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One of the major challenges in nanomedicine is to improve nanoparticle cell selectivity and adhesion efficiency 

through designing functionalized nanoparticles of controlled sizes, shapes, and material compositions. Recent data 

on cylindrically shaped filomicelles are beginning to show non-spherical particles remarkably improved the 

biological properties over spherical counterpart. Despite these exciting advances, non-spherical particles have not 

been widely used in nanomedicine applications due to the lack of fundamental understanding of shape effect on 

targeting efficiency. This paper intends to investigate the shape-dependent adhesion kinetics of non-spherical 

nanoparticles through computational modeling. The ligand-receptor binding kinetics is coupled with Brownian 

dynamics to study the dynamic process of nanorods tumbling, diffusion and adhesion under various vascular flow 

conditions. The influences of nanoparticle shape, ligand density, and shear rate on adhesion probability are studied. 

Nanorods are found to contact and adhere to the wall easier than their spherical counterparts under the same 

configuration due to the tumbling motion. Results from this study contribute to the fundamental understanding and 

knowledge on how particle shape affects the transport and targeting efficiency of nanocarriers, which will provide 

mechanistic insights on the design of shape-specific nanomedicine for targeted drug delivery applications. 

Introduction 

In recent years, nanoparticulate systems have been 

widely used for diagnostic imaging and targeted therapeutic 

applications.
1-9

  Various nanoplatforms, including 

liposomes,
10,11

 polymeric micelles,
12-14

 quantum dots,
15,16

 

Au/Si/polymer shells,
17-19

 and dentrimers
20-22

 have been 

established with distinctive chemical compositions and 

biological properties. Extensive studies have elucidated the 

effects of particle size (mostly from spherical ones) on their 

clearance, circulation, extravasation, and distribution in vivo.   

However, the effects of particle shape on its fate are much less 

understood in nanomedicine. In nature, viruses have a variety 

of shapes from icosahedral to bullet/rod, yet the biological 

functions of shape are not clearly understood in relation to host 

infection and virus survival.  Recently, synthetic non-

spherical nanoparticles have shown significantly improved 

biological properties over the spherical counterparts.  For 

example, cylindrically shaped filomicelles can effectively 

evade the non-specific uptake by the reticuloendothelial 

systems and persist in the circulation up to one week after 

intravenous injection (~10 times longer than the spheres).
23

 

Dai and coworkers reported that single-walled carbon 

nanotubes (SWNT, diameter 1-5 nm, length 100-300 nm) can 

enhance polyvalent targeting of surface-bound peptide to the 

tumor cells, leading to highly elevated particle accumulation 

(13% injected dose/g tissue as compared to 1-2% for spherical 

particles) in  tumors
24

.  Sailor and coworkers  demonstrate 
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improved tumor accumulation and retention of worm-shaped 

iron oxide nanoparticles that are encoded with F3 peptides 

over spherical counterparts
25

.  Despite these exciting 

advances, the mechanistic understanding of shape functions in 

biological systems has been lacking. 

The targeted delivery process by nanoparticles 

involves interplay of transport, hydrodynamic force, and 

multivalent interactions with targeted biosurfaces 
26

. Due to the 

small size of nanoparticles and the dynamic nature of the 

transportation-deposition process, it is a very challenging task 

to explore this phenomenon experimentally. Theoretical works 

of nanoparticle deposition are limited to simple spherical or 

oblate shape for an ideal configuration and steady state 

condition.
27-29

 Theoretical modeling of nanoparticle adhesion 

kinetics has focused mostly on spherical nanoparticles. It is 

only recently that non-spherical nanoparticle attracted some 

attention. For example, Decuzzi and Ferrari
27-29

 have studied 

the margination of nanoparticle vectors in blood stream, where 

the nanoparticles diffusion in a Newtonian fluid was 

investigated. The same authors have also studied the adhesion 

probability of nanoparticles for an equilibrium configuration. 

In their work, the margination and adhesion process are 

studied separately. Only simple spherical or oblate-shaped 

nanoparticles are considered, leaving rod and disk shaped 

nanoparticles un-explored. A coupled model that links 

margination with adhesion kinetics and applicable to 

nanoparticle of various shapes is yet to be developed. Thus, 

characterization of this process for arbitrarily shaped 

nanoparticle through a dynamic multiscale model is crucial to 

provide biological insights on the transportation and adhesion 

mechanisms. 
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This paper presents for the first time, the simulation result for 

dynamic transportation and adhesion of non-spherical 

nanoparticles to vascular wall under shear flow using 

Brownian dynamics method coupled with adhesion kinetics 

model by the Immersed Finite Element Method (IFEM) 

platform
30-32

. In what follows, the adhesion kinetics of ligand-

receptor binding interaction is described first.  The 

nanoparticle Brownian dynamics is then coupled with the 

adhesion kinetics to describe motion of nanoparticle under 

vascular flow conditions. It is known that to initiate bond 

formation, nanoparticles must stay very close to the wall 

surface, inside a near-wall region known as cell free layer 

(CFL)
33

, as shown in Fig. 1. The red blood cells flow with 

relatively higher velocity in the core region of vessel, leaving a 

pure plasma region with lower velocity close to vessel wall. 

The existence of CFL makes it reasonable to only consider 

nanoparticles in deposition process. The thickness of the cell 

free layer is found to be varying from 2-5 µm, independent of 

vessel size for vessels with diameter above 20 µm 
34-36

.  

This suggests that binding probabilities of nanoparticles 

should be studied for a range of CFL thicknesses. In the 

following sections of this paper, the nanoparticle adhesion 

kinetics theory and modeling method are described first. Then, 

adhesion processes and trajectories for nanoparticles of 

different shapes and ligand densities are presented. Next, the 

binding probability of nanoparticles for a range of CFL 

thicknesses is studied. Finally, the conclusion and future work 

are presented. 

 

Nanoparticle Adhesion Kinetics 

To achieve targeted drug delivery, nanoparticles are 

usually coated with polymers that bind specifically to a 

particular type of receptors on the vessel cell surface 
37

. The 

ligand-receptor binding will be coupled with Brownian 

dynamics with the IFEM platform. IFEM can be used for fully 

Fig. 1 Multiscale model of the targeted drug delivery 
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coupled fluid-structure interaction problems, i.e., solving 

particle motion in a fluid while capturing the influence of 

particle on fluid flow. However, due to Brownian motion, it is 

computationally expensive to calculate the change of fluid 

flow due to particle motion at every time step. Since effect of 

nanoparticle motion is limited locally, we neglect the influence 

of particle motion on the fluid flow and focus on the particle 

motion and the adhesion process. Moreover, although IFEM 

can handle deformable particles immersed in a fluid, the 

nanoparticles are treated as rigid bodies in this work since our 

focus is on particle shape effect on adhesion process. The 

particle compliance will be the topic of future studies. 

 

 
 

The ligand-receptor binding is described as a non-covalent 

interaction process. When a particle approaches the vascular 

wall, ligands on the particle surface form non-covalent bonds 

with receptors on the vascular wall, as demonstrated in Fig. 2. 

An adhesion kinetic equation is used to calculate the bond 

density Nb 
38

: 

( )( )b
f l b r b r b

N
k N N N N k N

t

∂
= − − −

∂
   

            (1)  

Where, Nl and Nr are the ligand and receptor densities; kr and 

kf are the reverse and forward reaction rates, respectively. This 

interaction model represents a conservation equation of the 

different species (ligands, receptors, and bonds). The kr and kf 

are a function of bond length: 

( )0 2
exp ( ) / 2

r r s ts z
k k k k L B= − −         (2) 

( )0 2exp / 2
f f ts z

k k k L B= −          (3) 

Where ks is the bond elastic constant; kts is the bond elastic 

constant at transient state; Bz is thermal energy; kr
0
 and kf

0
 are 

the reverse and forward reaction rates at zero load of ligand-

receptor pair, respectively; L is the difference of bond length y 

and equilibrium length �. The receptor-ligand bonds are 

modeled as springs with spring constant � and equilibrium 

length �, thus the bond forces are described as a function of 

bond length, y. Then, the ligand-receptor interaction forces can 

be summed on finite element surface through integration over 

the nanoparticle surface. Equations of bond forces and 

integrated adhesion forces are given as: 

)( λσ −= yf L       

            (4) 

� Γ=⋅ dXfNn c

Lb

S )(σ     

            (5) 
Such adhesion force is coupled with the fluid-structure 

interaction force in the IFEM formulation. Similar adhesion 

model has been used by Chang et al. 
39

 and Dong et al. 
40

 in the 

study of white blood cell rolling. Besides the adhesion force, 

the Brownian force acting on to the nanoparticles is also 

important and is integrated into the IFEM formulation by 

adding a Brownian force term. The physical parameters used 

in the model are listed in Table 1 below. 

 

Table 1. List of physical parameters used in the nanoparticle adhesion kinetics model 

Definition Symbol Value Reference 

Ligand Density Nl 2.0 x 10
10

  (sites/cm
2
) Lawrence and Springer (1991)

41
 

Receptor Density Nr 2.0 -5.0 x 10
10

  (sites/cm
2
) Bell et al. (1984)

42
 

Reverse reaction rate kr 0.5 (1/s) Bell (1978)
43

 

Forward reaction rate kf 1.0 x 10
-9

  (cm
2
/s) Bell (1978) 

43
 

Equilibrium bond length � 20 nm Bell (1978)
43

 

Static bond spring constant � 0.5 (dyne/cm) Dembo et al. (1988)
38

 

Transient bond elastic constant kts 0.48 (dyne/cm) Dembo et al. (1988)
38

 

Thermal Energy Bz 4.0 x 10
-14

 (erg) Dembo et al. (1988)
38

 

Fluid viscosity µ 0.01 (g/cm-s) - 

  

Shear Flow 

Ligand Receptor 

Figure.2. Model of ligand-receptor binding dynamics 

between particle surface and receptor coated surface. 
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Nanoparticle Brownian Dynamics 

Fundamental theories of Brownian dynamics indicates the 

impacts of random collisions from surrounding liquid 

molecules on motion of an immersed small particle.
44-46

 The 

influence of Brownian motion on behavior of platelets and 

blood cells in blood flow has been studied extensively
2,47,48

. 

Patankar et al.
49

 have proposed an algorithm for direct 

numerical simulation of Brownian motion by adding random 

disturbance in fluids. At microscale, the drag force acting on 

particles such as blood cells is significantly large (> 50 pN for 

particle size > 1 µm), thus Brownian motion is neglectable
47

. 

While at nanoscale, Brownian force becomes a dominant force 

to drive nanoparticle near vascular wall surface. And the drag 

force acting on a nanoparticle is relatively small. The random 

forces R(t) and torque ( )tT acting on a nanoparticle is 

responsible for Brownian motion and rotation and satisfy the 

fluctuation-dissipation theorem
50

: 

 

( ) 0
i

t =R , ( ) 0
i

t =T            (6) 

( ) ( ') 2 ( ')
i j B t ij

t t k T t tβ δ δ= −R R �

( ) ( ') 2 ( ')
i j B r ij

t t k T t tβ δ δ= −T T �         (7)  

 

Where, � is the unit-second order tensor, �ij is the Kronecker 

delta, �(t −  t′) is the Dirac delta function, kBT is thermal 

energy of system, tβ  and rβ  are the translational and 

rotational friction coefficient of nanoparticle, respectively.  

The friction coefficient depends on several physical 

parameters, such as fluid viscosity, size and shape of the 

nanoparticle. The friction coefficient for spherical-shaped 

particles can be easily derived from Stokes’ law. However, 

there is no empirical formula available for friction coefficient 

of particles with complex shapes. In literature, there are 

empirical formulas for friction coefficients of oblate or rod-

shaped particle
51-53

, but those are limited to only few shapes 

and couple of orientations only. In a recent work by Loth
54

, a 

new empirical formula is proposed to calculate friction 

coefficient for a non-spherical particle. Based on this 

formulation, friction coefficient of rod shaped particles in this 

work is derived using an angle factor. When particle moves 

along the fluid flow, the relative velocity of the particle can be 

divided into components in two directions: parallel to flow and 

perpendicular to flow, as shown in Fig. 3. 
 

 

 
 

The friction coefficient of a rod shaped particle for an arbitrary 

orientation is given by 
54

:  

3 ( cos sin )t equd f fβ π µ θ θ⊥= × ⋅ + ⋅
�  (8) 

3

r equdβ π µ=       (9) 

Where, �t is friction coefficient for translation motion, �r is 

friction coefficient for rotation motion, µ  is fluid viscosity, dequ 

is diameter of particle volume equivalent sphere, � is the angle 

between flow direction and the long axis of the particle, f� and 

f� are stokes correction factors for a spheroid particle moving 

parallel and perpendicular to the flow, respectively. These 

correction factors are expressed as 
54

: 

1/34

5 5
f

γ
γ −� �

= +� �
� �

�
          (10) 

1/33 2

5 5
f

γ
γ −

⊥

� �
= +� �
� �

          (11) 

Where, � is an aspect ratio of the spheroid particle. The 

velocity of a particle moving under a deterministic force in a 

fluid with velocity Vf, is given by: 

det
-

= (1- )
t

er

f

t

b
t

m

s
e

β

� �
� �
� �

F
V + V

          (12) 

Where, Fdeter is the total deterministic forces acting on the 

nanoparticle (Brownian force, adhesion force, etc.), Vs and Vf  

are solid and fluid velocity vector, respectively. For a time step 

much greater than characteristic time constant (m/�t), the 

nanoparticle moves with a terminal velocity and Eq. (12) 

reduces to: 

deter
s f

t
β

= +
F

V V            (13) 

By implementing this approach, we assume that deterministic 

force acting on the particle is balanced by the drag force from 

the fluid. This is a reasonable assumption since the mass of a 

nanoparticle is so small that inertia effect can be neglected. 

This terminal velocity is then use to update the nanoparticle 

position in translation direction. Similarly, the angular velocity 

of nanoparticle can be obtained through: 

Fig. 3 Illustration of friction coefficient measurement of 

arbitrarily orientated nanorod 

r 

� V cos� 

V sin� 

V 
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det er

s f

r

T
ω ω

β
= +      (14) 

Where, 	f is the angular velocity due to fluid flow. Using this 

translational and angular velocity, particle nodal positions are 

updated based on its distance from the center of the particle as: 

ω= + ×i s iv V r      (15) 

The fluid flow in our simulation is assumed to be an 

incompressible viscous fluid governed by the Navier–Stokes 

equations:  

2f

f f f
t

pρ µ
∂� �

+� �
∂� �

⋅∇ = −∇ + ∇
v

v v v    (16) 

0
f

∇ ⋅ =v       (17) 

The Navier-Stokes equations are solved through finite element 

method. To reduce numerical oscillations, the velocity test 

function is employed along with the stabilization parameters. 

Using integration by parts and the divergence theorem, the 

Patrov-Galarkin weak form is obtained. Then, the non-linear 

system is solved using the Newton-Raphson method. 

Moreover, the Generalized Minimum Residual (GMRES) 

iterative algorithm is employed to improve computation 

efficiency and to compute residuals based on matrix-free 

techniques 
55

. The details of the derivation and implementation 

can be referred to Zhang et. al. and Liu et.al 
30-32

. 

 

Theoretical Model of Nanoparticle Dissociation 

Probability 

 

A numerical model is built based on the previous 

work by Decuzzi and Ferrari 
27,56

 to describe the cell targeting 

processes of nanorods and nanospheres under flow conditions. 

The adhesion probability Pa is characterized by the 

probabilistic kinetic formulation of McQuarrie 
57

: 

exp
o

a r l a c

B

f
P m m K A

k T

λ� 	
−
 �
� 

�    (18) 

Where, mr is receptor density on the substrate surface, ml is 

ligand density on particle surface, Ac is contact area of particle, 

f is force acting per unit ligand-receptor pair, kBT is thermal 

energy of system, � is a characteristic length of ligand-receptor 

bond, and  o

a
K  is the affinity constant of ligand-receptor pair 

at zero load. f can be expressed further by the following 

formula: 

2
( )

dis

c c c o

F F Tf
A A A r

= = +    (19) 

Where, Fdis is the dislodging force due to hydrodynamic 

forces, comprised of two components, drag force along the 

flow direction 6
s

F al SFπ µ= and torque 34 sT a STπ µ= . The 

contact area of the particle Ac is a surface area of the spheroid 

below a separation distance ho from the wall surface. It can be 

approximated as the following: 
2

2 2 1 1
o eq

c o

h
A r a

a

δ
π π γ

� 	−� �

 �≅ = − −� �

 �� �� 

   (20) 

Where, a is a major radius of the particle, �eq is an equilibrium 

separation distance between the particle and wall surface, and 

� is an aspect ratio of the particle. The details of the 

formulation and the constants used in the model can be found 

in a reference 
58

. 

Once the adhesion probability is derived from the equation of 

probabilistic formulation (Eq. 18), the dissociations 

probability (Pd) can be easily calculated as 1-Pa. The 

dissociation probability is normalized by dissociation 

probability at zero shear rates to limit the range from 0 to 1. 

The normalized dissociation probability (Pd) of nanorod and 

nanosphere under different shear rates is plotted in Fig. 4. In 

this study, nanosphere of 100 nm radius is considered, while 

nanorod of the same radius but with aspect ratio of 5 is 

considered. 

 

As shown in Fig.4, increase in shear rate induces larger 

shear/dislodging force; thus increases the dissociation 

probability of nanoparticles. For a given shear rate, the 

dissociation probability of a nanorod is significantly less than 

that of a nanosphere, since the nanorod has larger surface area 

available for bond formation. While an analytical expression 

can be derived for the dissociation probability of nanosphere 

or nanorod, the binding probability is much more complex and 

needs to be obtained numerically due to the dynamic binding 

process, where the configuration of nanoparticle changes 

under deterministic forces. The significance of the binding 

probability is discussed in later sections. 

 

Simulation Results 

 

 There are numerous physical factors that impact 

nanoparticle interaction with a surface under shear flow, such 

as particle-wall distance, particle shape, shear rate etc. In 

particular, the influences of particle shape and ligand density 

on adhesion will be the focus of this paper. The mesh 

Fig. 4 Particle dissociation probabilities as a function of 

shear rate for nanorod and nanosphere. The dissociation 

probability is normalized with zero shear rate of respective 

nanoparticle. 
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information, the nanoparticles and channel dimensions are 

mentioned in supplemental information section. 

 

Influence of Nanoparticle Shape on Adhesion 

Kinetics 

 

To test the influence of nanoparticle shape on 

adhesion kinetics, two nanoparticles of different shapes, 

spherical and non–spherical, but of the same volumes are 

considered. The simulations are carried over the channel with 

a length of 5 µm and a height of 2 µm.  The length of rod 

shaped particle is 1000 nm and aspect ratio is 5. The diameter 

of spherical particle is 380 nm. In the simulation, a spherical 

particle and rod-shaped particle are initially positioned with 

their center 600 nm above a receptor-coated surface, as shown 

in Fig. 5. 
 

 

 
 

 

The shear velocity is applied at the top of channel to generate 

a shear rate of 8.0s
-1

 as shown in Fig. 5. Nanoparticles are 

allowed to move freely through the channel under influence of 

shear flow and Brownian force. For the case demonstrated in 

Fig.5, the spherical particle fails to make any contact or 

interaction with the vessel wall while it travels through the 

channel. Although Brownian motion is incorporated in the 

model, but for the given velocity and a channel length, 

Brownian diffusion isn’t large enough to make the spherical 

particle to reach close enough to the wall surface, required to 

initialize bonding. Due to the non-spherical shape, rod-shaped 

particle exhibits tumbling motion while flowing through the 

channel. Due to the tumbling motion, the rod-shaped particle 

contacts with the receptor coated wall with bonds formed at 

the long axis end first. Then under steadily growing adhesion 

force, nanoparticle firmly adheres to the vessel wall and settles 

at its equilibrium state. Though the simulation result is just for 

one trial and doesn’t provide any quantitative data, but it is 

able to differentiate the adhesion process of nanoparticles of 

two different shapes. 
 

 

 

Influence of Ligand Density on Adhesion Kinetics  
 

Besides the shape, ligand density also largely influences 

nanoparticle adhesion kinetics. To investigate the effect of 

ligand density on nanoparticle adhesion kinetics, the 

deposition process of two nanorods is compared under same 

physical flow condition.  

 

 

 

 

Fig.5. Shape dependent adhesion dynamics. The left column shows a spherical particle washed away 

without contact with surface; the right column shows nanorod tumbles and gets deposited. A, B, C, D 

are at time t=0 s, 0.25 s, 0.5s, and 0.75 s, respectively. The line on the spherical particle indicates its 

rotation. The vectors in fluid domain indicates flow field and arrows indicates magnitude and 

direction of bonding forces. 

A 

B 

C 

D 

600 nm  

Bond forces 
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Again, a shear rate of 8.0s
-1

 is generated within the channel, as 

shown in Fig. 6. Nanorods are coated with a ligand density of 

410�m
-2

 and 3400�m
-2

, respectively. The corresponding 

number of ligands on each particle is 15 and 120, respectively. 

The significance of ligand density is that larger density results 

in stronger/faster bond formation. As shown in Fig. 6, the 

nanorod with low ligand density contacts with the wall surface 

at its end during tumbling motion, still it gets unbounded due 

to weak adhesion force. Thus, the limited numbers of ligands 

on the surface are unable to hold the nanoparticle at the 

contact site. In comparison, the nanorod with high ligand 

density firmly adheres upon initial contact as a result of 

multivalent bond formation. Therefore, the large number of 

bond sites ensures firm adhesion of nanorod at the contact site. 

 

Trajectories of multiple nanoparticles 

 

Nanorods are expected to have a higher probability to contact 

with the wall surface than their spherical counter parts because 

of tumbling motion. To test this hypothesis quantitively, 

trajectories of spherical and non-spherical nanoparticles under 

the same flow condition are compared. A shear rate of 8.0s
-1

 is 

generated at top of the channel. The simulations are carried 

over the channel with a length of 12 µm and a height of 1.5 

µm.  

 
 

To illustrate the fluctuations of nanoparticle-wall distance, 

minimum distance between the nanoparticle and the wall 

surface is recorded over time, as illustrated in Fig. 7. Such 

trajectory indicates the contact-path of a nanoparticle when it 

flows through the channel. This determines how close the 

nanoparticle travels near the wall surface, which indeed 

dictates the binding events of the nanoparticle. 

 

 

t1 t2 
t3 

t4 
Nanorod trajectory 

Minimum 
distance 

Fig.7. Illustration of measurement of minimum distance 

between a nanorod and the wall surface at different times 

Fig.6. Influence of ligand density on adhesion. The left column and right column has a nanorod with low 

and high ligand coating respectively; A, B, C, D are at t=0 s, 0.25 s, 0.5s, and 0.75 s. The vectors in fluid 

domain indicates flow field and arrows indicates magnitude and direction of bonding forces. 

600 nm 

B 

A 

C 
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In a series of runs, a nanosphere and a nanorod are placed 

initially 650 nm above the wall surface. The trajectories of 

nanorod and nanosphere in twenty independent simulations are 

plotted in Fig. 8 (A). The simulation result elucidates that a 

nanorod has larger fluctuations in trajectories due to tumbling 

motion, thus it has more contact/adhesion events compared to 

that of nanosphere, as shown in Fig. 8 (B). Moreover, out of 

twenty trials, ten nanorods are deposited while only three 

nanospheres are deposited. Probability of spherical particle to 

contact with wall surface is purely determined by limited 

Brownian diffusion; while in case of nanorod, probability of 

contact is enhanced by tumbling motion. Thus, this result 

supports hypothesis of this work that nanorod has higher 

contact probability than the nanosphere for given physical 

condition. 
 

Binding probability of nanoparticles 

 

The focus of this paper is to characterize the binding 

probability of nanoparticles under vascular conditions for a 

given depletion layer thickness. The theoretical model has 

shown that adhesion probability is influenced by several 

parameters such as ligand density, nanoparticle shape and size, 

vascular flow condition, etc. The effect of ligand density on 

nanoparticle adhesion dynamics is already been shown 

qualitatively in Fig. 6. However, the actual targeting process is 

a dynamic process, involving transportation and diffusion 

process. This suggests the need of another parameter namely, 

binding probability, which effectively represents the binding 

probability of nanoparticle from a certain distance of the wall 

surface. It is the binding probability that actually dictates how 

many nanoparticles will actually bind to the surface among the 

number of nanoparticles present within the cell free zone. This 

study is dedicated on studying the effect of two parameters, the 

channel height and the shear rate, on nanoparticle binding 

probability. To ensure consistency and to study sole effect of 

Fig.8. Comparing trajectories of nanorod and spherical particles to study shape effect on 

particle adhesion dynamics (a) Trajectories of 20 trials of nanorod and nanosphere, where 

red spot indicates adhesion of nanorod and blue spot indicates adhesion of nanosphere at 

that location (b) Mean trajectory of 20 trials of nanorod and nanosphere with standard 

deviation shown as vertical bar. 
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mentioned parameters among all the cases, the rest of the 

parameters are kept constant. For example, the value of ligand 

density is assumed to be sufficiently high to guarantee firm 

adhesion of nanoparticles (typically, adhesion force varies 

from 1 pN – 100 pN, while dislodging forces are limited 0.01 

pN). Moreover, in a recent study, it has been shown that once 

nanoparticle tether to the receptor coated surface, it is very 

unlikely that nanoparticle gets detached under hydrodynamics 

force 
59

. As a consequence this section is focusing on 

determining binding probability of nanoparticles rather than 

adhesion probability. The simulation parameters are listed in 

table. 1, unless otherwise noted. The diameter and length of 

nanorod is 200 nm and 1000 nm, respectively. The diameter of 

nanosphere is 380 nm. 

 

The simulation begins with randomly assigned initial positions 

of nanoparticle at the channel inlet and shear flow is applied in 

the channel. The nanoparticle transportation is described by 

Brownian adhesion dynamics model. To ensure statistical 

accuracy, binding probability is evaluated based on the results 

of ~ 200 independent trials. As described in introduction 

section, this study is focused on determining binding 

probability of nanoparticles within a special zone of interest 

known as cell-free layer (CFL) or depletion layer. The number 

of bonded nanoparticles is counted and normalized by the total 

number of nanoparticles to obtain the binding probability for a 

given cell-free layer (CFL) thickness under a given flow 

condition. 
 

 

 

Fig.9. Studying effect of CFL thickness on binding probability of nanorods and 

nanosphere. (a) For shear rate of 2s
-1

, binding probability of nanorod and nanosphere 

is shown. (b) For shear rate of 10s
-1

, binding probability of nanorod and nanosphere 

is shown. 
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Binding probability of nanoparticles as a function of CFL 

thickness is plotted in Fig. 9 for two different shear rates, 2s
-1

 

and 10s
-1

. The simulation result indicates that the nanorod has 

considerably higher binding probability than that of the 

nanosphere at both shear rates. Fig. 9(a) shows the binding 

probability of nanoparticles under a shear rate of 10s
-1

. As the 

CFL thickness increases, binding probability of nanoparticle 

decreases. Furthermore, due to limited diffusion length the 

binding probability of a nanosphere decreases almost linearly 

with CFL thickness, except for very low CFL thickness of 1.5 

µm. At this thickness, the size of nanoparticle becomes 

comparable to the thickness size, thus transportation of 

nanosphere becomes diffusion dominant and resulting in high 

deposition probability. While the binding probability of 

nanorod decreases almost quadratically, mainly due to the 

tumbling motion. Furthermore, this result indicates that for a 

smaller CFL thickness, nanorod has significantly higher 

binding probability than nanosphere. As shear rate decreases, 

binding probability for both particles increases, since the 

diffusion motion becomes a dominating factor that enhances 

the binding events. Moreover, the less difference between 

binding probability of nanorod and nanosphere is observed at a 

shear rate of 2s
-1

, as shown in Fig. 9(b). At lower shear rates 

Brownian motion becomes a governing factor, and thus 

contribution of tumbling motion becomes marginal compare to 

the diffusion motion. 

Besides shape, the effect of nanoparticle aspect ratio is 

investigated. Nanorods of two aspect ratios (5 and 10) are 

considered in the study and compared with nanospheres. Shear 

velocity is applied at the top of the channel and it is varied 

based on the shear rate of interest. It is found that nanoparticle 

with highest aspect ratio exhibit higher binding probability 

than that of other nanoparticles. The binding probability of 

nanoparticles under different shear rate is studied for a given 

CFL thickness of 5 µm. Binding probabilities as a function of 

shear rate for nanoparticles with three different aspect ratios 

are plotted in Fig.10. The simulation result elucidates that 

increase in shear rates reduces binding probability of 

nanoparticles, but the degree of reduction of binding 

probability varies with different nanoparticles. The simulation 

results imply that binding probability rapidly drops for 

nanosphere with increase in shear rate. While that of nanorods 

drops only marginally with increase in shear rate. This result 

clearly demonstrates advantage of nanorod over nanosphere in 

terms of binding probability over a range of shear rates.

 
 

 

 

Fig. 10 also shows that nanorod with higher aspect ratio has higher binding probability than that with lower aspect ratio. Binding 

probability of nanorod with higher aspect ratio is boosted by much larger tumbling motion. To summarize, the nanoparticle with larger 

aspect ratio has high binding probability and its binding probability decays slower with shear rate compared to that with low aspect 

ratio. 
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Conclusions 

 

In summary, the adhesion kinetics of non-spherical 

nanoparticles is studied for the first time with hydrodynamics 

coupled with Brownian dynamics. The adhesion dynamics of 

nanoparticles are found to be influenced by the local flow 

shear rate, shapes, and ligand densities of the nanoparticle. To 

our knowledge, there does not exist another simulation method 

that can produce the results (Figs. 5, 6, 8, and 7) presented in 

this paper. While our focus here has been on the rod-shaped 

nanoparticles, this method is applicable to adhesion dynamics 

of arbitrarily-shaped nanoparticles. Binding probability of 

nanorods and nanospheres is determined for a range of Cell-

free-layer thicknesses. It is found that nanorod has 

considerably higher binding probability compare to 

nanosphere under the same flow condition, mainly due to the 

tumbling motion. Moreover, with increase in shear rate, larger 

difference in adhesion probability between nanorod and 

nanosphere is found. Such knowledge can be used to optimize 

the design of shape and size of nanoparticle for desired 

nanomedicine function, and might eventually help shorten 

nano-carriers design cycles. 

In the future, a more comprehensive model will be developed 

to include blood cells into the analysis since cell-particle 

interaction might influence the nanoparticle dispersion. This 

model will determine the coefficient called as dispersion 

coefficient, a parameter governing particles margination from 

main stream toward wall surface. Once that is achieved, it 

would be combined with the deposition rate at near wall region 

to get predict targeted drug delivery efficiency.  
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