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 When nanomaterials meet the biological world, the cellular interaction of 
nanoparticles is routinely assessed in in vitro systems. Establishing dose–
response relationships requires that the dose of nanoparticles delivered to the 
cell is accurate and precise. Nanoparticles as such or coated with high molec-
ular-weight compounds are rarely uniform and the infl uence of heterogeneity, 
including polydispersity both in size and mass density, on the delivered dose 
is never studied before. Furthermore, a probabilistic term describing particle 
adherence to cells is introduced and the importance is discussed. By tracing 
the movement of discrete particles via modeling, it is found that the infl uence 
of heterogeneity cannot be neglected when the average particle size pro-
motes settling over diffusion. However, the infl uence of polydispersity on the 
delivered cellular dose is less critical for particulate systems whose mean size 
promotes diffusion. The infl uence of a non-instantaneous particle association 
to the cell is negligible for particles whose motion is dominated by settling, 
but it is relevant for small particles whose motion is governed by diffusion. 

at least three elementary processes that 
are relevant for in vitro dose: (i) delivery of 
NPs to the cell, (ii) adherence to the cell 
membrane, and (iii) internalization. Any 
of these processes can be a rate-limiting 
factor. Awareness concerning the pecu-
liarities of NP transport in fl uids and the 
relevance to liquid-based in vitro assays 
is on the rise, as shown by the steadily 
increasing number of research papers 
adopting the concept of particokinetics 
proposed by Teeguarden et al. [ 20,25 ]  for 
interpreting dose–response curves. The 
concept of particokinetics, describing 
uniform particles, [ 20,25 ]  challenges the 
still-reigning paradigm that the dose to 
which adherent cells are exposed to at the 
bottom of the cell-culture dish is propor-
tional to the concentration of NPs in the 
suspension. However, the concentration 
of NPs in suspension defi nes only the 

administered dose, and the above paradigm is strictly valid 
only when all NPs in the suspension have completely settled, 
in which case the delivered dose is equal to the administered 
dose. The ultimate fate of NPs in a fl uid is eventually dictated 
by its mass density, i.e., NPs will settle if their mass density is 
greater than that of the fl uid. The impact of NP size and mass 
density on transport has been known for a long time [ 26–29 ] : in 
general, sedimentation is dominant for large NPs of “higher” 
mass density, while diffusion dominates the transport for small 
NPs of “lower” mass density. The kinetics of a particle is quan-
tifi ed by the diffusion coeffi cient (the Stokes–Einstein equation 
and the settling velocity, Stokes’ law). [ 26 ]  Depending on (i) the 
hydrodynamic radius of the NPs, (ii) the mass density differ-
ence between the particle and the fl uid, (iii) the concentration 
of NPs in the colloidal suspension, (iv) the total volume of 
the colloidal suspension administrated to the cell culture, and 
(v) the cross-sectional area of the cell-culture well, temperature 
and dynamic viscosity of the suspending fl uid, the delivery time 
may be as short as minutes and as long as days in certain cases. 
The model for the transport and dosimetry of NPs developed 
by Hindertliter et al. [ 20 ]  has shown that already uniform NPs 
present examples of nontrivial dose–time courses. In general, 
uniform or monodisperse NPs are defi ned as NPs that pre-
sent no more than 10% dispersion in their size distribution. [ 30 ]  
Dynamic changes in the dispersion state of NPs have been 
shown to signifi cantly complicate theoretical models, which 
aim to predict dosimetry. [ 17,31–36 ]  
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  1.     Introduction 

 Nanomaterials science has emerged as a fi eld that impacts 
virtually all sectors of human life: electronics and IT applica-
tions, manufacturing and materials, and healthcare technolo-
gies. The growing interest in nanotechnologies also resulted 
in the development of new scientifi c disciplines such as “nano-
medicine,” [ 1–4 ]  as well as raised concerns about the health 
risks of manufactured nanomaterials and their environmental 
impact. [ 5–10 ]  Signifi cant research efforts in the fi eld of nanoma-
terials have resulted in nanoparticles (NPs) designed in nearly 
all sizes and shapes. [ 11–15 ]  

 In the last decade, much work has focused on elucidating 
the impact of physicochemical properties of NPs (e.g., size, sur-
face charge, hydrophobicity, or shape) on their subsequent cel-
lular interaction. In vitro systems are routinely used to assess 
the cellular interaction of NPs on a single-cell level to reveal 
mechanistic insights. [ 16–21 ]  It is widely accepted that there are 
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 Models employ idealized NPs to predict dosimetry, however 
in vitro, many studies involve heterogeneous suspensions of 
NPs both in size and in shape. [ 36–40 ]  The term “monodispersity” 
is therefore used rather generously, in particular when refer-
ring to commercially available nanopowders, particles synthe-
sized on an ultra-large scale, and anthropogenic (incidental) 
as well as naturally occurring particulate nanomaterials. [ 41–43 ]  
These examples of NPs may be highly heterogeneous both in 
size and morphology when compared with the engineered NPs 
found in the biological and/or medical fi eld. In addition, NPs 
are frequently coated by, e.g., synthetic polymers to prevent 
aggregation and to allow subsequent surface derivatization, [ 15,44 ]  
or interact strongly with natural biopolymers. [ 45–48 ]  Yet, the 
size and infl uence of surface-bound molecules on NPs is often 
underestimated. In fl uid, the polymer covering a NP forms a 
shell and defi nes the hydrodynamic radius, and modifi es the 
effective mass density relevant to settling. [ 49 ]  Accordingly, a non-
uniform or highly polydisperse coating is expected to result in 
an overall heterogeneity, whereby both size and effective mass 
density are polydipserse—even if the core NP is per se mono-
disperse. [ 49 ]  A recent review by Pelaz et al. [ 50 ]  has addressed the 
monodispersity paradigm. The authors convincingly show how 
uniformity might be required for some applications (e.g., light-
emitting quantum-dot structures, where the emission wave-
length strongly depends on the size of the quantum dot), while 
other applications are rather indifferent to nonuniformity. 
However, when estimating the distributions of diffusion coef-
fi cient and settling velocity, respectively, polydispersity might 
become an important parameter. 

 Another common source of polydispersity is aggregation. 
Aggregation refers to the usually irreversible formation of large 
disordered and heterogeneous clusters, which have irregular 
and arbitrary shapes, sizes, and effective mass densities. [ 51–53 ]  
The colloidal stability of NPs in suspension is controlled by 
interparticle interactions driven by intermolecular and surface 
forces. [ 54 ]  The balance of attractive and repulsive forces deter-
mines the dispersion state of the NPs and the fate of the col-
loidal suspension. A repulsive net force will ensure stability, 
while an unbalanced attractive net force will minimize the 
energy corresponding to the interaction potential: the colloidal 
suspension will collapse. [ 54,55 ]  As soon as NPs enter biological 
fl uids, such as cell-culture medium, they fi nd themselves in a 
complex matrix populated by bio- and small molecules, such 
as proteins, salts, vitamins, or lipids. [ 22 ]  These biomolecules 
can engage into specifi c interactions with the NPs, [ 34,47 ]  whose 
surfaces are subsequently modifi ed by their adsorption, which 
affects colloidal behavior. [ 56–58 ]  Presently, our ability to predict 
NP behavior in a particular cell medium, with or without dif-
ferent concentrations of serum components, is limited, due to 
the complex character of the NPs and the media. [ 32,59 ]  Likewise, 
thorough and real-time analytical investigation of the state of 
dispersion during an experiment is challenging. [ 18,19 ]  It is con-
ceivable that many colloidal suspensions will not remain stable 
and NPs will aggregate. [ 60–63 ]  Owing to the size, the transport of 
aggregates is generally governed by sedimentation. 

 To fi ll this knowledge gap existing for particokinetics and in 
vitro dosimetry, we isolate and demonstrate the characteristic 
features that emerge from polydispersity and present a new 
approach that reaches beyond uniform and instantaneously 

adhering particles (http://dyce.bionanomaterials.ch). The 
results presented in this report are strictly based on modeling 
and computation, which provides an ideal environment for 
systematic studies using well-controlled parameters and a user-
defi ned complexity that can be gradually adapted. [ 64,65 ]  Pure 
modeling and simulation is a deliberate choice of ours as direct 
experimental studies currently are not able to isolate and elimi-
nate the infl uence of nanoparticle administration (i.e., pipet-
ting) and nanoparticle detection. Most methods developed for 
detecting and quantifying nanoparticles are based on chemical 
elementary analysis [e.g., ICP techniques, [ 66,67 ]  optical spectros-
copy (e.g., absorption, [ 68 ]  fl uorescence, [ 69 ]  and vibrational [ 70,71 ]  
spectroscopy) ,  magnetic properties of the nanoparticle itself 
(e.g., superconducting quantum interference technique), [ 72 ]  a 
molecular probe associated to the NPs, or neutron activation 
(e.g., radiolabeling techniques)]. [ 73–75 ]  Beside the current chal-
lenge of establishing a simple, highly reproducible, controllable, 
and last but not least easily accessible dose-delivery process, 
all these methods are not based on direct, primary measurable 
quantities (i.e., number of particles, overall mass, overall surface 
area) but on secondary quantities, such as the fl uorescence from 
molecules associated to the nanoparticles, vibrational, emis-
sion or absorption spectra of NPs themselves, molecular probes 
attached, or the ratio of radioactive isotopes to stable isotopes 
in NPs. Consequently, one should describe the quantitative 
relationship between secondary measurable quantities and the 
primary quantities. However, even if it was done prior to experi-
ment, secondary measurable quantities are prone to be infl u-
enced by external parameters: e.g., fl uorescence intensity can 
vary due to both aggregation and photobleaching. The issues of 
particle administration and detection may bring in considerable 
uncertainty. Indeed, although several articles report a positive 
correlation between estimated and measured dose, [ 20–25 ]  their 
absolute value may differ up to several orders of magnitude, [ 23 ]  
which strongly indicates that currently available and commonly 
used nanoparticle administration and detection methods rather 
allow describing only relative doses instead of absolute doses. [ 76 ]  

 Therefore, we restrict our study to heterogeneous yet well-
defi ned scenarios, i.e., gold (Au) and polystyrene (PS) spherical 
NPs. We opted for these materials because of the high (Au: 
19.2 g cm −3 ) and low (PS: 1.05 g cm −3 ) mass densities, respec-
tively. Nonetheless, our method is modular and fl exible and the 
selection we address here is not limited by the capabilities of 
the computational platform we developed, which can be used 
for a de facto broad range of particulate systems.  

  2.     Theory 

 In a dilute quiescent colloidal suspension, there is no collective 
fl uid motion. When viscous forces dominate over inertial forces 
and interparticle interactions are negligible, the kinetics of a 
particle is a function of two parameters: hydrodynamic radius 
(rh) and mass density (ρ). The particle motion is quantifi ed by 
the diffusion coeffi cient (the Stokes–Einstein equation)

 πη
( ) =D r

k T

r6
1

h
B

h  
 (1)
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 and the settling velocity (the Stokes’ law)

    η
ρ ρ( )( ) = × − ×V r

g
r

2

9
h f h

2
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  η  is the dynamic viscosity of the fl uid, T  the temperature of the 
fl uid, kB the Boltzmann constant, g  the gravitational acceler-
ation constant, and ρf  the mass density of the fl uid, respec-
tively. [ 27,29,77 ]  In case of sedimentation, the displacement of the 
particle in the direction defi ned by gravity is proportional to the 
duration of motion: =x VtV . Unlike sedimentation, diffusion is 
a stochastic process and the particle may move in any direction 
with equal probability. Accordingly, diffusion can be described 
only in terms of statistical moments, such as average displace-
ment 〈 〉 =xD 0  and mean-squared displacement: 〈 〉 =x DtD 22 . 
When particle movement is unrestricted, the dispersion pro-
fi le, i.e., the probability density for fi nding the particle at given 
t  time at a distance x  from its initial position x0, follows a 
Gaussian distribution
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 The center of ( )p x t,  is equal to −x Vt0 , while the width and 
amplitude of the Gaussian distribution are both functions of Dt, 
as illustrated in  Figure    1  .  

 Dispersion in the hydrodynamic radii is described by the 
probability density function ( )hp r , quantifying the relative like-
lihood to take on a given value. If ( )hp r  is known, the proba-
bility density functions describing the distribution of the diffu-
sion coeffi cients ( )p DD  and the settling velocities ( )p VV  can be 
estimated by the rule of transforming random variables. Let Φ 
describe a functional relationship between two variables  y  and 
 x : = Φ( )y x  and = Φ− ( )1x y , and let the probability density func-
tion describing the distribution of x be known: ( )p xx . The aim 
is fi nding ( )p yy  for a given relationship described by Φ. The 
probability density function describing the distribution of y  
can be calculated by using the following formula [ 78 ] 

    
)(= Φ × Φ− −( ) ( )

d

d
( )1 1p y p y

y
yy x
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 To describe the hydrodynamic properties of polydisperse par-
ticles, let Φ embody the Stokes–Einstein equation and Stokes’ 
law, respectively. Depending on particle type, e.g., concerning 
aerosols, powders, or engineered NPs, diverse mathematical 
models have been applied to describe the particle size distribu-
tion. Being one of the most common models, [ 79 ]  let the distribu-
tion of the hydrodynamic radius follow a lognormal distribution
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 This distribution is described by two parameters: μ  
and ε, and it can be easily shown that the average hydro-

dynamic radius is given by ∫ )(〈 〉 = =
μ ε

∞
+d eh h

0

h 2

2

r r p r  and the 

poly dispersity index (σ  = standard deviation divided by the 

mean) is ( )−
μ ε

μ ε ε− − +e e e 12 2

2

2 2 . The most probable value 

equal to the peak position of the distribution is μ ε−e
2

. Applying 
Equation  ( 4)  , we obtain the probability density function of the 
diffusion coeffi cient
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 as well as the probability density function of the settling velocity
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 We emphasize that (i) our approach is applicable for other 
probability density functions than lognormal, and (ii) the prob-
ability density function of the hydrodynamic radii can be also 
directly estimated by, e.g., dynamic light scattering. [ 80,81 ]  While 
the dispersion profi le of uniform particles is purely Gaussian 
[Equation  ( 3)  , Figure  1 ], in case of size polydispersity, the dis-
persion profi le will be composed by the weighted contributions 
from each particle described in the distribution of the hydrody-
namic radius ( )p rh . Therefore, the dispersion profi le of polydis-
perse particles is obtained by

    
∫ π
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  2.1.     Random Walk Approach 

 Random walk with a constant drift is a discrete representation 
of the particle’s Brownian motion governed by diffusion and 
sedimentation. [ 82 ]  Random walk, mimicking particle motion, is 
a key technique in our approach. 

 In the discrete representation, the movement is not contin-
uous in time ( Figure    2  ). Instead, the particle performs a fi nite 

 Figure 1.    Characteristic features of the dispersion profi le of a particle 
with  D  diffusion coeffi cient and  V  settling velocity. While the center of the 
Gaussian profi le “travels” with a constant velocity  V , the profi le widens 
and its magnitude decreases in time with a D-dependent rate. The blue 
arrow indicates the direction of the gravitational force.
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number of ω=n t 1�  steps in given time, where ω  is referred 
to as the jumping frequency describing the number of steps the 
particle makes in unit time. The length of each step is chosen to 
be either υ δ=+l +  or υ δ= −−l , so that the chances for +l  and −l  
are equal and consecutive steps are uncorrelated. The term δ±  
represents diffusion, and υ  represents a constant drift driven 
by sedimentation. Their value is calculated from the jumping 
frequency, diffusion coeffi cient, and the settling velocity

   δ ω= D2 /  
 (9)  

    υ ω= /V   (10)    

 In case of polydispersity, both δ  and υ  are polydisperse, 
and the steps of the random walk, + −l / , are sampled over their 
distributions.  

  2.2.     The Initial and Boundary Conditions of the Random Walk 

 The most common initial and boundary conditions are 
illustrated in  Figure    3  .  

 At the beginning, a given particle (NP i ) is at a given position 
hi. At given time tj, the particle performs n  steps. The walk 
obeys simple rules: the particle cannot cross the surface of the 
fl uid (refl ective boundary) and when the particle reaches the 
bottom, =h Hi , it may adheres to cell (adsorbing boundary). We 
can also introduce a stochastic boundary, where upon reaching 
the cell, the particle may “dock” with probability < <0 1p . Our 
primary interest is the particle’s position after n  steps: ( )h ni

. Following the same rules, this walk is repeated m 1�  times, 
until statistically relevant estimation is obtained. Finally, we 
count that out of m  walks how many have resulted in adhering 
to the bottom. This count estimates the fraction of particles that 
have been delivered to the cell from a given height hi  in given 
tj  time. If the particles are dispersed evenly in the beginning of the 
experiment (initial condition B), the walk described above must be 
performed and subsequently averaged over different heights.   

  3.     Results and Discussion 

  3.1.     Infl uence of Polydispersity 

  Figure    4   shows lognormal size distributions and corresponding 
dispersion profi les of small (10 nm) and large (100 nm) AuNPs. 
Clearly, the impact of polydispersity on the dispersion pro-
fi le is different. For the small AuNPs, where diffusion is the 
dominating transport process, polydispersity has a moderate 
infl uence: the amplitude decreases and the tails of the profi le 
become more elongated, resulting in a slight asymmetry. For 
large AuNPs, however, where the average size promotes settling 

 Figure 2.    Random walk approach as illustrated by a stroboscopic image 
of a free-falling and bouncing basketball. The stroboscopic effect illus-
trates the concept of the random walk based on discrete steps: the 
sequence of the time-resolved observations is linked together by discrete 
steps indicated by the arrows, and although the representation is not 
continuous in time, the motion is faithfully captured.

 Figure 3.    Initial and boundary conditions. Initial condition: one begins with particles being A) at the surface of the fl uid of height H, or B) homogenously 
dispersed in the fl uid. Boundary conditions: during the experiment, the particle (a) cannot cross the surface of the fl uid, and (b) when the particle 
reaches the cell, it may adhere to the cell.
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over diffusion, polydispersity has important consequences: it 
results in a considerable deviation from the Gaussian profi le of 
uniform AuNPs (σ = 0%), and further increase in polydisper-
sity produces increasingly elongated and asymmetric profi les. 
These observations clearly demonstrate how size of polydis-
persity infl uences particle transport and that polydispersity 
cannot be neglected when transport is dominated by settling. 

Since the dispersion profi le is characteristic for the transport 
in general, it is expected to play a crucial role in the delivery 
of NPs to the surface of adherent cells in cell culture. Corre-
sponding to typical in vitro conditions ( Figure    5  ), the infl uence 
of polydispersity on the delivery-time course of heavy (i.e., Au) 
and light (i.e., PS) NPs following a lognormal size distribution 
is shown in  Figure    6  .    

 Figure 4.    Particle size distributions and corresponding dispersion profi les of small and large AuNPs. Particle size distributions (lognormal, panels A 
and C) and corresponding dispersion profi les (panels B and D) of small and large AuNPs, respectively (19.2 g cm −3 , time = 24 h at  t  = 37 °C), with 
different degrees of polydispersity. The average hydrodynamic radius was kept constant in both cases. Polydispersity of the particle size distributions 
(σ) is defi ned as the standard deviation over the mean.
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 The selection of particle sizes took into account the avail-
ability and ease of published synthesis methods, [ 83–85 ]  and the 
synthesis of large (i.e., near-micron sized) AuNPs is rather 
challenging and relies on advanced non-standard synthetic 
procedures, [ 86 ]  and therefore, AuNPs up to 100 nm were consid-
ered. For small AuNPs, i.e., 10 nm, where the average size pro-
motes diffusion over settling, increasing σ  results in slightly 
higher delivery rates, though the increase is not signifi cant 
below σ = 50%  (Figure  6 A). Accordingly even for high σ , the 
delivery-time course can be estimated using the average size. 
For large (100 nm) AuNPs (Figure  6 B), where the average size 
promotes settling, the uniform AuNPs settle within 1 h, the 
delivery-time curve rapidly saturates, and the NP suspension 
becomes depleted. Polydispersity, however, results in a smaller 
fraction of delivered NPs and clear differences between the time 
curves are present already above σ = 20%. Some AuNPs reach 
the cell surface later than their uniform counterpart and at the 
highest σ , the delivered fraction is 40% below the expected 
average value (Figure  6 B). A similar trend is observed for the 
much lighter PSNPs. For the smaller PSNPs (i.e., 100 nm, 
Figure  6 C), where the average value favors diffusion over set-
tling, increasing σ  again results in slightly higher delivery 
rates, though the increase is not notable below σ = 50%. 
Therefore, estimating the delivery-time course by using only 
the average value is not critical, even when the polydispersity 
is considerable. When the average size promotes settling, the 
large (i.e., 1000 nm) uniform PSNPs settle within 4 h and 
the delivery curve rapidly saturates (Figure  6 D). Increasing σ  
results in a smaller fraction of delivered particles and notable 
differences are present above σ = 20%. Therefore, it is strongly 

indicated that when the average size promotes settling, the 
infl uence of size polydispersity should not be neglected, but 
rather must be incorporated when estimating the delivery-time 
course. 

 If the mass density of the NPs exceeds that of the fl uid, the 
particles will sediment, and most particles will arrive at the 
bottom of the cell-culture well. When the fraction of particles 
deposited on the cell is equal to one, the suspension becomes 
depleted. Nonetheless, the time needed for depletion for a given 
average particle size is dependent on the polydispersity of the 
sample. A more detailed view of this dependence on polydisper-
sity is shown in  Figure    7  , illustrating the fraction of delivered 
particles between 1 and 32 h.  

 Even when considering NPs where transport is dominated 
by diffusion (i.e., 10 nm AuNPs and 100 nm PSNPs), a weak 
nonetheless increasing trend as a function of σ  is displayed. 
When the mean size promotes sedimentation, i.e., 100 nm 
AuNPs and 1000 nm PSNPs, increasing σ  results in a smaller 
delivered fraction. An important observation is that for a given 
particle, the infl uence of σ  is time-dependent. While the 
impact of σ  is most important at 1 h for the 100 nm AuNPs, 
a fourfold increase in incubation time ( t  = 4 h) is necessary to 
show comparable data in the case of the 1000 nm PSNPs. This 
peculiarity is due to the nontrivial “competition” between dif-
fusion and settling; sooner or later, one of the processes will 
dominate the transport, however, the time needed for reaching 
this state is quantifi ed by the actual mean values of the diffu-
sion coeffi cient and settling velocity. 

 To improve colloidal stability, allow for subsequent surface 
functionalization, or enhance, e.g., biocompatibility, NPs are 
frequently coated with synthetic or natural polymers. [ 87–89 ]  
The polymer covering the NP forms a shell and defi nes the 
effective hydrodynamic radius. In general, polymeric coat-
ings are fl exible and can adopt different conformations, 
depending on the overall surface coverage and on the curva-
ture of the NP surface. [ 90 ]  Consequently, surface coating adds 
further to the polydispersity of the particle, in particular if 
the molecular weight itself shows polydispersity. [ 49 ]  To gain 
insight into the characteristics of more realistic suspensions, 
we studied a system where both the particle core and polymer 
shell follow lognormal distributions ( Figure    8  A–B). Even if 
the core is practically monodisperse (σ = 10%), the effective 
mass density becomes polydisperse, and the distributions of 
the diffusion coeffi cient and settling velocity are jointly dis-
tributed (Figure  8 D). We emphasize again that our concept 
is applicable with probability density functions other than 
lognormal.  

 There are numerous reports on NP behavior in cell-culture 
studies for application and toxicological evaluations, and it is 
not unusual that the colloidal stability of the suspension col-
lapses in cell-culture media, and consequently, NPs aggre-
gate. [ 36,91,92 ]  Aggregates frequently have a so-called mass-fractal 
structure and exhibit a striking structural feature called self-
similarity: the nature of randomness and disorder may remain 
invariant over a wide range of length scales. [ 53,93 ]  In this case, 
the properties relevant for transport can be described by scaling 
concepts: the hydrodynamic radius and the effective mass 
density are functions of the fractal dimension f d

 and aggrega-
tion number N [ 94 ] 

 Figure 5.    Illustration of in vitro cell-culture experiments and dosimetry. 
At the beginning ( t  initial ), the particles are homogenously dispersed in 
the fl uid, and at given time ( t  fi nal ) some of the particles, dictated by their 
dispersion profi le, may become deposited. The diameter of the well and 
the overall volume of the administrated suspension will defi ne the height 
of the media.
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    ≅ ×r r N f
h
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  (11) 

 where r is the radius of the primary spherical particles, N is 
the total number of the particles in the cluster, and f d

 is the 
fractal dimension. The fractal dimension can be considered as a 
measure of the degree of packing of particles found in the aggre-
gate. Since packing is never complete, the clusters also contain 
voids, and thus, the internal structure of an aggregate is porous. 
Due to the porous structure, the mass density of an aggregate 
is smaller than that of the primary particles. According to Equa-
tion  ( 9)  , the mass density of the aggregate can be estimated as

   

ρ
ρ π

π
ρ= ≅

×
= ×

−Total mass

Hydr. volume

4
3

4
3

R

3

h
3

1
3

d

N r

r
N f

 

 (12) 

 where ρ is the mass density of the primary particles. Equation  ( 10)   
indicates that at given f d

, the larger the aggregate, the smaller 
the effective mass density, because the hydrodynamic volume 
of the aggregate grows at a higher rate than its total mass. In 
fl uid, if the pores are completely fi lled with immobile fl uid and 
Equation  ( 10)   is modifi ed

 Figure 6.    Fraction of uniform and polydisperse particles delivered to the cell up to 32 h as a function of time. Top panels (A and B) show heavy particles 
(AuNPs, 19.2 g cm −3 ), and bottom panels (C and D) show light particles (PSNPs, 1.05 g cm −3 ). The average hydrodynamic radius is indicated for each 
panel. The height of the fl uid medium was 2 mm, and  t  = 37 °C. The simulation started with homogenously dispersed NPs, which could not cross the 
surface of the fl uid and adhered instantaneously. In case of uniform particles (σ = 0%), the results given by the ISDD monodisperse model [ 20 ]  and by 
our approach, respectively, are in agreement.
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(13)

   

 From Equations (9–10), it follows that the effective mass den-
sity can be expressed as a function of the hydrodynamic radius 
and fractal dimension
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 The aggregation number N as well as the fractal dimension 
f d may vary from aggregate to aggregate, and hence, aggregates 
are not uniform but heterogeneous both in size and mass den-
sity, similarly to polymer-coated NPs.  Figure    9   displays the het-
erogeneity of AuNP aggregates and the impact of aggregation 
on delivery. Aggregates are usually large, and thus, their diffu-
sion coeffi cients are small and their transport is dominated by 
settling. Therefore, the impact of heterogeneity on delivery is 
critical (Figure  9 D), and the average size cannot be used to esti-
mate dose.   

 Figure 7.    Fraction of particles delivered within different incubation times as a function of polydispersity. Top panels (A and B) show heavy particles 
(AuNPs), and bottom panels (C and D) show light particles (PSNPs). The average hydrodynamic radius is indicated for each panel. When diffusion 
is the dominating transport process, the impact is moderate, however, when sedimentation dominates the transport, the impact is pronounced 
upon increasing σ. The height of the fl uid medium was 2 mm, and  t  = 37 °C. The simulation begun with particles being homogenously dispersed 
in the fl uid, and during the experiment the particles could not cross the surface of the fl uid, and when the particle reached the cell it adhered 
instantaneously.
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  3.2.     Infl uence of Non-Instantaneous NP Adherence 

 Up to now, it has been postulated that upon reaching the cell, 
the NPs adhere instantaneously, resulting in an immediate 
association to the cell. However, it is known that at given surface 
chemistry the adhesion strength is actually size-dependent, [ 95 ]  
and an immediate association cannot always take place. Once 
the NP reaches the cell surface, association is regulated by 
the chance that within a given Δt time the particle adheres 
and binds to the cell. This chance may be expressed as a prob-
ability, [ 96 ]  i.e., when the particle reaches the cell, it may “dock” 
with probability p. Accordingly, the probability for not adhering 

is − p1 . Depending on whether the particokinetics is dominated 
by diffusion or settling, this probability has consequences. If 
the particle does not adhere to the cell within Δt , the particle, 
instead of lingering nearby, may move away from the cell. A 
small particle can quickly diffuse away from the cell and this 
particle might need to “revisit” the cell more than once before 
actually “docking” to the cell surface. In contrast, a particle 
whose motion is dominated by settling will be kept by gravity 
near to the cell surface, standing by for adherence. Therefore, 
the residence time and particle mobility are expected to result 
in differences between diffusion dominated (10 nm AuNPs and 
100 nm PSNPs) and large, sedimentation-dominated particles 

 Figure 8.    Heterogeneity of coated, core–shell like, particles. Panels A and B display the distributions of the core radius (gold, 19.2 g cm −3 ) and shell 
thickness (PEG, 1.1 g cm −3 ), respectively. Panel C illustrates the spherical core–shell model applied, and panel D displays the corresponding density 
map of the joint probability distribution of the diffusion coeffi cient and settling velocity.
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 Figure 9.    Heterogeneity of nanoparticle fractal aggregates. Panel A displays the distribution of the number of uniform gold particles (10 nm radius) 
for an aggregate (ƒd = 2.1). Panels B and C display the resulting distributions of the hydrodynamic radius and effective mass density, respectively. Panel 
D shows that the impact of heterogeneity on delivery is critical. In case of uniform aggregates, the results given by the ISDD monodisperse model [ 20 ]  
and by our approach, respectively, are in agreement.

Part. Part. Syst. Charact. 2015, 32, 321–333

(100 nm AuNPs and 1000 nm PSNPs) ( Figure    10  ). Polydisper-
sity adds further to the complexity because the probability of 
adherence as well as the particle mobility is size-dependent.    

  4.     Conclusion 

 We studied the infl uence of heterogeneity, including poly-
dispersity both in size and mass density, on the dispersion 
profi le of NPs in suspension experiments. Our study focused 
on (i) single, (ii) polymer-coated, and (iii) aggregated NPs and 

showed that when the average particle size promotes settling, 
polydispersity cannot be neglected in the estimation of the 
delivered dose as a function of time. This condition can be 
relaxed when the average particle size promotes diffusion. 
We also introduced a new concept where the adherence is 
probabilistic, and discussed the relevance: the infl uence of 
a non-instantaneous particle association to the cell is negli-
gible for particles whose motion is dominated by settling, but 
it is relevant for small particles whose motion is governed 
by diffusion. To make the model of this study accessible, 
simulations can be run directly on a simple web interface 
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(http://dyce.bionanomaterials.ch). As many in vitro studies 
involve suspensions of heterogeneous NPs, such as com-
mercially available NPs synthesized on an ultra-large scale, 

the distributions of the diffusion coeffi cient and the settling 
velocity as well as the corresponding particle transport profi le 
must be considered.  

 Figure 10.    Fraction of uniform particles associated to the cell up to 12 h as a function of time, at different probabilities of adherence. Top panels (A and 
B) show heavy particles (AuNPs), and bottom panels (C and D) show light particles (PSNPs). The height of the fl uid medium was 2 mm, and  t  = 37 °C. 
The simulation begun with particles being homogenously dispersed in the fl uid, and during the experiment the particles could not cross the surface 
of the fl uid, and when the particle reached the cell it adhered with a probability p.
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