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The effect of nanoparticle size on in vivo
pharmacokinetics and cellular interaction

Nanoparticle-based technologies offer exciting new approaches to disease diagnostics
and therapeutics. To take advantage of unique properties of nanoscale materials
and structures, the size, shape and/or surface chemistry of nanoparticles need to
be optimized, allowing their functionalities to be tailored for different biomedical
applications. Here we review the effects of nanoparticle size on cellular interaction
and in vivo pharmacokinetics, including cellular uptake, biodistribution and circulation
half-life of nanoparticles. Important features of nanoparticle probes for molecular
imaging and modeling of nanoparticle size effects are also discussed.
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Over the past 20 years, nanotechnology has
become a promising new strategy for disease
diagnostics and therapeutics [12]. A distinct
advantage of nanotechnology is the ability
to design and optimize the unique physio-
chemical properties of nanoscale materials
and structures. Altering the size, shape and/
or surface chemistry of nanoparticles allows
their functionalities to be tailored to meet
different requirements [3-5]. Nanoparticles
need to reach the targeted organ or tissue in
order to realize the desired function. Nano-
therapeutics rely on effective cellular uptake
and tumor permeability of nanoparticles,
which both depend on the size of nanopar-
ticles [1.6-7]. The optimal size of a nanopar-
ticle also depends on the specific location and
type of targeted tissue [8]. Rapid clearance of
nanoparticles from the blood stream by the
mononuclear phagocyte system (MPS) and
reticuloendothelial system (RES) is one of
the major obstacles to ensuring that nanopar-
ticles can achieve the required accumulation
in the target tissue [1.9-10]. Modulation of
the pharmacokinetics of nanoparticles to
prevent rapid clearance from blood has been

achieved by tuning their sizes [9,11], and suc-
cessful temporary evasion of the RES postin-
jection has been demonstrated by measuring
blood circulation half-life and examining
the biodistribution of nanoparticles in the
blood, RES organs and targeted tissue [11].
Nanoparticles used to enhance the contrast
of an imaging modality also have size-depen-
dent properties. Nanoparticle size influences
image contrast, cellular uptake and tumor
permeability [12-14]. While the RES can still
present an obstacle for required accumu-
lation of nanoparticles, rapid clearance is
advantageous for reducing background signal
in certain imaging applications [13].

The complexity of finding the optimal
nanoparticle size, shape and surface chemis-
try for a desired use requires additional stud-
ies on nanoparticle interactions with cells and
tissue [1]. A better understanding nanoparti-
cle size effects on cellular uptake and phar-
macokinetics will allow general nanoparticle
design rules to emerge [15]. Analytical models
may guide the design and functionalization
of nanoparticles by providing a quantita-
tive relationship between nanoparticle size
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and functionality [15]. The emphasis of this review is
placed on the current understanding of the effects of
nanoparticle size on cellular uptake and pharmacoki-
netics, specifically that related to therapeutic and diag-
nostic applications. Broader reviews on nanoparticles
and their applications can be found elsewhere [16-13].

Nanoparticle development

With the growth of nanotechnology and its use in med-
icine, several methods have been developed to produce
highly uniform nanoparticle classes. Here, we explain
a few methods currently used to develop nanopar-
ticles. A novel method for coating superparamagnetic
iron oxide nanoparticles (SPIOs) was reported by
Tong et al. They demonstrated that the core size and
PEG coating of SPIOs can be tuned to increase the
T, relaxivity per particle by more than 200-fold [13].
Mackey et al. reported on the development of effec-
tive gold nanorods for photothermal therapy. They
describe a seed mediated growth method to synthesize
gold nanorods of approximately 38 nm in length and
11 nm in width. The particles were coating with poly-
ethylene glycol (PEG). A seedless growth method was
further described to develop smaller gold nanorods [19].
Liposomes have been used as drug delivery agents and
recently used in ultrasound-mediated hyperthermia for
cancer therapy [20]. Kheirolomoom ez al. reported the
hydration method used to develop the liposomes fol-
lowed by Dox loading which created nanoparticles of
approximately 100 nm [20,21].

Nanoparticle-cell interactions in vitro

There is a growing interest in investigating the effects
of nanoparticle size on cellular uptake and target-
ing [15]. Numerous in vitro studies have been con-
ducted, which involve different cell types, probes with
various core materials, surface charges and tested size
ranges (Table 1) [5.9.12,22-24]. These studies show clear
trends of size-dependent behavior in cellular uptake
and active targeting.

Cellular uptake

Nanoparticle size, shape and core composition are
strong determinants of cellular uptake [1.28]. Creating
nanoparticles with a specific shape such as spherical,
cubic, rod-like, or worm-like will influences cellular
uptake [29.30]. In a comparison between cubic, spheri-
cal and rod-like gold nanoparticles, spherical particles
showed the highest uptake in terms of weight, but rod-
like nanoparticles showed the highest uptake in terms
of quantity [30]. DOX-loaded polymeric nanoparticles
showed a similar trend, with a higher cellular uptake
for rod-like and worm-like nanoparticles than spherical
nanoparticles in MCF-7 cells [29].

Nanoparticle size also impacts cellular uptake due to
its influence on the enthalpic and entropic properties
that govern the adhesion strength between nanopar-
ticles and cellular receptors [4]. Zhang et al. devel-
oped a thermodynamic model that showed optimal
cellular uptake when a ligand-coated nanoparticle is
50 nm in diameter [31]. In experimental studies with
HeLa cells, spherical mesoporous silica nanoparticles
with a 50-nm diameter showed the highest cellular
uptake [22]. In addition, a study using targeted gold
nanoparticles reported the highest cellular uptake with
40-50 nm gold nanoparticles in SKBR-3 cells [23]. The
same trend was observed when the core was changed
from gold to silver [23].

As illustrated in Figure 1, size-dependent uptake via
endocytosis of ligand-coated nanoparticles is likely
related to the membrane-wrapping process that a
nanoparticle undergoes [1,31]. Due to limited number
of ligands available, small ligands (antibody, peptide
and aptamer) on nanoparticle surface must bind to tar-
get proteins (receptors) on the surface of cancer cells
in close proximity to drive the membrane-wrapping
process. The enthalpic limit for a spherical nanopar-
ticle occurs at a size of about 30 nm, indicating that
nanoparticles smaller than this limic will not be
able to drive the membrane-wrapping process effec-
tively 32]. The surface of colloidal gold nanoparticles
of 2-100 nm were decorated with Herceptin mol-
ecules and their cellular uptake were compared with
unmodified gold nanoparticles. Significant uptake of
Herceptin coated gold nanoparticles were observed
in human breast cancer SK-BR-3 cells overexpressing
ErbB2 receptor. Receptor medicated uptake is believed
to be the mechanism of uptake based on the obser-
vation of presence of endosomes and multivesicular
bodies [23]. Large nanoparticles drive the membrane-
wrapping process by binding to many receptors; how-
ever, a nanoparticle above 60 nm in diameter results
in a receptor shortage, which decreases uptake because
of the increasing entropic penalty [32]. Although the
exact optimal diameter varies between applications, a
ligand-coated, spherical nanoparticle between 30 and
60 nm in diameter can recruit and bind to enough
cellular receptors to drive the membrane-wrapping
process without a receptor shortage affecting endo-
cytosis [31,32]. Most #n vitro studies show a maximum
cellular uptake within the 10-60 nm range, regardless
of core composition or surface charge [9.12.22,33-34].

There are many other ways nanoparticle can get
into cells. For example, nanoparticles can enter a cell
through passive penetration [35.36]. Red blood cells
(RBCs) are commonly used as in models for passive
penetration because RBCs lack endocytic machin-
ery [36]. In a study with both gold and titanium dioxide
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Table 1. Summary of studies conducted regarding the effects of nanoparticle size on cellular uptake
in vitro.

Optimal size (nm) Sizes tested (hnm) (-potential (mV) Nanoparticle type Cell line Ref.
Nanorods (diameter: height = 1:3)
30 nm 30, 50, 70, 100 Titanium dioxide MC3T3-E1 [25]
Spherical nanoparticles
37 nm 8, 23, 37, 65 12.7 £ 0.75 PVP-coated iron oxide RAW264.7 [12]
40-50 nm 30, 50, 110, 170, Mesoporous silica Hela (22]
280
14, 30, 50, 74, 100 Gold Hela [24]
16, 24, 40, 58 -39.03 + 10.42 Gold RAW264.7 [9]
HepG2
13, 45, 70, 110 -25.05 £4.05 Gold CL1-0 (26]
2,10, 25, 40, 50, -20.04 = 2.57 Gold SK-BR-3 (23]
70, 80, 90
5,10, 20, 40, 50,  -16.36 = 0.61 Silver SK-BR-3 (23]
60, 90
58 nm 16, 24, 40, 58 28.23 + 2.59 Gold RAW264.7 &)
HepG2
100 nm 30, 40,100 -4.10 £ 3.25 Poly(ethylene glycol)- THP-1 [27]
bl-poly(propylene
sulfide
25,50, 100, 200, -44.42 +4.25 Polystyrene Caco-2 5]
500
MDCK

nanoparticles, passive transport into RBCs was only
possible at sizes less than 200 nm, though fewer than
one particle per cell was observed [37]. RBCs exposed
to silver nanoparticles of 15, 50 and 100-nm diameters
exhibited the highest passive uptake of 50 nm particles,
averaging more than 45 particles per cell [38).

Other parameters affecting cellular uptake are
surface charge and cell type. When comparing the
uptake of 2, 4 and 6 nm gold particles in HeLa cells,
the ligand coating (cationic, anionic, or zwitterionic)
impacted the type of uptake. Zwitterionic particles
mainly entered the cell through membrane fusion for
sizes less than 6 nm [39]. In contrast, 6 nm zwitterionic
particles and all cationic and anionic particles entered
the cell through multiple endocytic pathways (39].
Liu ez al. conducted a study comparing the endocyto-
sis of a range of gold nanoparticle sizes with both pos-
itive and negative surface charges [9]. In nonphago-
cytic HepG2 cells, positively charged nanoparticles
showed higher active uptake for each tested size [9].
Interestingly, the positively charged nanoparticles
showed the greatest uptake with a 58-nm diameter
particle, but the negatively charged nanoparticles
showed the greatest uptake with a 40-nm diameter
nanoparticle. Based on nanoparticle accumulation in

the secondary lyposomes of HepG2 cells, nanopar-
ticles likely entered via clathrin-mediated endocyto-
sis [9]. Compared to nonphagocytic cells, phagocytic
RAW 264.7 cells showed a similar active uptake of
positively charged nanoparticles compared with nega-
tively charged nanoparticles. Further comparison of
macrophage uptake showed no definitive size-depen-
dent trend in positively charged nanoparticles, but a
trend of higher uptake at 40 nm in negatively charged
nanoparticles (9. Nanoparticles formed large aggre-
gates in vacuoles and phagosomes of RAW 264.7
cells, indicating that gold nanoparticles entered the
macrophage cells via phagocytosis [9]. Drug-loaded
polymeric nanoparticles were tested in a similar man-
ner, and showed similar trends regarding the effects
of surface charge. The macrophage cells showed
increased uptake with increased nanoparticle size,
while nonphagocytic cells showed increased uptake
with decreased nanoparticle size [40].

Yu ez al. explored the size-dependent uptake of
macrophage cells alone [27]. Ultrasmall superparamag-
netic iron oxide (uSPIOs) nanoparticles surrounded
by PEG-poly(propylene sulfide) (PEG-PPS) were
synthesized to be 30, 40 and 100 nm in diameter.
As previously reported with polymeric nanoparticles,
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Figure 1. A schematic depicting the effect of nanoparticle size on the membrane-wrapping process.

(A) Nanoparticles greater than 60 nm in diameter driving the membrane-wrapping process by binding to a large
number of receptors but limiting the binding of other nanoparticles. (B) Nanoparticles less than 30 nm in diameter
attaching to some membrane receptors but failing to drive the membrane-wrapping process unless many bind

to receptors in close proximity. (C) Nanoparticles between 30 and 60 nm in diameter attaching to membrane
receptors and driving the membrane-wrapping process effectively.

increased uSPIO size correlated with increased uptake
by macrophage cells [27). However, an in vitro study
with macrophage cells resulted in the highest uptake
at a diameter of 37 nm, which was not the largest size
tested [12]. Currently, it is unclear if size-dependent
uptake follows a different trend in macrophage cells
than in nonphagocytic cells (9.27.40]. To develop a tool-
box for designing nanoparticles that avoid the MPS,
further studies are required to provide a more com-
plete understanding of the effects of nanoparticle size
on macrophage uptake.

Nanoparticle uptake is also dependent on the dose
as observed in the result of QD nanoparticles of 4 nm.
Various concentration (10, 3 and 1 nM) of QD’s were
incubated with HeLa cells. A linear decrease of mem-
brane associated fraction of particles were observed
with decreasing QD concentration. A critical thresh-
old density of QDs on the cell membrane for very small
nanoparticles (4 nm) has to be exceeded to trigger
the internalization process. The challenge is to fully
understand the dosage effect and there is a need for
highly sensitive and sophisticated methods that can
analyze the relevant exposure concentrations [41,42].

Active targeting

Nanoparticles are frequently coated with polyethylene
glycol (PEG) to avoid the RES system and increase
blood circulation half-life. The PEG coating makes
the nanoparticle more hydrophilic and neutral, allow-
ing them to bypass the immune system more easily;
however, PEG poorly affects the cellular uptake and
drug release [11,26.43]. Adding targeting ligands to the
surface of a PEG-coated nanoparticle increases cellular
uptake, helping to mitigate the uptake loss due to the
initial PEG coating. The addition of targeting moieties
improves the delivery process through active target-
ing of overexpressed antigens [44]. Surface ligands that
bind to cellular receptors result in receptor-mediated
uptake. A critical number of receptor-ligand interac-
tions must occur to produce enough thermodynamic
energy to overcome the resistive forces such as mem-
brane elasticity and thermal fluctuations [(45]. It is
important to note that active targeting has drawbacks.
Conjugating certain ligands such as anti-Her2 scFv
antibody fragment to pegylated liposomal doxorubicin
nanoparticles increases macrophage recognition and
allows faster clearance compared with the nontargeted
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nanoparticles [26,46]. Active targeting can also create a
binding site barrier effect, limiting nanoparticle pen-
etration into the targeted tissue [47). The iz vivo draw-
backs make it unclear if active targeting actually assists
in the delivery process [47].

A possible solution to this problem is masking target
ligands with a cleavable PEG-lipid conjugate. Masking
the targeting ligands ensures ample circulation time
while still utilizing active targeting (48]. In one study,
nanoparticles targeted with folate receptor-targeted
(FRT) liposomes were masked with acysteine-cleavable
1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSP)-PEG coating were incubated with 9L glioma
cells. Significant uptake was observed only in cells
treated with cysteine [48]. Further 7z vivo investigation
revealed that the FRT masked nanoparticles did spe-
cifically target tumor cells after a cysteine injection and
showed higher tumor cell uptake rates than nanoparti-
cles without targeting liposomes, indicating the mask-
ing method is a promising solution to difficulties with
active targeting [48].

To optimize active targeting via ligand density,
Elias er al. conducted a study with HER2-targeted
superparamagnetic iron oxide nanoparticles (SPIOs)
on HER2/neu-positive (T6-17) cells (4]. SPIOs were
conjugated to HER2-affibodies previously ligated to
an azido-fluorescent peptide (AzFP) at varying con-
centrations. Twenty-six and 50 nm HER2-AzFP con-
jugated SPIOs were synthesized with different ligand
densities. Both showed that the highest degree of cel-
lular uptake occurs at a concentration of 0.01 ligands/
nm squared [4]. The ligand-receptor binding energy
also affects cellular uptake. Zhang ez al. found that
a smaller optimal radius and higher maximal cellular
uptake is achieved with a larger ligand-receptor bind-
ing energy. Within the common range of typical anti-
body-antigen energies, the optimal radius can range
from 25.4 to 30.2 nm [31].

Gold nanoparticles that are targeted to cancer cells
show size-dependent cell binding (7). When compar-
ing 15, 30, 90 and 150 nm targeted gold nanoparticles,
the 15-nm diameter nanoparticles showed a 13-fold
increase in cellular binding probability compared with
the 150-nm diameter nanoparticles. However, 90-nm
diameter cells showed optimal targeting in terms of
gold mass per cell and surface area per cell 7. While
this indicates an optimal size range, additional studies
should be conducted to evaluate the effects of size on
targeting with differing parameters (e.g., varying cell
lines, nanoparticle shapes and core compositions).

Increasingly sophisticated iz vitro models will allow
for more accurate and realistic testing. Examples
of more sophisticated in vitro modeling techniques
include the simulation of bodily fluids, the agitation of

the model system, or the use of multiple cell lines [49].
All of these techniques aim to more closely simu-
late conditions in the body. Simulating conditions
in the body is useful not only for examining aspects
of the delivery process, but also for testing nanopar-
ticle responses to changes in the environment such as
various pH levels or different enzymatic activity [1].
When conducting any future studies, nanoparticles
must be fully characterized so that the fundamental
nanoparticle-cell interactions may be understood [22].
The current understanding of the effects of nanopar-
ticle size, summarized above, is useful in designing
future studies. For example, future studies regarding
active targeting should consider the nanoparticle size
since it is already known that optimal ligand density
follows a constant trend with increasing nanopar-
ticle size [4]. Well-executed 77 vitro studies will assist
in designing successful in vivo studies and increas-
ing the understanding of fundamental nanoparticle
physicochemical properties, such as size.

In vivo nanoparticle biodistribution &
pharmacokinetics

While 77 vitro studies focus on individual aspects of
the delivery process, in vivo studies shed light on the
effects of nanoparticle size within the context of the
body. Blood circulation halflife [11,50-52], tumor per-
meability [6,52-54] and biodistribution [5,11,50,55-56] are
all affected by the size of the nanoparticle. Table 2
provides a summary of several in vivo studies showing
size-dependent trends.

Blood circulation half-life

Once a foreign object enters a body, opsonization begins.
Opsonin proteins attach to the foreign object and make
it more visible to the mononuclear phagocytic system
(MPS) [s8]. A rapid MPS response results in the clear-
ance of uncoated nanoparticles from the bloodstream
within a few hours postinjection (5950]. The rapid clear-
ance of nanoparticles limits their use because nanopar-
ticles do not have time to reach the targeted tissue [59].
Problems with avoiding the MPS have moved nanopar-
ticles from the first generation of material design and
biocompatibility to the second generation of stealth
tactics and active targeting [1]. While some advances
have increased circulation halflife (t,,), such as PEG
coating [3,11,26,43], a closer look at the basic size of a
nanoparticle shows significant, size-dependent changes
in t,,,. Blood circulation half-life is typically measured
by injecting the nanoparticles and detecting the con-
centration of nanoparticles in the blood at certain time
points. To evaluate the blood circulation half-life of [s0]
Cu-mSPIOs, 10 mg Fe/kg of radiolabeled nanoparticles

were injected via mouse tail vein. The animals were
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Table 2. Summary of in vivo studies conducted with spherical nanoparticles that focus on the

effects of nanoparticle size directly.

Core material ~ Animal model Coating Core sizes (nm) t,, (h) Ref.
Gold BALB/c mice PEG,,,, 5.3 48.9 [50]
PEG,,,, 216 31.8
PEG,0 41.2 13.8
PEG,y0, 51.4 13.7
PEG, g0, 58.1 11.4
PEG, 4 00 76.5 8.7
PEG g0 98.3 6.8
Gold CD1 mice PEG,,, 17.72 4.0 [52]
PEG,,y, 31.28 2.4
PEG,y, 45.03 0.4
PEG, y, 66.54 1.0
PEG,,,, 17.72 29.7
PEG,,,, 31.28 19.3
PEG,y0, 45.03 14.1
PEG,y, 66.54 9.2
PEG,,,, 86.73 3.3
PEG, 4 00 17.72 51.1
PEG, 000 31.28 27.7
PEG, 000 45.03 16.1
PEG, 000 66.54 1.3
PEG,4 000 86.73 6.6
Gold CD1 mice PEG, ., 16.6 2.5 (52]
PEG,y, 22.6 4.0
PEG,,,, 32.5 16.5
PEG, 4 00 43.3 11.6
PEG, 000 83.5 7.2
Quantum dots  SCID mouse bearing an PIL-coated 10.7 24.7 (571
Mug9 human melanoma  gijjica shell and PEG,,,, 56.7 16.6
Silica shell and PEG,,,, 122.4 9.70

sacrificed and blood was collected at 10 min, 1 h, 4 h
and 24 h postinjection. The circulation half-life of [60)
Cu-mSPIOs was found to be 143 + 21 min [61].

Some specific size limitations are known. Some
classes of nanoparticle with a diameter less than
approximately 10 nm will be rapidly eliminated by the
kidneys [11.62). To facilitate the rapid renal clearance
of small molecules drugs, the renal filtration barrier,
has an effective size cutoff of *10 nm [62]. Clearance of
nanoparticles is typically measured by labeling them
with a fluorescence dye or radiotracer (such as [60] Cu),
and quantifying the amount of nanoparticles in the
excreted urine for clearance [10].

The reason for this clearance can be found by
looking at each component of the kidney’s filtration
system. The kidney uses peritubular capillaries and
renal corpuscles to filter the blood and produce urine.
Within a renal corpuscle is the glomerulus, which
has three layers with varying pore sizes. The effec-
tive size cutoff of the overall structure is 10 nm [50].
The upper size limit of nanoparticles can vary based
on the targeted cellular receptors [63], but a nanopar-
ticle with a diameter greater than 200 nm will acti-
vate the complement system and be quickly removed
from the blood stream, accumulating in the liver and
spleen (3,5.51]. Moghimi ez al. suggest a maximum size
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limit of 150 nm for spherical nanoparticles to avoid
filcration in the spleen [ss].

Further studies have narrowed the range of sizes and
provided additional information about the effects of
,- In a comparison between 24 and 37 nm
shell cross-linked nanoparticles, the smaller particle
had a higher retention at 10 min and at 4 h postinjec-
tion. At 1 h postinjection, 50% of the smaller nanopar-
ticles were found in circulation, compared with only
5% of the larger nanoparticles [59]. A study with
gold nanoparticles systematically tested the effects of
nanoparticle size and mPEG weight on t,,. Five dif-
ferent nanoparticles, ranging from 17.72 to 86.73 nm,
were each coated with mPEG 2 kDa, 5 kDa and
10 kDa. The nanoparticles were injected into CD-1
mice, and t, ,
at specific time intervals. For each size, t,, increases
as mPEG molecular weight increases. The greatest
change is seen from mPEG 2 kDa to mPEG 5 kDa [s2].

Between various core sizes, the smaller nanoparticles

S1Z€ on tl/

was calculated from blood samples drawn

have a longer t,,- For example, there was an eight-
fold increase in t,, from the 86 nm core to the 17 nm
core with the same coating [52]. Therefore, decreasing
nanoparticle size and increasing the molecular weight
of the PEG coating increases t,, 1152, A visual depic-
tion of the trends between nanoparticle size and ¢, , is
shown in Figure 2, including the material, coating and
charge of the tested particles.

Biodistribution
To fully understand a nanoparticle’s pharmacology, it
is important to extensively analyze toxicology, phar-
macokinetic and efficacy testing in preclinical models.
Quantitative biodistribution can be performed to esti-
mate the total number of nanoparticles in the entire
body at a given time point after injection or expo-
sure. Regardless of nanoparticles route of administra-
tion (inhalation, gavage to the GI tract, intravenous
injection or by dermal applications), distribution of
nanoparticles in organs and tissues of interest can be
assessed. After administration, particle distribution
is measured at several time points after using suitable
methods. Nonradioactive nanoparticles can be quanti-
fied in the collected specimens using analytical chemis-
try (e.g., inductively coupled plasma mass spectroscopy
or atomic absorption mass spectroscopy) [64-66].
Biodistribution changes depending on nanoparticle
properties and interactions with the living system [15].
In particular, nanoparticle size affects the biodistribu-
tion of nanoparticles throughout the body [11.50-5156].
Particles on the micrometer scale remain in the body
much longer than particles on the nanometer scale [s1].
In one 7 vivo mouse model, micrometer particles
remained in the spleen and the site of injection for at

least two weeks, while nanoparticles of the same mate-
rial were almost completely cleared in the same time
frame [s1]. The largest accumulations of nanoparticles
typically occur in the blood, liver and spleen [11]. Gen-
erally, larger nanoparticles accumulate in the liver and
spleen more rapidly. There is still debate as to whether
the rapid accumulation is due to simple filtration or
increased binding opportunities between the MPS
cells and the nanoparticles [s8]. In a study compar-
ing 10, 40, 150 and 10,000 nm AIZO3 nanoparticles,
a significantly lower percentage of the injected dose
of the 10 nm nanoparticles accumulated in the liver
compared with all larger nanoparticles [60]. A higher
accumulation of the 10 nm nanoparticles was observed
in the kidneys, but this could be caused by a lessened
availability of the larger nanoparticles due to their
high accumulations in the liver. Biodistribution data
for ALLO, particles can be seen in Figure 3A. Examin-
ing the variations in biodistribution for 24 and 37-nm
diameter shell cross-linked nanoparticles, smaller par-
ticles show a lower accumulation in the liver at 10 min
postinjection and lower kidney uptake at 4 h postin-
jection. Uptake in the spleen showed no correlation to
nanoparticle size [59].

The minimum size to escape renal filtration, 10 nm,
is illustrated by examining the biodistribution of spher-
ical gold nanoparticles with diameters of 10, 50, 100
and 250 nm at 24 h postinjection. The 50-nm diameter
nanoparticle shows the lowest accumulation in both
organs, but the 10-nm diameter nanoparticle shows the
highest accumulation in the spleen and the liver [11]. In
contrast, 15, 50 and 160 nm gold nanoparticles func-
tionalized with PEG show decreasing accumulation
from 50 to 15 nm [¢7]. In a study by Sonavane et al.,
the biodistribution of various sized gold nanoparticles
(15, 50, 100 and 200 nm) were observed in mice. Their
results showed that smaller particle size gold nanopar-
ticles like 15 and 50 nm had higher blood concentra-
tion 24 h postadministration. Organ biodistribution
studies also showed that 15 nm gold nanoparticles had
a wide spread concentration compared with larger sizes.
Increase in spleen concentration was observed with the
increase in particle size [56].

Nanoparticle size impacts biodistribution within
specific organs, as well as affecting the biodistribution
throughout the body. The size-dependent distribution
of nanoparticles is the result of various filters within
organs or barriers between the organ and the surround-
ing fluid (5:50]. For example, when nanoparticles from
20 to 100 nm in diameter were injected into the kidney
tissue, no correlation between the particle size and par-
ticle accumulation was found in the peritubular capil-
laries. However, there was a strong correlation between
particle size and particle accumulation in the renal cor-
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Figure 2. A schematic representing the relationship between nanoparticle size and circulation half-life. Each point
represents a specific combination of characteristics that has been tested. Points are colored based on core material
(yellow represents gold and purple represents quantum dots). The coating of the particle is shown by the lines
surrounding each point. Black lines denote a PEG coating, with longer lines representing higher PEG molecular

weight. Blue lines denote an S-PEG coating (silica shell with PEG

000 COatiNg). Green lines denote a PIL coating.

Within each point, surface charge is shown as positive (+), negative (-), neutral (=), or unknown (?).

puscles. Nanoparticles 50 nm in diameter accumulated
in all renal corpuscle cells with decreasing quantities as
the nanoparticle diameter approaches the extremes of
the tested range [s0]. An example of a barrier’s impact
can be found in a study that analyzed the effects of size
when penetrating the blood—brain barrier. Polystyrene
nanoparticles between 25 and 500 nm were injected
into rats; 3 h postinjection, the biodistribution of
nanoparticles showed a strong correlation to nanopar-
ticle size (Figure 3B). Notably, 25 and 50 nm particles
showing the greatest accumulation in the brain tis-
sue [s]. A similar trend appeared in the study of gold
nanoparticles mentioned above by Sonavane ez. a/. The
gold concentration of 15 and 50 nm nanoparticles in
the brain revealed that the smaller sized particles are
able to pass the blood—brain barrier [56].

It is interesting to note that certain nanoparticles
do not have traditional pharmacokinetic profile and
biodistribution. Liposomes can be modified to alter
the PK/PD profile [68]. Geiser et al. reviewed the bio-
kinetics and clearance of nanoparticles deposited in
the respiratory tract. They compared the nanome-
ter sized particles with micrometer sized particles in

the 0.5-10 pum range [65]. Experimental studies have
shown that the accumulation and translocation of
some nanoparticles such as inhaled iridium particles in
secondary target organs depends on particle size [64].
Biodistribution of 1.4 and 18 nm gold nanoparticles
after their intratracheal instillation also showed that
significant difference exist in their translocation and
accumulation [69].

In order to determine the effects of nanoparticle size
on biodistribution, nanoparticle properties and bio-
distribution model parameter must be quantified [15].
A possible future method of evaluating the biodis-
tribution of nanoparticles is a physiologically based
pharmacokinetic model (PBPK) [15,70). PBPK models
are discussed in further detail in the modeling section.

Tumor permeability

Although nanoparticles can be tailored to reach the
targeted tumor, challenges still exist in delivering them
to the tumor cells. When a tumor is developing, angio-
genesis occurs to supply the rapidly dividing cells with
blood and nutrients. These new blood vessels show
much higher levels of vascular endothelial growth fac-
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tor-A (VEGF-A) than most adult tissue. VEGF-A, a
protein highly expressed in healing tissue and develop-
ing tissues, is the main protein that helps to drive path-
ological angiogenesis [71,72]. VEGF increases the vascu-
lar permeability of the endothelial cell layer, resulting
in ‘leaky’ blood vessels that create the phenomena
known as the enhanced permeability and retention
(EPR) effect [7173]. Vascular permeability depends on
both nanoparticle and pore size. As nanoparticle size
increases, the vascular permeability decreases [54]. The
pore size of tumor vesicles varies based on tumor type
and growth location. For example, tumors in the cra-
nial window have dramatically smaller pore sizes than
the same tumors in the dorsal chamber [8]. Therefore,
nanoparticle size should be tailored depending on the
type and location of the tumor.

The ‘leaky’ blood vessels result in higher interstitial
fluid pressure (IFP) within the tumor [¢]. This elevated
IFP hinders the transport of nanoparticles across the
vessel walls and compromise the benefits of the EPR
effect 4. A possible solution to this transport chal-
lenge is the normalization of the tumor interstitial
matrix [54]. For each nanoparticle size, an ideal pore
size exists that maximizes transvascular flux [74].
Chauhan ez al. simulated the effects nanoparticles
from 1 to 250 nm with various mean pore size to evalu-
ate the possible benefits of normalization. Therapeutics
under 12 nm showed the most rapid tumor penetra-
tion rates [6]. Tumor penetration rates decrease with
larger particles. For diffusive and convective penetra-
tion in the transvascular and interstitial, smaller par-
ticles showed faster penetration [6]. Each nanoparticle
size showed an individual optimal mean pore size for
maximum delivery. Pore sizes over 140 nm hindered
delivery because of the IFP. Experimentation with
fluorescently labeled quantum dots of 12, 60 and 125-
nm diameter showed higher tumor penetration with
smaller particles. The 12 nm particles diffused away
from the vessel with minimal hindrance, but 60 nm
particles remained within 10 pm of the vessel walls.
The 125 nm particles did not extravasate [57]. The
same trend was seen with gold nanoparticles [75]. In
summary, smaller pore sizes and nanoparticle sizes are
preferable for drug delivery [6.75).

When designing a nanoparticle to target a tumor
cell, there must be a balance between circulation half-
life and the ability to reach the tumor. Generally, a
nanoparticle less than 50 nm protected by a moderate
mPEG weight seems to have a long half-life and the
ability to extravasate into and permeate through the
tumor [52]. With any nanoparticle in the 40-100 nm
range, circulation halflife is crucial to tumor accumu-
lation. Since nanoparticles move from the blood to the
tumor by a concentration gradient through the EPR

effect, a greater concentration in the blood will speed
this process [52].

Once nanoparticles accumulate in the tumor, their
distribution throughout tumor mass is hindered by
the hydrostatic pressure, particularly in the center of
the tumor (52,55]. The high central pressure creates a
mass-flow movement of fluid away from the center
of the tumor, making it difficult for nanoparticles to
reach the innermost areas [ss]. Subsequent hypoxia, a
lack of oxygen to the center of the tumor, often leads
to metastasis [57]. Nanoparticles that reach the center
of the tumor have slowed and restricted movement
through the tumor cell extracellular matrix (ECM)
in a size-dependent manner [52]. A possible solution
to this problem is using targeting ligands to enhance
uptake [76]. However, this creates a binding site bar-
rier that slows the tumor penetration. Currently, it is
known that an increased circulation half-life will allow
for increased penetration, but the specific nanoparticle
size that allows for effective drug delivery capabilities
and eliminates the binding site barrier effect still needs
to be found [7¢].

A study of radiolabeled iron oxide nanoparticles on
mice bearing human breast cancer tumors compared
nanoparticles between 20 and 100 nm diameters.
Inductively heating the nanoparticle caused tumor
necrosis. The slowed tumor growth for the 20-nm
diameter particles was significantly higher than the
untreated group or any larger sized particles, despite
the increased heat capacity of 30-100-nm diameter
particles [53]. Several studies have shown that the size
of the nanoparticle significantly affects tumor pen-
etration and favors nanoparticles less than 30 nm in
diameter [6,53].

Immunological issues
The ability to manipulate a nanoparticle’s size, shape
and surface charge allows nanoparticles to be used
in many types of immune-regulation. Most notably,
nanoparticles have the potential to be a vaccine carrier.
Already, nanoparticles conjugated to vaccine antigens
have shown higher uptake rates than microsized par-
ticles [77]. Nanoparticles between 25 and 40 nm also
penetrate tissue well, aiding in the activation of adap-
tive immune responses [77]. Vaccines may target den-
dritic cells (DCs) or antigen-presenting cells (APCs).
Nanoparticles greater than 500 nm are mainly inter-
nalized at the injection site by APCs, while nanoparti-
cles below 200 nm are mainly internalized by DCs [78].
Nanoparticles are being developed as antigen-carriers
to avoid antibody production against the platform [30].
A variety of gold nanoparticles were tested for immu-
nogenicity. Tested particles included 20 and 40 nm
spherical nanoparticles, 40 x 40 x 40 nm cubic nanopar-
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Figure 3. Biodistribution of nanoparticles showing the effect of size (please see facing page). (A) Biodistribution
of ®N-labeled Al,O, nanoparticles in male rats 60 min postinjection. Graphs show percent injected dose that has
accumulated in the brain (top left), liver (bottom left), lungs (top right) and kidneys (bottom right). Reproduced
with permission from [60]. (B) Biodistribution of bare and TPGS coated fluorescent polystyrene nanoparticles

(PS NPs) in Sprague—-Dawley rats 3 h postinjection.
Reproduced with permission from [s].

ticles, and 40 x 10 nm nanorods. Comparing spherical,
cubic and rod nanoparticles, the rod shape showed the
most efficient uptake by APCs. However, 40 nm spheri-
cal nanoparticles were the best platform because they
included the secretion of proinflammatory cytokines [30].
Nanoparticle size also impacts T cell response, and this
response varies based on the type of T cell. CD4* T cells
show a higher proliferation with larger nanoparticles
(>100 nm) [79.80]. However, particles 40-50 nm have
stronger CD8* T cell responses [78].

In addition to vaccine uses, nanoparticles are useful
in cell tracking. Since immune cells respond to envi-
ronmental factors, monitoring immune cells 7z vivo
would provide insight into optimal delivery routes,
therapeutic doses, etc. [81]. Labeling cells with iron
oxide nanoparticles and then performing an MRI
gives high-resolution images of the deep tissues [81].
Immune cells can be labeled through ex vivo incuba-
tion, through 77 situ nanoparticle injection, or in vivo
systematic application [81].

Many small-scale in vivo studies have been con-
ducted, but these independent studies are often dif-
ficult to compare because of experimental variations
(e.g., different cell lines, different core materials and
different nanoparticle coatings). A greater number of
large-scale in vivo studies would allow direct side-by-
side comparisons, elucidating the effects of a single
nanoparticle property more easily [11]. For example,
studies regarding tumor permeability need to be con-
ducted on a wide range of tumor models and tumor
growth stages in order for the trends to be general-
ized [52). Furthermore, delivering therapeutics to
a tumor is one of the most popular applications of
nanoparticles, and there are many aspects of the deliv-
ery process that are not understood. Future research in
this process needs to be conducted, with an emphasis
on the variability of the tumor’s extracellular matrix
and the permeability of various nanoparticle sizes [s2].
These studies must consider the impact of nanopar-
ticle size, summarized above, as well as fundamental
concepts shown in relevant 7z vitro studies.

Nanoparticle probes for molecular imaging
MRI

Nanotechnology has touched on major imaging
modalities with a variety of radiolabeled nanoparticles.
Of these imaging modalities, PET/MR imaging shows
the greatest potential for clinical use since MRI soft

tissue contrast is combined with PET sensitivity [3-4,53].
MR imaging contrast is determined by the longitudinal
relaxation rate (1/T) and transverse relaxation rate (1/
T,) 1s2]. Contrast agents can alter these relaxation rates.
The quantitative relaxation rate change normalized by
the contrast agent concentration is known as relaxiv-
ity [12.82]. Contrast agents that predominantly affect
the longitudinal relaxivity (r,) create positive con-
trast, increasing signal intensity, while those that pre-
dominantly affect the transverse relaxivity (r,) create
negative contrast [12,14,82].

To date, iron oxide nanoparticles are the most widely
used MRI contrast agent because of their contrast-
enhancing capabilities, biocompatibility and high r,
relaxivity [4,12-13,53]. The I, relaxivity, also known as
T, relaxivity, of iron oxide nanoparticles increases with
increasing particle size, which causes an increase in neg-
ative contrast [12,14]. Huang ez al. reported I, relaxivity
of PVP-coated iron oxide nanoparticles ranging from
173.37 mM [-1] s [-1] to 248.89 mM [-1] s [-1] for cores
ranging from 8 to 65 nm, respectively [12]. These are sig-
nificantly higher r, relaxivity values than Feridex, a well-
known MRI contrast agent. Furthermore, the PVP-
coated iron oxide nanoparticles with a 37-nm diameter
(PVP-IO-37) had the greatest cellular uptake (1.3, 2.8
and 5.3 times the uptake of nanoparticles of size 65, 23
and 8 nm, respectively) 7 vitro and an r, relaxivity of
239.98 mM [-1]s [-1]. When comparing PVP-10-37
to Feridex and nanoparticles of sizes 8, 23 and 65 nm,
PVP-I0-37 showed a significantly higher negative con-
trast enhancement 7z vivo [12]. From these results, it is
evident that both r, relaxivity and cellular uptake must
be considered when choosing a contrast agent.

In addition to size-dependent r, relaxivity, super-
paramagnetic iron oxide nanoparticles show a clear
correlation between nanoparticle size and r, relaxiv-
ity [14]. A study tested nanoparticles between 3.2 and
7.5 nm and found a linear increase in r, relaxivity with
increasing particle size (seen in Figure 4A) [14]. How-
ever, particle size more strongly affects r, relaxivity,
resulting in a direct relationship between r /1, relaxiv-
ity ratio and particle size (14]. Therefore, smaller par-
ticles make better positive contrast agents while larger
particles make better negative contrast agents.

The surface coating of the nanoparticle also affects
MR imaging contrast. For example, PEG chain length
affects T, relaxivity [77). Tong et al. tested two differ-
ent iron oxide core sizes, each coated with five different
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Figure 4. Size-dependent relaxivities of nanoparticle probes. (A) r, relaxivity for magnetite in various oxidation
states. Each shows a positive, linear correlation between nanoparticle size and r, relaxivity. Reprinted with
permission from [14]. (B) T, relaxivity of the SPIOs on a per particle basis. SPIOs with two core sizes, 5 and 14 nm,
and five PEG sizes, molecular weight of 550, 750, 1000, 2000 and 5000 Da, were evaluated. Reproduced with
permission from [13]. (C) MRI images before (pre) and after (post) magnetic nanoparticle injection into the foot on
the hind leg of mice with a subcutaneous SCCVII tumor. A 3T scanner was used.

Reproduced with permission from [83].

PEG chain lengths, that resulted in the T, relaxivity val-
ues seen in Figure 4B [13]. As expected, the 14 nm core
showed a higher T, relaxivity than the 5 nm core with
the same PEG coating. However, both core sizes showed
an optimal PEG chain length that was not the maximum
length. For the 14 nm core, T, relaxivity increased by
2.54-fold with a decrease in PEG molecular weight from
5000 to 1000 Da and then did not continue to increase as
the PEG molecular weight further decreased. Likewise,
5 nm cores showed a critical PEG size of 550 Da [13]. In
vivo testing of the optimally-PEG-coated 14 nm core
particles revealed significant MRI contrast [13]. Various
PEG molecular weight coatings can also impact distribu-
tion of particles across a target, as seen in the tumor scans
in Figure 4C. Smaller PEG molecular weights provide a
more even spread across the target. As the PEG molecu-
lar weight increases, particles tend to accumulate along
the rim of the target (83]. Another consideration is ligand
density, which impacts negative contrast in MR imaging.
The optimal density of 0.01 ligands/nm squared provides
a significant improvement in contrast compared with
both higher and lower ligand densities (4]. Since opti-
mal ligand density is size-dependent, researchers must
consider the size of the nanoparticle when conjugating
ligands to the surface of imaging probes [4].

Luminescence imaging
When imaging 7z vitro, nanoparticles can be used to
increase image contrast and sensitivity [84]. One way of
utilizing nanoparticles is through dye-doping, or mod-
ulation to absorb a specific dye. When using dye-doped
nanoparticles, size is critical because it determines both
the luminescence and intracellular mobility [84]. In
a study with dye-doped silica nanoparticles, a 23 nm
nanoparticle was compared with 85 nm particles in
regards to penetration time and retention. Nanoparticle
penetration was comparable for both sizes during the
first 20 min of incubation. After 40 min of incubation,
the 23 nm nanoparticles had penetrated the cell mem-
brane in 58% of cells, while 85 nm nanoparticles had
penetrated only 14% of cells. The size of the nanoparti-
cles also affected the location, with 23 nm nanoparticles
retained evenly throughout the cytosol, illuminating
the entire cell, and 85 nm nanoparticles retained along
the outer cell surface, forming a luminous ring [84].

A second method uses the luminescence of noble
metal nanoparticles, such as gold (8s). Differing optical
properties such as plasmon absorption can be modulated

through size (86]. In a study of silica-gold nanospheres
and gold nanorods, Jain er al. found that the optical
resonance wavelength, the extinction cross-section, and
the relative contribution of scattering to the extinction,
are strongly dependent on the nanoparticle dimensions.
It was observed that an increase in size correlated to an
increase in extinction and relative scattering contribu-
tion [85]. Overall, more work is needed to fully understand
the effect of size on optical properties of nanoparticles
and optimize them for 77 vitro luminescence imaging,.

Magnetic particle imaging

Magnetic particle imaging (MPI) is a new topographic
imaging technique that focuses solely on the distribu-
tion of superparamagnetic iron oxide nanoparticles
in biological tissue, providing high sensitivity, spatial
resolution, and contrast [87,88]. It can be used in can-
cer targeting, vascular imaging, and stem cell labeling
and tracking [87]. MPI relies heavily on nanoparticle
size because superparamagnetism only occurs in fer-
romagnetic particles that are smaller than a critical
diameter [88]. MPI involves measuring particle magne-
tization under a static magnetic field. For superpara-
magnetic iron oxide nanoparticles, the magnetization
is nonlinear and produces harmonics (88]. The MPI
images created by analyzing these harmonics depend
on nanoparticle relaxation times of the magnetic
moments, referred to as MPI tracers, in the presence of
an oscillating magnetic field. Relaxation times increase
with the increasing diameter for Neél relaxation time,
Brownian rotational diffusion, and hysteretic rever-
sal 88]. The effects of MPI tracer size are substantial,
even in the small range of 7-22 nm (87]. Addition-
ally, the effectiveness of MPI tracers is affected by the
environment, so size can be tuned to the preferred
application (87].

The main areas of research within diagnostic imag-
ing involve enhancing current techniques. Nanopar-
ticles have already shown an ability to increase imag-
ing contrast in MR and iz vitro imaging [s3]. Future
imaging improvements involving nanoparticles could
range from contrast agents that can be detected by
multiple imaging modalities to dual-modality imag-
ing probes that combine radionuclide-based and non-
radionuclide-based imaging approaches [s3]. Prospec-
tive research also involves recent imaging techniques
specifically focused on nanoparticles, such as MPIL.
Models for MPI have shown promise, but research is
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needed to see the actual effects of various nanoparti-
cle properties. In both areas of research, nanoparticle
size affects imaging. This occurs through varying T,
relaxivity measurements, luminescence levels, Néel
relaxation, Brownian rotational diffusion, and hyster-
etic reversal mechanisms [13,53,88]. Future studies must
not only consider nanoparticle size in the experimental
design, but also fully characterize nanoparticles so that
researchers can make fair comparisons and learn more
about the effects of nanoparticle size on imaging.

Modeling of nanoparticle size effects

The growing interest in understanding the movements,
cellular internalization and excretion of nanoparticles
with different sizes, core materials and surface modifi-
cations has led to the development of various models. A
range of thermodynamic based and physiologic based
pharmacokinetic models have been developed to begin
the task of organizing and interpreting the wide range
of experimental data [15,31,70].

Thermodynamic models

The thermodynamic interaction between a nanoparticle
and the cell membrane, a critical step in delivery, depends
on the nanoparticle’s physiochemical factors [89]. In one
particular model, the ability of nanoparticles to absorb
through the membrane and surround themselves with a
layer of phospholipids from the cell membrane is repre-
sented by a series of density functions. While only shown
with a small range of results (1-4 nm), the trend showed
that the larger nanoparticles were able to absorb into
the membrane more effectively [89]. A thermodynamic
model focusing on cellular uptake of ligand-coated
nanoparticles is based on the idea of a thermodynamic
equilibrium at which a certain number of nanoparticles
undergo endocytosis. Parameters for the model were
developed based on the experimental data. The model
predicted an optimal radius of 25 nm to maximize cellu-
lar uptake [31]. These two model demonstrate the various
applications of thermodynamic modeling and allow the
prediction of the interactions between nanoparticles and
the cell membrane [31,89].

Physiologically based pharmacokinetic models

Physiologically based pharmacokinetic (PBPK) mod-
els have been used for the past 30 years to predict and
analyze toxicity, absorption, distribution, metabolism
and excretion (ADME) of small molecules [15]. The
same type of model can be adapted to nanoparticles in
an attempt to understand the general rules for design-
ing and implementing of such particles. Since size and
surface chemistry strongly affect biodistribution, opti-
mizing these characteristics will improve accumulation
the targeted tissue. PBPK models consider the ability

of the nanoparticle to circulate (perfusion) and to pen-
etrate into tissue (permeability) [70]. PBPK models are
normally divided into two groups based these transport
mechanisms: perfusion (or blood flow) limited and
permeability (or membrane) limited [70]. A diagram of
these two models is shown in Figure 5A. Within these
two categories, PBPK models can also be divided into
perfusion and permeability by organ [15).

Once a model is chosen based on the type of nano-
particle and disease state the pharmacokinetic (PK)
parameters are established from prior experimentation.
These PK parameters are utilized in the model’s primary
equations and simulations to determine the bioavailabil-
ity (F), estimated blood circulation halfife (t,,) and
excretion of the newly designed nanoparticle [15.70].

With so many different nanoparticle types, the
model parameters can vary. For example, poly(lactic-
co-glycolic) acid (PLGA) nanoparticles have signifi-
cantly different diffusion and partition coefficients
than those of PEG containing PLGA nanoparti-
cles 70]. When simulating the half-life of four different
sized nanoparticles containing PEG and having a zeta
potential of -5.26+0.79 mV, both permeability and
perfusion models were used. The simulated perfusion
model worked more efficiently for nanoparticles that
have a shorter t, but the simulations from the perme-
ability model more closely aligned with the iz vivo t,
results for all nanoparticles [70].

To predict the development of tumor microvascu-
lature, a computational model was developed. This
two-dimensional model accounted for tumor-growth
and adhesion of nanoparticles to the blood vessel wall.
Nanoparticle size, ligand density and vascular receptor
expression levels believed to affect the nanoparticle vas-
cular affinity. It was also shown that nanoparticles bypass
the tumor mass through the health vessels when the new
vasculature network is not sufficiently developed [91].

To model the delivery of FITC-dextran nanoparticle,
Anne L van de Ven ez al. reported the use of IVM (intra-
vital microscopy). The degree of nanoparticle accumu-
lation inside tumor microvasculature was used to under-
stand tumor specific differences. The data suggest that
tumor heterogeneity among different individual will lead
to variation in tumor response. Without relying on PK
models, this method could be used to rank and classify
tumors and ultimately understand nanoparticle behav-
ior in preclinical setting [92]. Wu e# al., further inves-
tigated the effect of interstitial pressure and lymphatic
vascular system by modeling these effects and building
on the tumor growth model. Interstitial fluid pressure
during vascularized tumor growth was found to hinder
nanoparticle extravasation 93,94]. To predict the behav-
ior of intravenously injected nanovectors, Godin ez al.
reported a multiscale, multiphysics mathematical model
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Figure 5. Schematics of PBPK models for nanoparticle permeability. (A) A perfusion model (left) and
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differ from those in the perfusion model. (B) A schematic of a more complex permeability model that considers
the effects of phagocytosis on nanoparticle distribution.

(A) Reproduced with permission from [70].
(B) Reproduced with permission from [90].
iv.: Intravenous.

which combined three modules. To model the con-
vective and diffusive transport of nanovectors within
the vascular network, a boundary value problem was

described. The second module, presented the margin-
ation and adhesion dynamic of a single nanovector in
close proximity of vessel wall. In addition of to external
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forces, effect of nanovector size, shape and specific/non-
specific interaction were taken into account. The third
module, explored the cellular internalization of nano-
vectors with the prior knowledge that the rate of uptake
is affected by the geometry and surface physiochemi-
cal properties of nanovectors. Design maps were then
generated with the integration of the above-mentioned
modules. To maximize the localization of nanovectors
within diseased microvasculature, the maps may be uti-
lized in the identification of optimum combination of
size, shape and surface properties [95].

These base models showed promising results, but
the complexity of the variances within nanoparticle
properties has led to a need for more complex PBPK
models which take into consideration the nanopar-
ticle type, disease state and nanospecific phenomena
in the body [1570,90]. One model examined the effects
of phagocytosis on nanoparticle biodistribution (sche-
matic shown in Figure 5B). The model was adapted to
several nanoparticle types, and in each case it was found
that increased size correlates with increased phagocytiz-
ing cell uptake [(90]. The more relationships discovered
between nanoparticle characteristics and the human
body, the more accurate models can become. Currently,
the complexity of nanoparticle properties is the lack of
data available to use for PK parameter estimations in
simulating PBPK models. Nonetheless, PBPK modeling
is still a viable option for initial screenings and refine-
ment of nanoparticles for their use as therapeutic and
diagnostic tools in future research studies.

Conclusion & future perspective

Nanoparticle size significantly influences their thera-
peutic and diagnostic applications. Therapeutic deliv-
ery aspects, including blood circulation half-life (3,511,
targeting [47) cellular uptake [12,31] and tumor pen-
etration [1,6,51] are all influenced by nanoparticle size.
While an optimal size can be determined based on the
therapeutic goals, disease site and other nanoparticle
properties, some key components can be generalized
to all purposes [15,31,70.88]. Nanoparticles must be larger
than 10 nm to avoid the renal filtration barrier [3.62]. A
diameter greater than 200 nm will activate the comple-
ment system and be quickly removed from the blood
stream, accumulating in the liver and spleen [3551).
Within this range, a diameter of about 50 nm shows
the greatest cellular uptake in thermodynamic mod-
els and most experimental studies [12,23,31]. Conversely,
nanoparticles 20 nm or less show the greatest tumor
penetration [1,653]. With these contradictory findings
and the constant battle against rapid clearance to RES
organs, the ‘ideal” nanoparticle is still to be discovered.
In fact, it is likely that the optimal nanoparticle design
will be disease-specific [57].

Diagnostic imaging shows improved contrast and
sensitivity when coupled with nanoparticles 3.88). MR
imaging contrast depends on T2 relaxation time, which
is directly related to iron oxide nanoparticle core diame-
ter. Likewise, MPI imaging shows increased Neél relax-
ation time, Brownian rotational diffusion and hysteretic
reversal with an increased core diameter [88]. Once cellu-
lar uptake is considered, a core diameter of 37 nm shows
the most promise in MRI [12]. In addition to the core
diameter, coating must be carefully considered when
choosing an MRI contrast agent. An optimal PEG coat-
ing length exists for each nanoparticle size (13]. Iz vitro
luminescence imaging shows size-dependent trends for
gold nanoparticles, with an increased diameter corre-
lating to an increased extinction and relative scattering
contribution [ss]. For dye-doped nanoparticles used in
in vitro imaging, the cellular uptake and intracellular
mobility of the nanoparticles strongly affects the image.
A smaller diameter of 23 nm results in improved cellular
uptake and moves further past the outer cell membrane
to disperse in the cytoplasm than a larger diameter of
85 nm for silica dye-doped nanoparticles [s1].

With the variety of therapeutic and diagnostic appli-
cations, different nanoparticle sizes are needed, depend-
ing on the desired goal. To streamline the construction of
new nanoparticles, both thermodynamic models [31,89]
and PBPK models [15,70.90] are being developed and fine-
tuned. These models account for the nanoparticle’s size,
surface chemistry and shape [15,7090]. With advances in
understanding the effect of nanoparticle size on interac-
tions with the human body, both through models and
experimentation, researchers are moving towards imple-
menting nanoparticles as a standard in clinical diagnos-
tic imaging and drug delivery. Nanoparticles have the
potential to be extremely effective therapeutic and diag-
nostic tools in a variety of applications. Using nanopar-
ticles in the medical field would result in lower systemic
doses, enhanced therapeutic efficacy, less unwanted side
effects, easier drug administration, increased patient
quality of life and compliance [s]. To advance nanopar-
ticles into clinical research, further research is needed to
elucidate the interaction between the nanoparticles and
the human body.
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Executive summary

Effects of nanoparticle size: in vitro applications

¢ Nanoparticle size impacts the enthalpic and entropic properties that govern the interaction between

nanoparticles and living cells.

Most in vitro studies show a maximum cellular uptake in nonphagocytic cells within the size range of
10-60 nm, regardless of nanoparticle core composition or surface charge.
The addition of targeting moieties may improve the delivery efficiency through active targeting of

overexpressed antigens.

Within the range of typical antibody-antigen energies, a nanoparticle’s optimal radius can range from 25.4 to

30.2 nm.

Well-executed in vitro studies will help generate knowledge of fundamental nanoparticle physicochemical

properties, such as the effects of nanoparticle size.

Effects of nanoparticle size: in vivo applications

e Some nanoparticles with a diameter less than ~10 nm may be rapidly eliminated by the kidneys.
e A nanoparticle with a diameter greater than 200 nm may activate the complement system and be quickly

removed from the blood stream.

Optimizing nanoparticle size and the molecular weight of the PEG coating increases circulation half-life.

The largest accumulation of nanoparticles typically occurs in the blood, liver and spleen, with larger
nanoparticles accumulating in the liver and spleen more rapidly.

The size-dependent distribution of nanoparticles within organs is a result of various filters or barriers between

the organ and the surrounding fluid.

As nanoparticle size increases, vascular permeability decreases.

For each nanoparticle size, an ideal pore size exists that maximizes transvascular flux.

A greater number of large-scale in vivo studies would allow direct side-by-side comparisons, facilitating the
elucidation of the effects of individual nanoparticle properties.

Imaging

In general, the T, relaxivity of iron oxide nanoparticles increases with core size, both at constant iron

concentration and on a per particle basis.

Magnetic particle imaging (MPI) is a new topographic imaging technique that focuses solely on the
distribution of superparamagnetic iron oxide nanoparticles in biological tissue, providing high sensitivity,

spatial resolution and contrast.

The effects of MPI tracer size are substantial, even in the small range of 7-22 nm.

Modeling

e Thermodynamic models of the effect of nanoparticle size focus on the energy considerations, especially the
interactions between nanoparticles and their environment (including cells).

* Physiologically based pharmacokinetic (PBPK) models can be used to perform theoretical analysis and parametric
simulations to determine the bioavailability, blood circulation half-life and excretion of nanoparticles.

e The complexity of the variations with nanoparticle properties has led to a need for more complex models
that take into account the nanoparticle size and surface chemistry, particle-tissue interaction and other

nanospecific phenomena in the body.
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