialysis membrane diffusion method typically
employs a large volume of release medium. While the large volume helps maintain a sink
condition for drug release, drug analysis may become difficult due to the low concentration.
In situ analytical technique is useful for studying nanocrystals, which is made almost
exclusively of a drug. This technique analyzes the properties of NPs in situ to determine the
quantity of the released (dissolved) drug indirectly. Various analytical techniques, including
electrochemical analysis, solution calorimetry, or turbidimetric method, and light scattering
technique, are employed for this purpose.19 This technique does not need NP separation and
enables real-time assessment of the release kinetics. However, it is limited in determining
the integrity of the released drug.

2.2. Prediction of physical and chemical stability of NPs
Maintaining NP stability in the bloodstream is a crucial requirement for successful drug
delivery to target tissues. The fate of NPs in vivo is in large part determined by its ability to
maintain the size, to retain drug payload external to the target tissues, and to properly release
drug to the cells. Ideally, a NP must remain stable (i.e., resist aggregation or degradation and
retain drug) in the blood until it reaches the target sites. Instability of NPs results in altered
biodistribution and premature drug release, thereby compromising the efficacy of the
delivery system. Hence, evaluation of NP stability is an important aspect of NP
characterization and an essential component to the success of the system. This section
reviews commonly used techniques to investigate NP stability in various biologically
relevant media in vitro (Fig. 1). Well-established studies of micelles or similar self-
assembled NP systems are mainly used as examples. Although the NP stability needs to be
ultimately measured in vivo, these techniques provide reasonable prediction of NP stability
in a physiological environment.

2.2.1. Determination of critical aggregation/micelle concentration—The critical
association or aggregation concentration (CAC) or critical micelle concentration (CMC) can
be used to evaluate the stability of self-assembled NP systems including polymeric or
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surfactant micelle systems. The CAC, or CMC, is defined as the concentration at which a
self-assembled particle or micelle associates/dissociates. This value provides a quantitative
measure of physical stability of NPs. A relatively low CAC/CMC indicates a more stable
micelle system than one with a high CAC/CMC. In other words, NPs with a low CAC/CMC
is more likely to resist dissociation upon dilution in the blood.

CMC can be measured using a variety of different detection methods, such as conductivity,
chromatography, surface tension, fluorescent probes, and light scattering. When measuring
CMC using surface tension, the CMC is defined as the concentration of a surfactant (i.e., an
amphiphilic polymer) above which the surface tension becomes constant. At concentrations
below CMC, a surfactant has not yet saturated the surface and lends itself to reduce surface
tension of the solution. On the other hand, at concentrations above CMC, this saturation has
occurred, and the excess surfactants form micelles and do not contribute to the surface
tension change. Many studies have utilized this method to determine the CMC of
micelles.20–23 Another commonly used method to measure CAC/CMC is to utilize
fluorescence probes, such as pyrene, as an indicator of micelle dissociation. Pyrene is a
hydrophobic aromatic hydrocarbon, which partitions in the hydrophobic domain of self-
assembled NPs during assembly.24 When a NP dissociates, pyrene is exposed to water,
where it shows a different fluorescence profile than when in the hydrophobic domain of the
NP. Therefore, the CAC/CMC can be determined by monitoring the change in fluorescence
profile of pyrene, defined as the concentration at which a drastic band shift is observed. The
pyrene technique has widely been used as an indicator of relative micelle stability.25–29 In
addition, light scattering is used to determine CAC/CMC. This technique measures the count
rate (the intensity of scattered light in DLS), which is proportional to the number of NPs in
solution when NP size is constant.30 The count rate is plotted with respect to NP
concentration, and the CAC/CMC is defined as a concentration above which the count rate
shows a linear increase with concentration of the components of NPs.30 The CAC/CMC
measurement is a relatively simple and sensitive method of evaluating NP stability, but a
disadvantage is that the application is limited to micelles and self-assembled NPs, whose
formation is influenced by concentrations of the components.

2.2.2. Determination of low critical solution temperature—Temperature-sensitive
micelle systems composed of a co-polymer of hydrophobic block and thermosensitive block
can utilize lower critical solution temperature (LCST) as a measure of their stability. The
LCST is defined as the temperature at which phase transition of a thermosensitive polymer
occurs (from hydrophilic to hydrophobic with increase in temperature).31 This phase change
provides the system with the ability to release a drug in response to an external thermal
stimuli at a specific temperature via local and controlled hyperthermia in a specific region of
the body.32 At temperatures below LCST, the polymer is amphiphilic and the drug remains
encapsulated in micelles; however, at temperatures above LCST, the thermosensitive block
becomes hydrophobic, destabilizing the micelle structure and releasing the drug.33 As an
inherent property of a thermosensitive polymer, LCST can be utilized in comparing the
stability of NPs based on such polymers. For example, LCST of poly(N-
isopropylacrylamide-co-maleic anhydride) copolymer increased from 31.1 to 45°C as the
content of maleic anhydride and molecular weight increased.34 Conversely, LCST of
Pluronics and poly(N-isopropylacrylamide) decreased when mixed with saccharides.35 One
may expect that NPs based on a polymer with a relatively high LCST will be more resistant
to thermal dissociation.

2.2.3. Monitoring NP size or turbidity of NP suspension—Changes in NP size can
be used to predict the stability of most NPs. Assuming that the assembled NPs form within a
constant size range, deviations from the average NP size range can be interpreted as an
indication of NP dissociation or instability in that particular environment or concentration.

Cho et al. Page 5

Mol Pharm. Author manuscript; available in PMC 2014 June 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In one study, the stability of different NPs in 10% bovine serum albumin (BSA) and 10%
human plasma solution was studied by monitoring their size change.36 Here, an increase in
NP size provides evidence of protein adsorption, and therefore, potential instability in vivo.
A similar study evaluated micellar NP stability by incubating the NPs with 5% BSA and
measuring the size using DLS.37 Changes in turbidity of NP suspension may also be used as
an indication of instability. For example, one study monitored the change in absorbance at
550 nm of NPs in a suspension and utilized the kinetics of absorbance decay (decomposition
of NPs) as an indicator of NP stability.38 In another example, turbidity of a sulfonamide-
containing hydrogel NP suspension was measured at different pHs to study the pH-sensitive
aggregation behavior of the NPs.39 The NPs showed constant particle size and turbidity at
pH 7 or higher but increased turbidity and size at pH below 7, indicative of NP aggregation
due to hydrophobic interactions of the deionized polymer.39 These methods may be used for
virtually any types of NP systems and performed with basic analytical equipment. However,
they take into account any materials present in the medium; thus, it is difficult to monitor the
stability of NPs in a complex fluid that contains additional components such as serum
proteins.

2.2.4. Gel permeation chromatography—Gel permeation chromatography (GPC) can
be used to determine the physical stability of self-assembled NPs. This technique separates
self-assembled NPs from degraded NPs or their components. NP stability can be estimated
based on the elution times, given that degrading NPs or their components are eluted later
than intact NPs. Yokoyama et al. used GPC to study the formation of different polymeric
micelles and their stability in aqueous media.40 In subsequent studies, GPC was used to
study the stability of drug-loaded micellar structures of different compositions in the
presence of serum41, 42 or purified serum albumins.42 This technique was also used to assess
the formation and dissociation of an insulin-hydrophobized pullulan NP assemblies.43 The
assemblies showed high colloidal stability in water and buffer, but insulin was released
rapidly from the assemblies upon the addition of bovine serum albumin.43 Many other
studies have also used GPC as a means to evaluate stability of self-assembled NPs in the
presence of serum proteins.44–48 While this technique is straightforward, interactions
between the column beads and NPs may affect the outcome of the analysis.

2.2.5. Forster Resonance Energy Transfer technique—Recently, Forster
Resonance Energy Transfer (FRET) has been employed to study the stability of NPs at the
molecular level. Cheng and colleagues encapsulated a FRET pair, consisting of hydrophobic
fluorescent probes DiO (donor) and DiI (acceptor), in a polymeric micelle to study the
stability of micelles.49 The FRET pair retained in the hydrophobic core of the micelles
shows a FRET signal due to their proximity to each other, whereas the FRET signal
disappears as the micelles dissociate and release the dyes. Using this phenomenon, micelle
stability during cellular uptake has been studied.49 When FRET dye-loaded micelles were
incubated with KB cells for 2 hours, a strong DiO signal was observed on the plasma
membrane, indicating that the dyes were already released from the micelle core while
passing the cell membrane.49 Following internalization, a FRET signal was partially
restored, suggesting the two dyes were trafficked to and concentrated in the same endosomal
vesicles.49 The FRET technique was used to study the stability of NPs in vivo as combined
with intravital microscopy.50 Many other studies have utilized FRET in evaluating the
stability of the NP systems in vitro or in vivo.25, 48, 50, 51 One challenge in FRET analysis is
the need for technical adjustment to avoid optical artifacts that may interfere with FRET
detection. For example, an acceptor dye can be excited directly with light that is supposed to
excite the donor.52 Alternatively, fluorescence from the donor can leak into the detection
channel of the acceptor fluorescence (bleed-through).52 For accurate assessment of FRET
signals, several optical corrections need to be made to account for these issues. Furthermore,
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for NP systems that require covalent labeling of NP-dye, this conjugation may affect the
formation or chemical conformation of the NPs, thus potentially changing its properties.

2.3. In vitro prediction of in vivo fates of NPs
Once NPs are introduced into the circulation, plasma proteins almost instantaneously adsorb
to the surface. The protein corona changes the nature of the NPs and induces sequential
immune responses, leading to uptake by phagocytes of the reticuloendothelial system (RES)
and rapid clearance from the circulation.53, 54 Therefore, it is important that NPs resist the
adsorption of plasma proteins and premature clearance by the immune system.55 Protein
adsorption to the NP surface is mainly influenced by the hydrophobicity and surface among
others.56 Typically, hydrophilic and electrically neutral NPs are less likely to engage with
serum proteins; therefore, polyethylene glycol (PEG) is widely used to decorate the NP
surface (‘PEGylate’) and prevent binding of plasma proteins to the NPs. The PEGylated
stealth NPs thus acquire a longer half-life in circulation,55, 57, 58 which translates to greater
accumulation in solid tumors via the enhanced permeability and retention (EPR) effect.59, 60

On the other hand, an accelerated blood clearance of PEGylated liposomes has been
reported following the injection of the first dose in animals,61 mediated by the production of
anti-PEG IgM.62 Clinical studies shows an occurrence of anti-PEG antibodies in human
subjects following the treatment with PEGylated agents.63 Therefore, alternative stealth
coatings are investigated to circumvent the immunogenicity of PEG, such as
polysaccharides including dextran, heparin, and low molecular weight chitosan, or synthetic
polymers.55, 64–66

2.3.1. Protein adsorption—Given the immunogenicity of an NP has only been detected
in costly in vivo studies, there has been increasing interest in predicting the immunological
responses to NPs in earlier phases of NP development, preferably in vitro. One of the basic
techniques to study the stealth properties of NPs is to examine the extent of protein
adsorption on NP surface, the first step of phagocytic removal of NPs.67–69 To assess the
extent of protein adsorption, NPs with constant surface area are incubated in serum for a
period of time and washed with water to remove proteins loosely adsorbed to the surface.
The proteins bound onto NPs are desorbed with a surfactant like sodium dodecyl sulfate and
subject to gel electrophoresis and/or quantitative protein assay. Attempts have been made to
correlate protein adsorption to NP surface and in vivo fate of the NP.55 For example,
polystyrene NPs coated with a series of amphiphilic polyethylene oxide-polypropylene
oxide block copolymers showed much reduced protein adsorption in vitro and a prolonged
circulation in rats.55 However, protein adsorption alone provides only a rough prediction of
the potential immunogenicity, as it does not reflect the complex nature of subsequent
immune reactions leading to elimination of NPs.

2.3.2. Phagocytic uptake—Another technique to predict the fate of NPs in blood is to
measure the degree of phagocytic uptake of NPs by incubating fluorescently-labeled NPs
with macrophages for a certain period of time and quantifying the amount of NPs taken up
by the phagocytes.70–72 The size and surface properties are important determinants of
phagocytosis.73 According to a study with microparticles, their shape at the initial contact
with a phagocyte is shown to be critical in the phagocytosis process.74 The shape has similar
importance in NPs.75, 76 For example, linear polymer micelles (filomicelles) had a longer
circulation time than their spherical counterparts with similar chemistry due to their
resistance to phagocytic uptake in flow.77 Similarly, PEGylated gold nanorods, as compared
to spherical NPs, were taken up by macrophages to a lesser extent and showed a longer
circulation time upon injection in mice.75 One limitation of the phagocytosis assay is that it
is carried out in cell culture medium, which does not completely resemble the concentration
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and composition of proteins in blood; thus, the extent of protein adsorption and phagocytosis
can be underestimated.

2.3.3. Complement activation—Adsorption of a group of soluble plasma proteins, also
called as the complement system, on NP surface initiates a biochemical cascade leading to
NP clearance from the circulation via complement receptor-mediated phagocytosis.54 The
degree of complement system activation can be measured to predict the ability of NPs to
evade or elicit the phagocytic clearance. As foreign particles trigger the system activation,
one of the soluble protein components, C3, is cleaved into C3b and C3a. Therefore, the ratio
of C3b to C3 is determined as a measure of the extent of complement activation by NPs, via
crossed immunoelectrophoresis of serum solution incubated with NPs.78–81 The
complement system activation assay has been used to analyze the effect of chain length,
conformation, charge, and composition of a surface-decorating polymer on its stealth
functions.73, 82–84 When chitosans with different chain lengths (8.8 to 80 kDa) were
compared, complement activation increased with chain length and number of NH2 groups.85

Difference in the conformation of polymer chains on the NP surface can dramatically
influence the ability to bind to plasma proteins and activate the complement system. For
example, polyalkylcyanoacrylate (PACA) NPs with dextran coating prepared in two
different methods had two types of dextran conformation and density, which had opposite
complement activation effects.82 Dextran chains bound forming flexible “loops” on the NP
surface had a strong complement activation effect, but dense “brush” like conformation
showed resistance to protein adsorption.82 Similar observations were reported with
poly(isobutylcyanoacrylate) (PIBCA) NPs coated with dextran or chitosan.78 Vauthier et al.
reported that the complement activation effects of PIBCA NPs with different dextran
coatings did not necessarily correlate with their albumin binding, indicating that each protein
interacts with surface coatings uniquely according to its size, conformation, and flexibility.83

2.3.4. NCL protocols—The Nanotechnology Characterization Laboratory (NCL) has
published a series of in vitro protocols specifically designed for the evaluation of
nanomaterials compatibility with various biological environments and the immune system,
which include tests of blood coagulation, complement activation, protein binding, platelets
aggregation, and phagocytosis due to nanomaterials.86 Although no in vitro test may exactly
mimic real physiological conditions in vivo, combinations of these approaches can help
predict in vivo behaviors of NPs.

3. Cell-based evaluation of NPs
Once NPs are characterized with respect to their physical and chemical properties, their
biological effects are tested in cell culture models prior to in vivo applications. This section
describes widely-used cell models, their advantages and weaknesses.

3.1. Two-dimensional (2D) monolayer cell culture
In frequently used 2D cell culture, cells are grown as a monolayer on a plate or flask surface,
which is treated via physical methods or adhesive biological materials to encourage cell
attachment. The cells are bathed in culture medium supplemented with nutrients and grown
at 37°C in a humidified environment that provides uniform exposure to oxygen (and carbon
dioxide). These conditions provide minimum requirements for maintaining cell viability. As
a consequence of convenience, the monolayer cell culture model is extremely beneficial for
quick determination of cellular uptake and intracellular trafficking of NPs, bioactivity of
drugs delivered as NPs, and toxicity of the vehicles. These studies are usually done with
multiple established cell lines.
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3.1.1. Cellular uptake—Confocal microscopy and flow cytometry are widely used to
study the cellular uptake of NPs. These methods require that NPs be labeled with a
fluorescent marker, which is done by physical entrapment or covalent conjugation. While
the former has the advantage of simplicity, one should be aware that a lipophilic dye may
leach out of NPs upon contact with amphiphilic or lipophilic components and misrepresent
NPs.87 When the intention is to track a vehicle, it is desirable to label the component by
covalent conjugation of a dye and confirm the stability of the conjugation in a solution
similar to physiological fluid. Ideally, a drug and a vehicle should be separately labeled so
that drug delivery attributable to the vehicle may be accurately evaluated.

Ekkapongpisit et al. studied the potential of silica (10 nm, no surface modification) and
polystyrene NPs (30 nm, carboxyl surface modification) as theranostic agents in the
treatment of ovarian cancer.88 Cellular uptake of the fluorescently labeled NPs were studied
with OVCAR-3 and SKOV-3 ovarian cancer cell lines using fluorescence microscopy.88

Initially mesoporous silica NPs were associated along nuclei, with subsequent diffusion into
the cytoplasm.88 Polystyrene NPs were observed as punctate signals restricted to cell
peripheries, which disappeared in 120 min.88 At subtoxic levels of the NPs, mesoporous
silica NPs showed faster cellular uptake and longer intracellular retention than polystyrene
NPs.88

While confocal microscopy helps localize NPs within cells, quantitative analysis of NP
uptake relies on flow cytometry. In flow cytometry, cells in suspension are passed through
an interrogation point, where the cells are individually examined by a laser with respect to
their optical or fluorescent properties.89 Quantitative information is acquired based on the
number of fluorescent cells or an average fluorescence intensity of the cell population and
used to determine the fraction of cells killed by therapeutic treatments or the amount of a
fluorescent drug internalized by the cells. In one example, magnetic NPs (MNPs) were used
as a drug carrier to tumor cells.90 Iron oxide (Fe3O4) was covered with carboxymethyl
chitosan (CMCS),90 in which montmorillonite (MMT) was intercalated to enhance cellular
uptake of the NPs.90, 91 A lipophilic fluorescent dye, coumarin-6, was covalently
intercalated to MMT to label the CMCS/MMT-covered MNPs for a cellular uptake
study.90, 92 Flow cytometry was used in quantifying the uptake of the coumarin-6 labeled
CMCS/MMT-MNPs by HeLa cells.90 The researchers observed that cellular uptake of their
delivery system increased with increasing MMT content.90 On the other hand, the amount of
NPs associated with the cells did not increase in proportion to the NP concentration,
indicating that the cellular uptake was a saturable process.90 Gratton et al. used flow
cytometry to evaluate cellular uptake kinetics of PEG hydrogel particles with different sizes
and shapes in HeLa cells, prepared with a lithographic fabrication (Particle Replication In
Non-wetting Templates, PRINT) technique.93 This study found that submicron particles
were taken up by HeLa cells to a greater extent than microparticles and the high aspect ratio
(height: diameter = 3:1) particles showed a greater rate and extent of cellular uptake than the
low aspect ratio (1:1) particles with a comparable volume.93

Alternatively, cellular uptake can be quantified by direct measurement of intracellular drug
or dye contents. Here, cells are destroyed at the end of a treatment to release the internalized
drug. For example, in the evaluation of doxorubicin (DOX)-loaded polymeric micelles, SiHa
human cervical tumor cells were incubated with the micelles or a free drug for various time
periods, washed, and extracted with dimethyl sulfoxide (DMSO).94 DOX content in the cell
extract was determined according to the fluorescence intensity.94 This study found no
difference between free DOX and DOX-loaded micelles in cellular uptake at each time point
but significant difference in cytotoxicity (concentration for 50% cell death (IC50): DOX <
micellar DOX), which was interpreted as delay in DOX release from the micelles.94
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3.1.2. Mechanisms of cellular uptake—The mechanism by which NPs enter cells is as
much important as the quantity of the internalized NPs because the subsequent intracellular
events are dependent on the uptake pathway. Depending on their physicochemical
properties, NPs can enter cells via various pathways.95–98 For example, particles with a size
ranging from a fraction of a micron to ~10 μm depend on phagocytosis, performed by
specialized phagocytic cells.96, 99 Smaller NPs may be taken up by
macropinocytosis,96, 99, 100 clathrin- or caveolae-mediated endocytosis.95, 96, 101–103 Cells
can internalize NPs up to 300 nm in diameter by macropinocytosis, where the cell
membrane protrudes and fuses back with another part of the membrane to produce large
vesicles around the NPs.5,9 Clathrin-mediated endocytosis occurs as clathrin proteins in the
cell membrane polymerize and form a vesicle (~100 nm) around a NP, which is then
transported to an early endosome.96 Some NPs may utilize a caveolar route,103 where the
cell membrane is coated with caveolin along with cholesterol and lipids and forms a flask-
shaped invagination called caveolae.96 In particular, clathrin- or caveolae-mediated
endocytosis involves cellular receptors for specific ligands,100 such as folic acid,104

transferrin,105 or albumin,106 which facilitate endo- or transcytosis of these molecules. For
this reason, NPs incorporating these ligands have been widely explored as a way of
achieving cell-specific NP delivery.

For studying the NP uptake pathway, cells are treated with specific inhibitors of specific
internalization pathways107–109 prior to incubation with fluorescently labeled NPs.
Chlorpromazine is an inhibitor of clathrin-mediated endocytosis, and filipin and methyl-β-
cylcodextrin (MbCD) are inhibitors of caveloae-mediated endocytosis.107 Macropinocytosis
and phagocytosis can be inhibited by pre- treatment with amiloride (inhibitor of Na-K
exchange) or cytochalasin D (F-actin-depolymerizing drug).107 Following the pre-treatment,
cells are cultured with NPs and analyzed with flow cytometry or confocal microscopy
combined with quantitative imaging analysis software to determine the sensitivity of the NP
uptake to each inhibitor. For instance, the uptake pathways of mesoporous silica and
carboxyl-terminated polystyrene NPs were compared by investigating their responses to pre-
treatment of MbCD.88 MbCD has high affinity for cholesterol and forms inclusion
complexes with cholesterol when added to cells at 5–10 mM.107 This way, MbCD removes
cholesterol from the plasma membrane, interfering with cholesterol-dependent uptake
pathways such as carveolae-mediated endocytosis.107 The two NPs showed opposite
responses to the MbCD treatment. The uptake of mesoporous silica NPs was hindered by the
MbCD treatment, whereas that of polystyrene NPs did not change, indicating that
mesoporous silica NPs, but not polystyrene NPs, were taken up via caveolae-mediated
endocytosis.88

The cellular entry of NPs incorporating specific ligands, the so-called targeted NPs, mirrors
the interaction between the ligands and corresponding receptors.110 Moreover, NPs act as a
scaffold on which multiple ligands are concentrated, thus enabling simultaneous interactions
with multiple receptors on the cells (i.e., multivalent effect).110 As a result, the binding
strength of ligand-modified NPs to cell receptors is often orders of magnitude higher than
that of free ligands.111, 112 Several studies demonstrate that the NPs modified with receptor-
specific ligands achieve a greater cytotoxicity than non-modified ones due to the
enhancement of cellular binding and uptake. For example, Liu et al. produced folate-
receptor targeted polymeric micelles, where folic acid was conjugated to the hydrophilic
block.113 Cellular uptake of the targeted micelles by mouse breast cancer (4T1) and human
epidermal carcinoma (KB) cells was significantly enhanced by the presence of folic acid on
the micelles compared to the untargeted micelles.113 Consequently, the folate- targeted
micelles carrying DOX were more cytotoxic than untargeted NPs due to folate-receptor
mediated endocytosis.113 A similar result was reported with another folate-receptor targeted
micelle based on a different polymer.114 In addition to naturally overexpressed targets, cells

Cho et al. Page 10

Mol Pharm. Author manuscript; available in PMC 2014 June 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may be pre-treated to induce overexpression of specific receptors, such as p32 receptors that
are upregulated by thermal treatment. Park et al. reported that magnetic nanoworms and
DOX-loaded liposomes, decorated with a peptide ligand targeted to p32 receptors, showed
increased binding and internalization by MDA-MB-435 human carcinoma cells, which were
pre-heated with gold nanorods to induce expression of p32 receptors.115

Once NPs targeted to specific cellular receptors are developed, it is important to confirm
whether the cellular uptake is indeed mediated by the intended receptor-ligand interactions.
One common way is to compare cellular uptake of the targeted NPs in cells that express the
specific receptors to different degrees. For example, Kim et al. produced PLGA NPs
targeted to folate receptors and compared their uptake in KB cells (folate receptor
overexpressing cell line) and A549 lung cancer cells (folate receptor-deficient cell line) to
find that the NP uptake was much higher for KB cells than for A549 cells.116 Additionally,
cells are pre-treated or co-incubated with free ligands in addition to the targeted NPs to
investigate whether the NP uptake is competitively inhibited. If the NP uptake is receptor-
mediated, cellular uptake and/or bioactivity of a drug delivered by the NPs is diminished by
the presence of excess free ligands in a concentration-dependent manner.113, 117, 118

In addition to the presence of ligands, several other factors affect the endocytic pathway that
NPs take to enter a cell.95, 119, 120 Particle size has a direct influence on NP uptake pathway.
It is assumed that NPs carried via the receptor-mediated endocytic pathways have average
hydrodynamic diameters close to the sizes of vesicles formed during clathrin- or caveolae-
mediated endocytosis, which are 100 nm or 60 nm, respectively. 96, 101 Macropinocytosis
has a greater flexibility in the upper limit of particle size.96 Particle size has an additional
role in targeted NPs as a main determinant of ligand density on the NP surface.110, 112, 119 A
small particle has a high surface curvature that limits relative orientation between ligands,
leaving large background area without ligand coverage.112 Relatively large NPs can have a
higher ligand density on the surface, but if the membrane cannot catch up with the high
demand for receptors within the area of binding, NP uptake is also limited.112 Therefore,
Jiang et al. concludes that 40 – 50 nm is an optimal size for receptor-mediated
endocytosis.112 According to Gratton et al., the cellular uptake pathway is also influenced by
the particle shape.93 They used the PRINT technique to produce particles with different
aspect ratios and observed that the particles had different sensitivity to inhibitors of various
endocytosis pathways.93 Another factor to influence endocytic pathway is the surface charge
of NPs. Typically cationic NPs are internalized more readily than anionic ones, due to the
ability to interact with negatively-charged cell membrane and clathrin-coated pits in the
membrane.95, 96, 110, 119, 121

3.1.3. Intracellular trafficking—Once a NP is internalized by cells, its intracellular fate
critically influences its therapeutic effect, especially when the drug target is localized in a
particular organelle and/or the drug is unstable in a specific intracellular environment (e.g.,
acidic pH or lysozyme in late endo/lysosomes). To track the intracellular trafficking of the
NPs, markers of intracellular organelles are co-localized with NPs and observed over a
period of time. Alternatively, the organelles are located using fluorescently labeled
antibodies after fixation and permeabilization of cells. One pitfall of the latter technique is
potential artifacts resulting from the fixation/permeabilization process, such as protein
extraction or relocalization.122, 123

In the study of mesoporous silica and polystyrene NPs discussed earlier, the NPs were
incubated with cells which were pre-labeled with LysoTracker, a fluorescent probe that
accumulates in acidic organelles.88 The mesoporous silica NPs and the LysoTracker signals
colocalized in 5 min, indicating the residence of silica NPs in lysosomal vesicles. With time
the fluorescence of the silica NPs and LysoTracker signals separated, which suggested the
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escape of NPs from the acidic vesicles.88 On the other hand, carboxyl-terminated
polystyrene NPs did not show colocalization with LysoTracker signals at any time,
indicating their residence in recycling vesicles.88 This result is consistent with the limited
intracellular accumulation of the polystyrene NPs.88

3.1.4. Bioactivity of NPs—When a NP is developed for drug delivery, it is of utmost
interest whether the potency and efficacy of a drug are changed and/or target specificity of
the drug is enhanced due to the delivery system. When an anti-cancer drug is delivered via
NPs, various methods measuring the metabolic activity or cell membrane integrity are used
to estimate the viability of the treated cells. For example, colorimetric assays such as MTT,
MTS, and XTT assays measure mitochondrial function of live cells, according to the ability
to reduce these tetrazolium salts to intensely colored formazan dyes.124 Bioluminescence
assays measure ATP produced by live cells using luciferase. Since luciferase metabolizes
luciferin in an energy-dependent manner, the luciferase activity (luminescence intensity) is
proportional to the amount of ATP, i.e., cell viability.124 Dye/stain exclusion assays utilize
chemicals such as trypan blue, propidium iodide, and calcein-AM, which are selectively
excluded from or trapped in live cells according to membrane integrity or esterase activity.
Lactate dehydrogenase (LDH) assays also reflect the integrity of the cell membrane. LDH is
a constitutive cytoplasmic enzyme, which is released when the cell membrane is
compromised. Therefore, the LDH activity in cell medium indicates the proportion of non-
viable cells.125

In the CMCS/MMT-covered MNPs introduced earlier, doxorubicin (DOX) was
electrostatically complexed to the NP at pH 6, forming DOX/CMCS/MMT-MNPs.90 DOX
release from the NP was faster at pH 5 versus pH 7.4 due to the protonation of CMCS at pH
5, where DOX was no longer retained via electrostatic interactions.90 The cytotoxic effect of
the NPs was observed in MCF-7 cells via MTT assay in comparison with free DOX and the
vehicle.90 Cytotoxicity in MCF-7 cells increased in the order of CMCS-MNPs (vehicle),
CMCS/MMT-MNPs (vehicle), free DOX, and DOX/CMCS/MMT-MNPs.90 Interestingly,
the toxicity of DOX/CMCS/MMT-MNPs in H9c2 cardiomyocytes was less than that of free
DOX, due to the antioxidant effects of CMCS.90

Lei et al. studied the cytotoxicity and cellular uptake of DOX-loaded poly(lactic-co-glycolic
acid) (PLGA) NPs in drug-sensitive and resistant cell lines: SKOV-3 ovarian carcinoma
cells (drug resistant, p53 mutation, HER2+), MES-SA uterine sarcoma cells (drug sensitive),
and its drug resistant variant MES-SA/Dx5 cells (P-glycoprotein (P-gp)-overexpressing).126

DOX-PLGA NPs (DNPs) and antibody-conjugated DOX-PLGA NPs (ADNPs) were
comparable in particle size (163 nm and 213 nm) and drug loading (2.7% and 2.3%), except
that ADNPs had 9.3 μg anti-HER2 antibody per mg NPs.126 Due to the HER2-mediated
endocytosis, ADNPs were taken up better than DNPs by SKOV-3 cells. In contrast, no
difference in cellular uptake was observed between the two NPs in MES-SA and MES-SA/
Dx5 cells, which did not express HER-2. Notably, both NPs showed higher uptake than free
DOX in MES-SA/Dx5 cells, indicating that the NPs were not subject to P-gp efflux. In this
study, cytotoxicity of the NPs reflected the cellular uptake profile: ADNPs were more
cytotoxic than DNPs or free DOX in SKOV-3 cells, although the difference did not reach
statistical significance. Both ADNPs and DNPs showed higher toxicity than free DOX in
MES-SA/Dx5 cells.126

On the other hand, there are examples where bioactivity of NPs does not necessarily match
their cellular uptake.127 In our recent study, PLGA NPs conjugated to a cell-penetrating
peptide, TAT, were used to increase intracellular delivery of paclitaxel (PTX) to multidrug
resistant (MDR) cells. As expected, the PLGA-TAT NPs were more efficiently taken up by
MDR cells than PLGA NPs, but they did not increase PTX delivery to the MDR cells (hence
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their killing). This discrepancy can be interpreted as indirect evidence of extracellular drug
release from the NPs, which may not be observed in typical in vitro release kinetics studies
using a buffered saline.127

3.2. Three-dimensional (3D) approaches
In in vitro 2D cell culture, target cells are directly and uniformly exposed to NPs for a
desired period of time with no limitation in the higher end of a concentration range.
However, this condition may not be an accurate reflection of in vivo events occurring at 3-
dimensional (3D) masses such as solid tumors, where NPs face various access barriers to
target cells.128 Moreover, due to the highly unnatural geometric and mechanical properties,
there is a good possibility that the 2D-cultured cells have limited potential to represent the
phenotype and genetic functions of living tissues, which can drastically affect their
responses to chemical stimuli.129–131 The fact that in vivo efficacy often betray the drug
screening results obtained in 2D cell culture is not irrelevant to the artificial nature of 2D
culture models.132 Therefore, several efforts have been made to develop 3D cell models,
which can better mimic cell-cell and cell-extracellular matrix (ECM) interactions seen in a
living organism, as a test bed of NP systems. This section introduces various 3D models and
examples in which 3D models were used for evaluation of the efficacy of a drug or drug-
loaded NPs.

Commonly used models include (i) cells encapsulated in scaffolds, (ii) multicellular
spheroids,133 (iii) a combination of spheroids and scaffolds,134 and (iv) multilayer cell
models132 (Fig. 2). Other 3D models include excised tissues or tissue components135 and a
microfluidic device based on polydimethylsiloxane template.136–138

In the cells-in scaffold model, which has been widely studied in the context of tissue
engineering, cancer cells are grown in either synthetic or natural scaffolds such as hydrogels
of ECM components,139–141 PEG hydrogels,142 peptide nanofiber scaffolds,143 multilayered
paper scaffolds,144 or polymers.130 An advantage of this model is that cells are exposed to a
microenvironment similar to their native ECM and reflect its influence on the cell growth. In
one example, 3D tumor models were created by seeding MDA-MB-231 human breast
cancer cells in collagen I hydrogels.140 The 3D tumor models expressed a phenotype
reflecting in vivo tumor progression, such as hypoxia, necrosis, and angiogenic gene
upregulation, in a manner dependent on the thickness of the collagen gels.140 In another
study, C4-2B bone metastatic prostate cancer cells were cultured in in-situ crosslinkable
hyaluronic acid (HA) hydrogels, where cancer cells grew forming clustered structures
similar to real tumors.141 This model was used in testing the efficacy of anti-cancer drugs to
show that cells in the HA gels were more sensitive to camptothecin than those in 2D
culture.141 The increased drug sensitivity of cells in the HA hydrogel is attributed to the
biological activities of HA on cancer cells, which may be reflective of the ECM-cell
interactions in vivo.141 Conversely, epithelial ovarian cancer cells grown in PEG hydrogels
showed a reduced sensitivity to PTX treatment than those in 2D culture.142 These results
suggest that a scaffold is not simply a space-filler but plays an active role in expression of
phenotypes relevant to drug sensitivity.

Mitra et al. developed a cells-in scaffold model of Y79 retinoblastoma for the study of NP
efficacy. Here, large and porous PLGA microparticles (~150 μm) were produced as a
scaffold, in which dispersed cells were seeded and allowed to grow.130 The porous
microparticles were produced by the double emulsion method using sucrose as a porogen.
Gelatin, polyvinyl alcohol, and chitosan were incorporated to promote cell attachment to the
microparticle scaffold.130 Cells in the 3D model not only attached to the microparticle
surface, but infiltrated the particles over time.130 Compared to the cells grown in 2D, those
grown in the 3D model exhibited higher ECM production and altered gene regulation.130
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When dosed with carboplatin-, etoposide-, or DOX-loaded NPs or their free drug
counterparts, 4.5–21.8 fold higher IC50 values were observed in the 3D model as compared
with 2D.130 These results indicate that 3D culture condition can greatly change the chemical
and biological environment of the cells, thereby therapeutic outcomes of the tested drug.130

Multicellular spheroids refer to spherical aggregates of cancer cells that can reflect tight
junctions between cells and ECM synthesis.145 A multicellular spheroid model was used in
the evaluation of DOX-loaded micelles based on a poly(ethylene oxide)-poly[(R)-3-
hydroxybutyrate]-poly-(ethylene oxide) (PEO-PHB-PEO/DOX) with respect to their ability
to penetrate the spheroids.94 Here, the 37 nm micelles or free DOX were incubated with
SiHa cell spheroids with a diameter of 400 μm.94 In 30 minutes, DOX-loaded micelles
penetrated spheroid cores to a greater extent than free DOX, although this difference
disappeared in 2 hours.94 This difference was explained by the ability of the PEGylated
micelles to avoid non-specific binding to ECM and immediate cellular uptake. 94 In another
example, Kim et al. used a multicellular cylindroid model to investigate how surface charges
control the penetration and cellular uptake of gold NPs in tumor matrix.146 Gold NPs (6 nm)
were modified with trimethyl ammonium- or carboxylate-terminated tetra(ethylene glycol)
to produce cationic or anionic surfaces, respectively. The NPs were additionally conjugated
with fluorescein and incubated with a cylindroid, and the fluorescence in the cylindroid was
quantified according to time and radial position. The results showed that gold NPs with a
cationic surface were readily consumed by actively proliferating cells at the periphery,
whereas negative NPs penetrated into the apoptoic/necrotic interior of the cylindroid at a
higher rate than cationic ones.146

Ho et al. used a spheroid/scaffold combination model of U251 human glioma cells to study
the effect of the geometry of a cell model on DOX and irinotecan drug resistance.134

Spheroids were first formed by growing cells in a plate coated with poly(2-hydroxylethyl
methacrylate), which prevented cell attachment to the well bottom. Subsequently, the
spheroids were seeded into a porous PLGA scaffold coated with collagen.134 The spheroids
maintained their structure for 2 days, allowing for a time window in which the drug effect
could be tested. Drug resistance was highest for the spheroids seeded in the scaffold,
followed by those seeded as dispersed cells in a comparable scaffold, with cells grown in 2D
having the least drug resistance.134 Lactate production was highest in the spheroid-seeded
scaffold model, while the 2D cell culture model produced the lowest lactate per cell.134 The
authors attributed the increased drug resistance in the 3D model to the tendency to form
hypoxic regions, supported by the high lactate production, rather than the limitation in drug
transport.

In the multilayer cell models, cancer cells are grown on a permeable membrane support to
reach 200 – 250 μm thick cell layers.145 Hosoya et al. created multilayer cell models
simulating pancreatic cancer with fibrotic tissue to study intratumoral transport of different
macromolecules.132 These models consisted of alternating layers of fibroblasts and
fibronectin-gelatin films on transwell inserts.132 The thickness of the models with 5 layers of
cultured cells was 30 – 50 μm. Transport of FITC-dextrans across the cell model was
quantified by measuring the fluorescence of the medium below the transwell.132 As readily
expected, the dextran transport decreased as the number of cell layers increased or the
molecular size of dextran increased. Approximately 29% of the 250 kDa FITC-dextran
conjugate (12 nm) permeated the K643f monolayer over 24 hours.132 During the same time,
the 12 nm dextran had approximately 21% and 19% permeability through 2 and 5 layer
models, respectively.132
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4. In vivo studies
Once NPs demonstrate a proof of concept in vitro, their safety and therapeutic effectiveness
are tested in animal models. The results of animal studies play a pivotal role in decision
making toward clinical trials. An animal model that can reflect pathophysiology of a human
disease is an invaluable tool for predicting therapeutic outcomes in human. This section
discusses the currently available experimental animal models, their strengths and weakness,
and emerging trends in the animal model development. Given that the majority of in vivo
NP studies have been performed in the context of cancer therapy, the discussion focuses on
animal models of tumor unless specified otherwise.

4.1. Evaluation of NPs in animal models of tumor: state of the art
Mouse models with allograft or human xenograft tumors are widely used in in vivo
evaluation of NPs due to the relatively low cost and well-established protocols. In these
models, cancer cells are inoculated or tumor tissues are implanted (typically subcutaneously)
in immunodeficient mice (athymic nude or severe combined immunodeficient mice),
allowed to grow to visible tumors (Fig. 3), and treated with experimental therapeutics to
examine the pharmacokinetics, biodistribution, and the pharmacological effects.

For example, therapeutic efficacy of PEGylated liposomal DOX (PLD) was tested in a
mouse model of cancer.147 C-26 mouse colon carcinoma cells were inoculated
subcutaneously in the left flank of a BALB/c mouse, and the response to a treatment was
monitored by measuring the size of tumors.147 Here, free DOX at a dose of 6 mg/kg only
slightly delayed tumor growth compared with the saline control, whereas with PLD at doses
at 6 or 9 mg/kg tumors regressed to non-measurable sizes.147 Consequently, all animals
receiving PLD groups survived 120 days (duration of the experiment), whereas those
receiving saline and free DOX groups survived a mean of 50 and 49 days, respectively.147

The therapeutic benefit of PLD is attributable to its high bioavailability and preferential
accumulation in tumors.147 Similarly, Vaage et al. used human prostate carcinoma PC-3
implanted subcutaneously into mice and reported that the therapeutic efficacy of DOX was
increased and its toxic side effects reduced when delivered as PEGylated liposomes.148 The
superior efficacy of PLD over free DOX was further demonstrated in mouse models of
murine mammary carcinomas,149 xenografted human ovarian,150 and pancreatic
carcinomas.151

However, the performance of NPs in these animal models is not always predictive of clinical
outcomes. The PLD that demonstrated 100% survival of tumor-bearing mice147 was at best
equivalent to free DOX in clinical efficacy (progression-free survival (PFS) and overall
survival) in a randomized Phase III trial with metastatic breast cancer patients.152 Here,
women with metastatic breast cancer (n = 509) were randomly assigned to either PLD 50
mg/m2 (every 4 weeks) or DOX 60 mg/m2 (every 3 weeks). PLD and DOX were
comparable with respect to PFS (6.9 versus 7.8 months) and overall survival (21 versus 22
months).152 In a Phase II study with metastatic breast cancer patients, the overall response
rate of the PLD-treated group (45 to 60 mg/m2 every 3 to 4 weeks for a maximum of six
cycles) was 31% (95% confidence interval, 20% to 43%),153 comparable to the response
rates (25 to 40%) for free DOX at conventional doses (50 to 75 mg/m2 every 3 weeks) in
advanced breast cancer patients with similar characteristics.154–157

The discrepancy between preclinical in vivo results and clinical outcomes is found in
another example. PK1, a covalent conjugate of DOX and N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer via biodegradable (Gly-Phe-Leu-Gly) oligopeptide,
was evaluated in various animal models.158, 159 The models were created by intraperitoneal
(i.p.) injection of L1210 leukemia cells, subcutaneous (s.c.) injections of B16F10 melanoma
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cells, Walker sarcoma cells, P388 leukemia cells, and M5076 cells, or subcutaneous
implantation of LS174T human colon xenograft.158 When administered i.p. to mice bearing
L1210 ascitic tumor, PK1 showed relatively good antitumor activity as compared to free
DOX.158 The highest T/C, a ratio of median survival of the test group (T) to that of
untreated control (C), seen in the PK1-treated group was >762%, as opposed to 214%, that
of free DOX-treated group.158 In the case of solid tumor models (B16F10, Walker, P388,
M5076; and LS174T xenograft), i.p. administration of PK1 resulted in an increase in
survival rate as compared to free DOX. In particular, P388 and Walker sarcoma showed
remarkable regression after the treatment.158 On the other hand, the phase II studies of PK1
in patients with non-small cell lung (NSCLC, n=29), colorectal (n=16) and breast (n=17)
cancer showed less exciting outcomes.160 Of 26 evaluable patients with NSCLC, 3
chemotherapy-naïve patients had partial responses, and none of the 16 evaluable patients
with colorectal cancer showed responses.160 Of 14 evaluable patients with breast cancer,
only 3 anthracycline-naïve patients had partial responses.160

Another example is a macromolecular conjugate of PTX and poly(L-glutamic acid) (PTX
poliglumex). PTX poliglumex demonstrated a prolonged circulation half-life and greater
tumor uptake as compared to Taxol (PTX solubilized with Cremophor EL) in a mouse
model.161 Consequently, PTX poliglumex exhibited significant tumor growth delay after a
single intravenous (i.v.) injection at 80 mg/kg (as PTX equivalent) compared with Taxol at
the same dose in mice bearing syngeneic ovarian OCA-1 carcinoma.161 A similar antitumor
effect was shown in a rat model with 13762F rat mammary adenocarcinoma.161 Clinical
outcomes in Phase II trials were modest. In women with recurrent epithelial ovarian,
primary peritoneal, or fallopian tube carcinoma, the response rate and median time to
disease progression of PTX poliglumex (175 mg/m2, every 21 days) were 10% and 2.1
months, respectively,162 and the median PFS was 2.8 months.163 Even considering
variability due to prior treatment history, these responses were not favorable as compared
with those of the standard regimen based on PTX (135 mg/m2) and platinum (75 mg/m2)
based chemotherapy,164 which showed >70% of response rate and 18 months of median
PFS.165 The lack of advantages over existing regimens, combined with unexplained toxicity,
led the developer to officially withdraw the application for a marketing authorization of PTX
poliglumex in 2009.166

4.2. Limitations of current tumor models in predicting clinical efficacy
In explaining the gap between the results of rodent models and clinical outcomes, several
limitations of current animal models may be considered. First, the frequently used s.c. tumor
implants do not represent the primary human cancers (e.g., lung, colon, breast) nor the
preferred sites of metastasis (e.g., liver for colon cancer metastasis).167 Instead, allograft or
xenograft tumors are artificially implanted s.c. (mostly for the sake of convenience), where
the tumors grow in an environment different from the primary organs, with much reduced
potential for metastasis.168, 169 Second, immortalized cancer cell lines used in many models
as the source of xenografts have been maintained over many passages in culture and may
have lost architectural and cellular properties unique to the original tumors.170, 171 Even
though grafted tumors can represent important attributes of the original tumors, it is
uncertain whether it captures the genetic and epigenetic variability of tumors in its
entirety.170 Third, when human xenografts are inoculated in mouse models, the tumors build
stroma and vasculature out of murine sources.168, 170, 171 The potential impact of this
artificial arrangement on the architecture of stroma, cell-stroma interactions, and tumor
propagation is barely considered in the establishment of models and interpretation of
preclinical studies. Fourth, due to the foreign origin of tumors, it is inevitable to use mice
with compromised immune systems, such as athymic or severe combined immunedeficient
(SCID) mice.172 Consequently, potential immune responses to NPs, which directly influence
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their bioavailability,61, 173–175 are not properly evaluated in these models. Fifth, the size and
growth rate of tumors in mice are not comparable to those of human patients. While human
tumors typically develop over a number of years, tumors in murine models are designed to
grow in days or weeks for high throughput evaluation.170 In addition, typical s.c. tumors can
be as large as ~1 cm3 for a 25 g mouse (4% of the body weight). Human patients with
tumors that can be visibly identified would be candidates for surgical debulking rather than
chemotherapy. One of the likely reasons to favor rapidly growing tumor models in the
evaluation of NPs is the positive correlation between tumor growth rate and the EPR
effect,176 the main driving force for tumor-selective NP accumulation.177, 178 Nonetheless,
one should be aware that the clinical significance of vascular permeability effect in drug
delivery is much debated 60, 179 and little is known about the effectiveness of the EPR effect
in metastatic or microscopic residual tumors, where targeted chemotherapy is most desired.

4.3. Alternative animal models of tumor
To make a reliable and clinically relevant evaluation tool, an animal model of tumor must
fulfill several requirements. It should faithfully recapitulate the pathophysiology of human
cancer, reproduce the problems associated with a specific type and location of primary and
metastatic cancer, and allow for evaluation of biological events associated with tumor
progression.180 In addition, the model should be reproducible and affordable and provide a
quantitative endpoint of therapeutic responses.180 It may not be possible to develop a single
model that meets all the requirements and works for all, but several efforts are currently
made to develop models that better addresses each requirement. Based on an understanding
of these models, one may choose an experimental model that is most appropriate for the
specific questions asked in each study.

4.3.1. Orthotopic tumor models—In an orthotopic model, a tumor allo- or xenograft is
grown in proximity to the tissues or organs that the tumor cells were derived from (Fig.
3).170 The orthotropic model is advantageous over ectopic s.c. models in that it provides a
host environment closer to a normal milieu of the tumor, where the cells can grow in the
same manner as in human cancer. The histological, biochemical, and immunological
properties of primary tumors determine their metastatic potential.180 In many cases,
orthotopically implanted tumor cells have a greater potential for metastasis compared to the
same cells implanted s.c.181; therefore, when the desired effect of a new drug product is
against metastasis, it is desirable to use an orthotopic model. The microenvironment also
influences responses of tumors to a therapeutic agent.181–183 Fidler et al. reported that a s.c.
human colon cancer xenograft was relatively non-invasive and sensitive to DOX, whereas
the same tumor implanted in the cecal wall was less responsive.182 The difference in
therapeutic responses was attributed to differential expression of Pgp in the tissues.182 In
another example, human small-cell lung cancer (SCLC) cells were grown orthotopically (in
the lung) or ectotopically (s.c.) in SCID mice and administered with cisplatin and mitomycin
C (MMC). The two models displayed opposite response profiles: while an orthotopic SCLC
model was responsive to cisplatin but not to MMC, similar to clinical situation, s.c. model
showed sensitivity to MMC but not to cisplatin.183 According to this model, an orthotopic
model better reflects the clinical effects of drugs on human SCLC than the tumors growing
s.c.183

On the other hand, one challenge of an orthotopic model is that tumor burden is not readily
detectable as in s.c. models.167, 181 Except for breast tumor models, which develop
superficial tumors, most orthotopic tumors are located in internal organs such as prostate,
kidney, brain, lungs, liver and are not conducive to caliper measurement.181 One way to
monitor therapeutic responses is to assess tumor burden terminally after serial sacrifice of
animals. In this case, group size needs to be determined considering potential “non-takers”
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(animals that have not developed tumors at the time of treatment).181 The main disadvantage
of this approach is that it is labor-intensive and necessitates a large number of animals.
Alternatively, non-invasive imaging techniques may be used together with cancer cells
producing fluorescent or luminescent signals.181, 184 Genes encoding fluorescent proteins
and/or luciferase are introduced to human or murine cell lines in vitro to stably express the
proteins in living animals.185–188 Optical imaging tools, such as fluorescence or
bioluminescence, are used to monitor the growth of orthotopic tumors and metastasis in host
organs externally in real time.188–191 The two techniques are often used in combination:
fluorescence imaging for high throughput in vitro tests or superficial tumor imaging and
bioluminescence imaging for detection of relatively deep tissues.188 Orthotopic models of
pancreatic cancer192 and bladder cancer193 expressing luciferase have been used for
evaluating therapeutic efficacy of the targeted gold NPs and hyperbranched polyglycerol
NPs, respectively.

4.3.2. Ectopic-orthotopic tumor models—The ectopic-orthotopic model is a hybrid of
s.c. and orthotopic model.194–196 In this system, an exogenous tissue sample is first
implanted ectopically (in the skin), and a tumor sample is then implanted within the tissue
graft (Fig. 3).195, 196 For example, mammary fat pad from a lactating female mouse, prostate
tissue from a male mouse, lung, or liver are prepared as minced tissue fragments and
implanted in the skin of a host animal. Tumor tissues grown as spheroids are then placed
upon the engrafted tissue stroma, which provides orthotopic environment essential for
tumor-mesenchymal interactions.195 To visualize the extent of vascularization and tumor
progression, the tissues may be grown in a window chamber implanted into a dorsal skinfold
in the host animal.

The presence of orthotopic tissue environment is shown to play a critical role in the growth
and vascularization of tumors. For example, Transgenic Adenocarcinoma Mouse Prostate-
C2 prostate tumors were poorly angiogenic and showed no significant growth in the absence
of prostate tissue, whereas tumors grown with prostate stroma were highly angiogenic and
proliferative.196 On the other hand, tumor spheroids implanted on the orthotopic tissue
stroma showed less vascular permeability than those directly implanted on the skinfold.195

Consequently, a single i.v. administration of DOX was much less effective on the ectotopic-
orthotopic tumors than the s.c. tumors, consistent with clinical outcomes.195 This result
suggests that many pre-clinical results obtained in the subcutaneous animal models may
have been exaggerated due to the pervasive vascular leakiness less natural to human
tumors.195

4.3.3. Humanized mice—When narrowly defined, the term humanized mice refers to
animal models in which human immune cells or hematopoietic stem cells are adoptively
transferred to mice so that human immune systems are established in the mice at least
partly.197–199 Zhou et al. used a BALB/c-Rag2−/−γc−/− humanized mouse (RAG-hu) model
in the evaluation of cationic PAMAM dendrimers carrying a small interfering RNA (siRNA)
for the therapy of HIV-1 infection.200 The RAG-hu model was prepared by injecting human
fetal liver-derived CD34+ hematopoietic progenitor cells into the liver of a neonatal mouse,
pre-conditioned by irradiation. When the animals no longer produce antibodies to a human
antigen, they were infected with HIV-1 and then treated with dendrimer-siRNA NPs. Upon
systemic application, the NPs decreased viral loads in animals by several orders of
magnitude and protected CD4+ T-cells from virus-induced depletion.200 In the context of
cancer research, the humanized mice are used in studying human immune responses to
tumors and their roles in tumor progression and metastasis.172 Although the human
histocompatibility alleles that can be expressed in a mouse are currently limited,199

humanized mice is a useful tool for evaluating drugs that provide protection against cancer
by controlling the immune system.
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4.3.4. Genetically engineered mouse models—In genetically engineered mouse
(GEM) models, tumor formation is driven by genetic manipulation of animals. GEMs are
created by activating clinically relevant oncogenes or inactivating tumor suppressor genes
(TSG) via germline or somatic mutations, which predispose animals to certain types of
tumors (Fig. 3).172, 201–203 The main advantage of GEM models is that they reflect genetic
changes responsible for specific tumors and syngeneic tumor-host interactions181; therefore,
they are very useful for studying the roles of oncogenes of interest and interactions between
tumor cells and microenvironment.172 GEMs have not been used as widely as other models
in routine evaluation of NPs due to the high cost, time, and intellectual property issues. The
challenges in tumor monitoring discussed in the orthotopic models also apply to the GEM
models.204

Recently, Sengupta et al. used a GEM with somatic PTEN and K-Ras mutations (K-
rasLSL/+/Ptenfl/fl), which predispose the animals to ovarian cancer,205 to demonstrate the
antitumor efficacy of cholesterol-tethered platinum II-based supramolecular NPs.206

Ovarian tumors were induced by intrabursal injection of adenovirus carrying Cre
recombinase (Adeno-Cre) and luciferase.206 Tumor growth in animals receiving treatments
was quantified by monitoring bioluminescence resulting from tumor luciferase
expression.206 In another example, Dibirdik et al. studied the anti-cancer activity of a
PEGylated liposomal NP carrying a multifunctional tyrosine kinase inhibitor in a MMTV/
Neu transgenic mouse model of metastatic ErbB2/HER-2+ chemotherapy-resistant breast
cancer.207 In MMTV/Neu transgenic mice, the wild-type neu gene is overexpressed in the
mammary gland under the control of the MMTV long terminal repeat,208 which induces
progressive and metastatic breast cancer.209 The PEGylated liposomal formulation of the
multifunctional tyrosine kinase inhibitor was more effective than standard chemotherapy
against the chemotherapy-resistant breast cancer in the MMTV/Neu transgenic mice.207

There is also an increasing appreciation of GEM as a valuable model for identifying
biomarkers related to human diseases and developing therapeutics targeted to the
biomarkers. For example, Kelly et al. used pancreatic ductal adenocarcinoma (PDAC) cell
lines isolated from GEM to screen peptides specifically binding to cell surface antigens on
the cells.210 A magnetofluorescent NP was modified with the identified peptide and used as
an imaging agent to locate incipient PDAC in GEM.210

5. Future Perspectives
The field of nanomedicine has grown enormously in the past few decades. Nanoparticulate
drug carriers are now created in various forms based on organic and inorganic material
platforms with an unprecedented control over the size, shape, surface properties, drug
loading and release. On the other hand, their clinical translation is relatively slow, with only
a handful of commercial products from the early time, such as liposomes or micelles. One of
the main reasons is that the knowledge obtained from in vitro and preclinical studies has
little value in predicting clinical outcomes of new NP products. It may not be an
exaggeration to say that it is not the talent to create NPs but the technology to evaluate them
that currently limits further advancement of nanomedicine. For example, new NPs are
routinely characterized with respect to surface charge and ligand density, which are then
correlated with their behaviors in cell models. On the other hand, in blood or other
physiological fluids, NPs are easily covered with protein corona, which ultimately dictates
in vivo fates and therapeutic outcomes of the NPs.110,119 In recognition of the disparity
between in vitro properties and in vivo outcomes, many groups now migrate to research
models that involve early in vivo proof of concept studies. However, the majority of
investigators in academia may not be able to afford this approach, nor is it necessarily
acceptable in an ethical perspective. Moreover, clinical predictive values of some animal
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models are recently revisited, with respect to their relevance to human diseases and the
ability to recapitulate disease progression. Therefore, it is important for the investigators to
initiate an open discussion of the limitations and challenges of current methodologies and
explore a new avenue of nanomedicine characterization, which can predict the clinical
outcomes in the early stage of product development with a greater reliability. These methods
may include new cell models, labeling and detection methods, analytical technologies,
mathematical modeling, and animal models that portray critical attributes of human diseases.
The need for new NP evaluation method is another reason to pay attention to recent
advances in microfluidic technologies, which have emerged as a promising tool to create in
vitro microenvironments that mimic in vivo conditions.211
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Figure 1.
Techniques used for prediction of physical and chemical stability of various NPs.
Techniques are listed in the order of required time and resources (top to bottom: least to
most).
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Figure 2.
Commonly used 3D tumor models to determine NP efficacy.
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Figure 3.
Animal models of tumor used in the evaluation of in vivo efficacy of NPs. TSG: Tumor
suppressor genes.
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