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Abstract

Polymeric drug-loaded nanoparticles have been extensively studied in the field of drug delivery. Biodistribution depends on the phys-
icochemical properties of particles, especially size. The global message from the literature is that small particles have an enhanced ability
to reach their target. The present review highlights the difficulties in validating the data from biodistribution studies without accurate

particle size determination.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The development of a drug delivery system faces several
challenges: reaching the target site, which is often far away
from the administration site (drug targeting), remaining at
the target site to deliver the drug, preferably in a time con-
trolled manner, limiting the drug’s adverse effects and
ensuring biocompatibility. Polymeric particles used for
drug delivery are defined as colloidal systems made of solid
polymers [1]. The need for intravenous (IV) formulations
and the advantage of enlarging surface contact with an
external medium to control release kinetics have encour-
aged the development of nanoparticles (<1 pm). Before
reaching the target site, nanoparticles undergo a biodistri-
bution step possibly after crossing epithelial barriers and
travelling through the vascular bed. After administration,
small particles (<20-30 nm) are eliminated by renal excre-
tion [2,3]. Larger particles can be rapidly taken up by the
mononuclear phagocytic system (MPS) cells present in
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the liver, the spleen, and to a lesser extent, in the bone mar-
row. Nanoparticles of 150-300 nm are found mainly in the
liver and the spleen [4], whereas particles of 30—150 nm are
located in bone marrow [5], the heart, the kidney and the
stomach [6]. Nanoparticles can escape from the circulation
through openings, also called fenestrations, of the endothe-
lial barrier (Fig. 1). Table 1 summarizes the data regarding
fenestration size for the main organs.

Although nanoparticles should be smaller than 150 nm
to cross the endothelial barrier, the literature often reports
the penetration of particles larger than the limits of fene-
strations. Indeed, fenestrations and the vasculature can
undergo modifications under various pathological condi-
tions [7]. For instance, tumor growth induces the develop-
ment of neovasculature characterized by discontinuous
endothelium with large fenestrations of 200-780 nm [8]
allowing nanoparticles passage. Depending on the reports,
the “ideal” size requirements for nanoparticles developed
for cancer treatment are between 70 and 200 nm [9].

Do we need to design smaller and smaller carriers?
Which particle size best suits each individual target? Is par-
ticle size correctly assessed? These are some of the ques-
tions that scientists face trying to design the ‘“‘ideal”
colloidal drug carrier. Nowadays, the race for ever smaller
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Fig. 1. Vascular escape of nanoparticles in either continuous or fenestrated tissues. Healthy tissues are characterized by continuous vascular endothelium
preventing nanoparticles extravasation. The drug (D) released from the nanoparticles can reach the extravascular compartment by different pathways
represented by the arrows. On the contrary, in pathological situations, such as cancer or inflammatory tissues, the vascular endothelium is fenestrated.
Nanoparticles can go through fenestrations thus enhancing drug penetration in tissues.

Table 1
Claimed sizes of fenestrations of the vasculature in different organs and
some pathologies

Organ or pathological Fenestration Animal model  Ref.
situation size
Kidney 20-30 nm Guinea-pig, [2,3,34]
rabbit, rat
Liver 150 nm Mice [35]
Spleen 150 nm Mice [35,36]
Lung 1-400 nm Dog [80]
Bone marrow 85-150 nm Guinea-pig, [2,5]
rabbit, rat
Skeletal, cardiac and smooth <6 nm Mice [37]
muscle
Skin, subcutaneous and <6nm Mice [37]
mucuous membrane
Blood-brain barrier No - [38,39]
fenestrations
Tumor?® 200-780 nm  Mice [8.,40]
Brain tumor® 100-380 nm  Rat [41]
Inflamed organs 80 nm— Hamster [81]
1.4 pm

These values result from indirect measurements and should therefore be
used with caution.

# Implanted tumor.

® Intravenously inoculated tumor.

carriers has begun. From a technological standpoint, poly-
meric particles can hardly be made smaller than 5 nm [10].
To underline the major role of nanoparticle size, the diffi-
culties of obtaining accurate measurements of size will be
first highlighted. A search of the literature, it becomes obvi-
ous that thorough size determination is frequently missing,
leading to the misinterpretation of data and generating
conflicting results from similar studies. This aspect is dis-

cussed through several case studies in the second part of
this article.

2. Size determination: not straightforward

Size influences both the clearance and the biodistribu-
tion of nanoparticles, but this parameter is not always per-
fectly controlled and often poorly described in most
publications. Many tools based on different physical princi-
ples are currently available to measure particle sizes smaller
than 1 um (Table 2). Thus, data from the literature are dif-
ficult to compare when different methods have been used.

Light scattering (LS), also called photon correlation
spectroscopy (PCS), is a rapid method for determining
the mean size, the size distribution and the polydispersity
index (PI) of a sample. This method is well adapted for
routine measurements. From the interaction with light,
nanoparticle size is determined, generally at an observation
angle of 90°. The calculation model is based on the equiv-
alent sphere principle, in which each particle is viewed as a
sphere. Thus, the presence of a few aggregates will tremen-
dously increase the mean size. The results should be inter-
preted cautiously because several parameters such as
viscosity or pH of the suspension medium, temperature,
concentration and particle sedimentation may influence
the data. Moreover, the method may not be reliable in
analysing samples with a mixed population of size. To
improve the accuracy in size determination, working with
variable angle systems is recommended [11]. LS is designed
for colloidal particles, and is therefore not suitable for par-
ticles larger than 1 um, except when a monomodal popula-
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Table 2
Main characteristics of particle size measurement methods
Method* Principle Measured size® Limitations
LS Light interaction 50 nm-1 pm Non-appropriated for very polydisperse populations
Indirect method
Great influence of aggregates or larger particles
Many influencing parameters
LLD Light interaction 1-1000 pm High amount of sample required
Indirect method
SEM, TEM Microscopy 50 nm-100 pm Time consuming
Influence of the preparation sample
AFM Microscopy 10 nm-1 pm Sampling
Non-automated
Complexity of the set up
Image treatment
Subjective
ANUC Centrifugation - Complex data processing
FFF Elution 20 nm—1 um Difficult to handle
Optimization needed for each kind of particles
CE Electrophoresis 20-500 nm Complexity of the set up
PCH, SEC Chromatography <100 nm Long steps of optimization

Time consuming

& LS, light scattering; LLD, laser light diffraction; SEM, scanning electron microscopy; TEM, transmission electron microscopy; AFM, atomic force
microscopy; ANUC, analytical ultracentrifugation; FFF, field flow fractionation; CE, capillary electrophoresis; PCH, packed column hydrodynamic;

SEC, size exclusion chromatography.
® Size range for which the method can be applied with accuracy.

tion with a narrow size distribution and slow sedimentation
rate is analysed. Particles larger than 1 um may be charac-
terized by laser light diffraction (LLD), which presents two
main limitations: the large amount of sample required and
the over-estimation of small size population (smaller than
500 nm). Scanning electron microscopy (SEM) allows the
observation of the sample after drying and coating with a
thin layer of gold or platinum [12]. This method allows
for a resolution between 3 and 5 nm, and even to 1 nm with
some advanced microscopes. Other techniques remain
barely exploited owing to the difficulty of experimentation
with the instrumentation, and their high cost. Included
among these techniques are transmission electron micros-
copy (TEM), which requires several steps of sample prepa-
ration [13], atomic force microscopy (AFM), which is more
appropriate for surface analysis [14], the analytical ultra-
centrifugation (ANUC) which results in complex data
analysis [15], field flow fractionation (FFF), a more recent
technique but not appropriate for all types of nanoparticles
[16] and capillary electrophoresis (CE) [17]. Chromato-
graphic procedures may also be performed to evaluate
nanoparticle size but they are time consuming, difficult to
optimize, and more appropriate for sizes under 100 nm
[18].

From this list, the most cited techniques in the literature
are the SEM and LS (Table 3). SEM provides the most
direct picture of nanoparticles, giving information about
the size, shape and other general aspects. Particles with a
size under 100 nm may be difficult to observe, depending

on the microscope and the set up. During the drying step,
particles may shrink, leading to an under-estimation of
their actual diameter. Particle sizing with SEM requires
image treatment of a large number of particles, thus mak-
ing this method subjective, tedious and time consuming.
Data processing of LS measurements also presents some
difficulties. Size measurement is based on the calculation of
mean size from a large number of particles. The size, calcu-
lated from a single data set, is usually presented along with
standard deviation (SD). Standard deviation is a statistical
calculation that indicates the distribution of the size
around the mean. Typically, size measurements are
repeated several times on the same sample. Most of the
results given by the data processors of LS equipment give
the SD on the means obtained at each run. Therefore,
the data do not represent the variation on the whole parti-
cle population but the variation of the median on the same
sample. This may be quite misleading and a typical result
such as 126 £+ 2 nm found in the literature does not mean
that all the particles are between 124 and 128 nm but that
2 nm represents the error made on three measurements and
not the distribution of the particle population. A schematic
representation of size distribution data is given in Fig. 2.
Size distribution can be monomodal (one population) or
plurimodal (several populations), and monodisperse (nar-
row distribution) or polydisperse (broad distribution).
For instance, a batch with a mean size of 300 nm and
described in the literature as ‘“monodisperse” does not
mean that all of the particles measure 300 nm but that
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Table 3

Critical analysis of in vitro studies classified according to polymer types

Polymer Mean size £ SD  Reference quote Critical comment Ref.
(PI') (nm)

Cs 155-289™ TEM data not shown [42]
100 & 10° “highly monodispersed nanoparticles’ TEM images show sizes from 60 nm to 200 nm [26]
290 + 7° “no difference in the particles size” pH unknown for measurements [43]

CS-DNA ~200° No accurate value given, pH unknown [44]

PCA-PEG 149.9 +7.5° No information regarding the size distribution [45]

PCL 200-300™ “narrow size distribution” SEM showing particles from 100 to 800 nm [46]

PCL-PEG 247 + 83° “no significant difference in size” No SEM, no information about size distribution  [47]

PGA-CS 365.5 £5.1° No information regarding the size distribution [48]
~50° TEM data not shown, no accurate value given [49]

PLA 600-7900™ “the size distribution [...] quite uniform” No SEM [50]
387 + 44° “small standard deviation which indicates SEM data not shown [51]

narrow size dispersity”

PLA-mePEG 331 +11° Only one characterization technique [52]

PLA-pDMAEMA 651 +4°(0.2) High PI [53]

PLA-PEG 226 + 60° Only one characterization technique [54]
(0.105)
196 + 20° “no difference in the particles size” pH unknown for measurements [43]
210 &+ 71° “no significant difference in size” No SEM, no information about size distribution  [47]

PLA-PEI 307 £27° (0.19) High PI [55]

PLGA 321°(0.132) “uniformity of the particle size distribution” No SEM [27]
310° (0.14) SEM: size distribution appears bimodal [56]
562 4+ 18° No information regarding the size distribution [57]
210 + 12° High PI [58]
(0.59 £0.11)
315.1 £ 26.1° Only one characterization technique [59]
148.7-298.2™ TEM: high polydispersity [60]
(0.115-0.224)
600-7900™ “the size distribution [...] quite uniform” No SEM [50]

PLGA-PEG 252 + 85° “no significant difference in size” No SEM, no information about size distribution  [47]

PMAA-PEG 475° Method for size determination not mentioned [61]

PS 77.4 + 32.8° Only one characterization technique, high [22]

standard deviation
PVAm, PNVA, 500-750° Only one characterization technique [62]
PNIPAAm, PMAA

SLN 146-254™ Only one characterization technique [63]
(0.12-0.21)

No specification 168-489™ Only one characterization technique [64]

CS, chitosan; DNA, deoxyribonucleic acid; mePEG, methoxypoly(ethylene glycol); PCA, poly(cyanoacrylate); PCL, poly(caprolactone); pDMAEMA,
poly(dimethylamino)ethyl methacrylate; PEG, poly(ethylene glycol); PEI, poly(ethylenimine); PGA, poly-y-glutamic acid; PLA, poly(lactic acid); PLGA,
poly(lactide-co-glycolide) acid; PMAA, poly(methacrylic acid); PNIPAAm, poly(N-isopropylacrylamide); PNVA, poly(N-vinylacetamide); PVAm,

poly(vinylamine); PS, polystyrene; SEM, scanning electron microscopy; SLN, solid lipid nanoparticles; TEM, transmission electron microscopy.
* Polydispersity index.

™ Multiple batches; size between the two given values.

* Single batch.

the distribution is symmetric and centred around 300 nm.
The latex particles used as a reference can be considered
monodisperse, with a narrow size distribution. Usually,
authors comment on size distribution using the polydisper-
sity index (PI). The calculation of PI takes into account the

particle mean size, the refractive index of the solvent, the
measurement angle and the variance of the distribution
[19]. What is a “good” polydispersity index? If a scale from
0 to 1 is considered, a PI lower than 0.1 might be associated
with a high homogeneity in the particle population,
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Fig. 2. Schematic representations of two nanoparticle batches corresponding to a monodisperse population and to a bimodal polydisperse population.
The graph represents the curves obtained for each batch after analysis by light scattering.

whereas high PI values suggest a broad size distribution or
even several populations. Indeed, a linear correlation
between the PI value and the true monodispersity of a sam-
ple cannot be drawn. Fig. 3 shows measurements made on
PLGA (3a) and latex (3b) nanoparticles to compare the PI
obtained by LS (detection angle of 90°) and the size distri-
bution observed by SEM. Fig. 1, using an electron micro-
scope (JSM-6300°, JEOL, Japan), shows the PLGA
nanoparticles. The sizes ranged from 100 nm to 1 um,
clearly indicating a polydisperse distribution. The same
batch measured by LS (Zetasizer® 3000, Malvern, UK)
gave a mean size of 318 nm with PI of 0.093 (scale from
0 to 1), which suggests a monomodal distribution.
Fig. 3b represents an SEM picture (microscope Philips®
XL-30, Lancashire, UK) of a monodisperse batch of latex
particles (Duke Scientific Corp., Palo Alto, CA). Whereas
the picture shows a highly homogeneous batch, measure-
ment on LS gave a PI of 0.12 suggesting a moderately
homogeneous batch. This example underlines the difficulty

in assessing real size distribution in a batch and the neces-
sity of combining several techniques.

The nature of the dispersive medium may also have a
critical impact on size determination. In a recent study,
chitosan nanoparticles were prepared and characterized
by LS and TEM [20]. The size obtained by LS was
182 nm and PI=0.17, whereas TEM observations sug-
gested a size between 20 and 80 nm. Such differences can-
not only be explained by the dry state of the nanoparticles
during TEM analysis. Chitosan is a cationic polysaccha-
ride with specific physicochemical properties varying
according to pH. At neutral pH, chitosan chains are more
condensed than at acidic pH. Therefore, as measurements
were made in unbuffered water, it is expected that chitosan
chains were elongated due to the acidic pH, thus giving a
larger hydrodynamic diameter compared to measurements
made in neutral environment or in dry state. Our experi-
ence with chitosan nanoparticles has shown that measure-
ments at pH 4 by LS may be twice those assessed at pH 7.

500 nm

Fig. 3. SEM micrographs of two batches of particles. (a) Polydisperse PLGA nanoparticle batch. (b) Monodisperse latex particles. In parallel the same
samples have been analysed by light scattering giving the following data: 318 nm (PI = 0.09) for the PLGA nanoparticle batch (a) and 1063 nm (P1 = 0.12)

for the latex particles (b).
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To conclude, many methods are available to determine
particle size, each of them based on a different physical the-
ory and data processing method. Each technique has its
own advantages and limitations; therefore, it is strongly re-
commended that at least two methods be combined to accu-
rately characterize a batch [21]. To avoid interfering with the
method, the measurement of hydrodynamic diameter is usu-
ally made in water or buffer. This is, however, not represen-
tative of the biological medium that the particles will meet
after administration. Therefore, the size measured in vitro

may be far off from the actual size when in contact with pro-
teins. An increase of up to 50% in the particle size upon con-
tact with a protein-containing medium is generally observed
due to aggregation phenomena or opsonization [22].

3. Critical analysis
The evidence that size influences particle biodistribution

is based on size determination reported by different
authors. However, in view of the difficulties encountered

Table 4
Critical analysis of in vivo studies classified according to polymer types
Polymer Mean size + SD (PI") Reference quote Critical comment Ref.
(nm)
CS 30° Extrapolation at infinite dilution, pH unknown [6]
100 + 10° “highly monodispersed TEM shows sizes from 60 to 200 nm [26]
nanoparticles”
290 + 7° “no difference in the particles pH unknown for measurements [43]
size”
HSA 340 + 8.6° Only one characterization technique [28]
mePEG-PHDCA 80-243™ Only one characterization technique [65]
mPEG-PLA/ 21.7° Only one characterization technique [66]
PLMA
PBCA 270 + 30° Only one characterization technique [67]
PCA-PEG 101.4 +7.2° Difficulty to correlate TEM pictures and mean size [68]
PEG-PPS 20-100™ Only one characterization technique [69]
PEI-DS 364 +10™ (0.17) “narrow size distribution” SEM and TEM images are not clear [70]
PLA 121-343™ (0.21-0.42) Only one characterization technique, high PI [24]
PLA-PEG 196 + 20° “no difference in the particles pH unknown for measurements [43]
PLA-PS-PEG 18-37™ ANUC and LS but no vizualization by SEM [29]
pPMAEA 292 +22° (0.3) “monodispersed size distribution” SEM data not shown, high PI [71]
PLGA 660 + 20° Polydisperse [72]
134-159™ (0.050-0.099) Only one characterization technique [73]
520-670™ No information regarding size distribution [65]
300 + 5° Number of measured particles from SEM images not [74]
indicated
170 + 12 “low polydispersity indices” PI not given [75]
- No size measurement [76]
PLGA-mPEG 113.5 + 14.3%0.385) High PI [77]
PLGA-PEG 58-112™ (0.3-0.5) High polydispersity, no SEM [23]
58-115™ High polydispersity, no SEM [30]
PL-PEG 100.5-372.7™ Only one characterization technique [78]
PS 77.4 +32.8° Only one characterization technique, high standard [79]
deviation
PS—poloxamer 48-145™ Only one characterization technique [32]

ANUC, analytical ultracentrifugation; CS, chitosan; DS, dextran sulphate; HSA, human serum albumin; mePEG, methoxypoly(ethylene glycol); mPEG,
monomethoxypoly(ethylene glycol); PBCA, poly(butylcyanoacrylate); PCA, poly(cyanoacrylate); PEG, poly(ethylene glycol); PEIL poly(ethylenimine);
PHDCA, poly(cyanoacrylate-co-hexadecylcyanoacrylate); PLA, poly(lactic acid); PLGA, poly(lactide-co-glycolide) acid; PLMA, poly(lactic acid-co-
mandelic acid); pMAEA, poly(methacrylic acid-co-ethylacrylate) copolymer; PPS, poly(propylene sulphide); PS, polystyrene; SEM, scanning electron

microscopy; TEM, transmission electron microscopy.

™ Multiple batches; size between the two given values.
* Single batch.
* Polydispersity index.
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with these types of studies, some of the results appear ques-
tionable. Furthermore, few studies have evidenced the
actual presence of particles in either blood or organs.
Indeed, most of the biodistribution data were determined
by indirect evaluations such as drug quantification or phar-
macological effects. A non-exhaustive list of in vitro and
in vivo studies over the past five years is presented in Table
3 and 4, respectively, where the size determination of the
particles is the subject of specific remarks.

The main issue is the determination of size distribution.
As mentioned earlier, mean size does not mean anything
without proper determination of size distribution. For
instance, Beletsi et al. studied the biodistribution of 10
batches of PLGA-PEG stealth particles with a the size
range of 58-112 nm, after IV injection in mice [23]. In this
study, the polydispersity varied from 0.3 to 0.5, implying
wide distribution in all batches, and several populations
of overlapping particles. Thus, the relationship between
effect and size could not be ascertained. Similarly, Pegaz
et al. recently studied the effect of size on the extravasation
and the photothrombic activity of four batches of PLA
nanoparticles loaded with meso(p-tetracarboxyphenyl)por-
phyrin [24]. The mean sizes were very close with very high
PIs: 121 nm (PI=042), 194nm (PI=0.21), 250 nm
(PI =0.30) and 343 nm (PI = 0.23). High PIs indicate that
the actual sizes of the different batches were truly close and
that overlapping may be expected. However, the authors
concluded on the basis of their data that smaller particles
were preferred. The differences in the efficiency of the differ-
ent batches may as well be due to the presence of residual
surfactant affecting surface properties and thus interaction
with target cells. Indeed, different concentrations of
poly(vinyl) alcohol were used as a stabilising agent to
obtain different batches. Other studies claimed a very high
homogeneity in size without giving either PI or size distri-
bution, but only the standard deviation calculated from
three measurements [25-28].

Investigations attempting to study the biodistribution of
ultrafine nanoparticles have encountered several problems
in accurate determinations of particle size. In a study with
radiolabeled chitosan nanoparticles [6], size measurement
was made impossible at the concentration used for in vivo
experiments due to cluster formation in relation to chitosan
adhesiveness. Therefore, the suspension was progressively
diluted to reduce particle interactions. At infinite dilutions,
a size of 30 nm was determined. First of all, one may wonder
if this size represents the actual size of the particle once
administered in the body as a more concentrated suspension.
Furthermore, TEM data showed a polydisperse population.
Finally, the pH at which the size was measured (LS) was not
specified, in spite of its importance in chitosan particles. All
these elements lead to the conclusion that the size of 30 nm,
even though correct, may not be representative of the actual
size in the in vivo situation. Indeed, such small particles
should exhibit a relatively long circulation time. The biodis-
tribution data, however, show that only 13% of the dose
remained in blood after 30 min and 7% after 4 h.

Sun et al. compared the percentages of particles of dif-
ferent sizes made of either acrylate or polystyrene in the
blood compartment 4 h after injection in mice [29]. The
authors reported a size-biodistribution correlation for
small nanoparticles measuring 18, 24 and 37 nm. Is it pos-
sible to observe differences in biodistribution between three
batches having such small size differences and prepared
from different compounds? Other biodistribution studies
showed that particles of the same size reached different
blood levels (2 h after IV injection) depending on the poly-
mer, 60% for particles of PLGA-PEG measuring 58 nm
[30] and less than 20% for particles of VP-NIPAAM mea-
suring 45 nm [25]. In these two examples, parameters other
than size, such as the nature of the polymer, appear to have
contributed to their long-circulating properties. The litera-
ture provides several examples stressing the importance of
parameters such as charge and hydrophilicity on particle—
cell interactions [26,29-33]. Therefore, it is not proper to
discuss size effects independently of other factors.

From the data gathered in Tables 3 and 4, two major inad-
equacies emerge: in 60% of the publications, only one char-
acterization technique was used and in 70% no microscopic
observations were presented. Furthermore, in 28% of the
reports, particle populations were described as monodis-
perse, notwithstanding their broad size distribution. Finally,
more than 10% of the reports did not present any informa-
tion about size distribution. In the majority of published
studies, particles are incorrectly or poorly characterized;
therefore the correlation with biodistribution may be
erroneous.

4. Conclusion

The literature provides evidence that size does matter
when particle biodistribution is concerned. However, the
size limits to target a specific organ and the involvement
of other parameters in particle distribution still remain
poorly understood, and may be in part due to inadequate
particle characterization. Several methods are available to
characterize particles, especially in terms of size, but none
of them are fully satisfactory. Therefore, a combination
of at least two methods, one of which should be a micro-
scopic method, is highly recommended. Each indirect tech-
nique performed has obviously to be validated by using
standard particles. Furthermore, polydispersity should be
discussed carefully because overlapping might be expected.
As a result, incorrect size measurement, and differences in
particle surface, animal models and doses make compari-
son of data gathered from the literature difficult.
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