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Nanomedicine: 
a promising method to deliver drugs to diseased 

area

Am. J. Physiol. Gastrointest. Liver Physiol. 300.3 (2011): G371-G383.



Nanomedicine: 
a promising method to deliver drugs to diseased 

area



Computational design of efficient drug 

carriers
Goal : Design nanoparticle-based drug carriers for efficient and targeted drug delivery via predictive 

multiscale modeling

Y Li, W K Liu. et al. 2014 Computational Mechanics 53 (3), 511-537



Background Information

Ç Life journey
ü Transport and circulation with RBCs, WBCs, 

and others in normal vascular network
ü Firm adhesion to the vessel wall near tumor 

site
ü5ƛŦŦǳǎƛƻƴ ƛƴǘƻ ǘǳƳƻǊ ǎƛǘŜ ǘƘǊƻǳƎƘ ΨƭŜŀƪȅΩ 

vessel walls
ü Recognition and uptake by tumor cells

Ç Intrinsic properties
ü Size
ü Shape
ü Stiffness
ü Surface functionality

Ye, Huilin, et al. Proc. R. Soc. A (2018)

Ç External triggering
ü Electrical
ü Magnetical
ü Chemical
ü Optical

Passive targeting Active targeting



Incompressible Flow

Lattice Boltzmann Method

Coarse-grained Method

Red blood cells and particles
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Immersed Boundary Method║

Receptors

Ligands

Biological bond

Computational Model



Computational Model-Fluid Flow

The lattice-Boltzmann algorithm is a popular method used to simulate the hydrodynamics of 
complex fluids on a grid. As this method requires only nearest neighbor grid point information, 
it is very straightforward to implement, and is ideally suited for large-scale parallel 
applications.

Chen, Shiyi, and Gary D. Doolen. "Lattice Boltzmann method for fluid flows."Annual review of fluid mechanics30, no. 1 (1998): 
329-364.



Structure: Lattice Model

Continuum model
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Lattice model
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Shear modulus

Area compression modulus

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ

Structure: shell/membrane

Lattice model
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In-plane stretching (bond)

Out-plane bending (dihedral)

Area incompressibility of the lipid bilayer

Incompressibility of the inner cytosol

http://www.dam.brown.edu/people/ytang/software.php Ye, H. (2018) Computational MechanicsFedosov, D. A. (2010).Brown University.
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Shell (Red blood cell and sphere)

http://www.dam.brown.edu/people/ytang/software.php


Ligand-Receptor Binding

Ligands

ReceptorsBiological bond

Fedosov, D. A. (2010).Brown University.

Reaction rate

Dissociation rate

Effective on strength

Effective off strength
Hammer, D. A., & Apte, S. M. (1992).Biophysical journal

One-to-One interaction!

Ye, H. et al. (2017)IEEE Transactions on Nanotechnology
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Coupling: immersed boundary method (IBM)
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1. Advance of fluid field

2. Velocity interpolation

3. Update solid field

4. Force distribution

5. Advance fluid field with body force 

Peskin, C. S. (2002). Actanumerica Ye, H. et al. (2019) Journal of Engineering Mechanics

Immersed boundary method
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Implementation of Computational Framework

LAMMPSis a classical molecular dynamics code with a focus on materials modeling. It's an acronym for Large-scale 
Atomic/Molecular Massively Parallel Simulator. LAMMPS has potentials for solid-state materials (metals, 
semiconductors) and soft matter (biomolecules, polymers) and coarse-grained or mesoscopic systems. It can be 
used to model atoms or, more generically, as a parallel particle simulator at the atomic, meso, or continuum scale. 



Computational Framework

Incompressible fluid solver
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Governing equation of beam

Force distribution
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Ye, H. et al. (2020) Computer Physics Communications



Implementation: Parallel computation

Core
ὖ

. . . . . .

CPU

Core
ὖ

Core
ὖ

Core
ὖ

Core
ὖ

Ὥ Ὥ

ὭὭ

Ὥ

LAMMPS

Ὦ Ὦ

ὮὮ

Ὦ

(Ὥ, Ὥ, Ὥ, Ὥ) (Ὦ, Ὦ, Ὦ, Ὦ)

Coordinate Mapping

LBM (Palabos)

2Ў

Step 1

Step 2

Step 3

Ye, H. et al. (2020) Computer Physics Communications

CPU mapping to complete velocity interpolation and force spreading



Validation-Red Blood Cell Part. 1

Stretching of a single RBC

Stretching test of a single RBC. a Configuration of stretched RBC with different applied forces. b Diameters of RBC 
along stretching direction and transverse direction, denoted by DA and DT, respectively. The experimental results are 
reproduced with permission from Suresh S et al. ActaBiomater23:S3ςS15, 2015.



Validation-Red Blood Cell Part. 2

Tank-treading and tumbling a single RBC in simple shear flow

Fahraeus and Fahraeus-Lindqvist effects. (a)
Snapshotsto showthe tube flow with different
diametersunder hematocrit 15%. (b) Fahraeus
effect: discharge hematocrit comparison. (c)
Fahraeus-Lindqvist effect: relative viscosity
validation.



Validation-Magnetic Particle in Flow

Moving of a single magnetic particle under
non-uniform external magnetic field

Breakup of magnetic chain in rotating magnetic 
field



Validation: Fluid-structure interaction
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Flow-induced flapping of an elastic 2D beam behind a cylinder

Works Amplitude Strouhal
number

Drag 
coefficient

Turekand 
Hron
(2006)

0.83 0.19 4.13

Tian et al. 
(2014)

0.78 0.19 4.11

Lin et al. 
(2019)

0.81 0.19 4.10

Present 0.79 0.19 4.10
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Oscillating behavior 

Drag coefficient



Scalability of Computational Framework

The computational efficiency is
examinedby estimatingthe time
consumptionused to run 2000
steps within present program.
(a) Model of large-scale blood
flow simulationswith 2000 red
blood cells. Separatesimulation
times of (b) fluid part, (c)
structure part, and (d) IB
interface part for running time
steps in different systemswith
different solvers.

Huilin Ye et al. Computer Physics 
Communications Volume 256, November 

2020, 107463



Margination of Drug Carriers
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(A)C: stay in center region
(B)F: stay in cell free layer
(C)C-F: marginatefrom center 

to cell free layer
(D)F-C: demarginate from cell 

free layer to center region

Four types of motion



ÇAnomalous vascular dynamics of nanowormswithin blood Flow

ÇMotion of particle under external magnetic field

ÇAdhesion effect on margination of elastic micro-particles

Results

Passive targeting: Size, Shape and Stiffness



Circulation: Vascular dynamics of 

nanoworms in blood flow

Sphere: 1 ‘ά(ὔ=50)

Nanoworm: 
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Ye, H. et al. (2018)ACS Biomaterials Science & Engineering Geng, Y. et al.(2007)Nature nanotechnology
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Demargination of Semiflexible Nanoworms

Ç Results

üShort nanoworms show margination 

behavior

üMargination probability of long 

nanoworms are negative

ÇReasons

ü C-F motion dominates for short 

nanoworms

ü F-C motion dominates for long 

nanoworms. Demargination

outperforms margination.

Ye, Huilin, et al. ACS Biomaterials 

Science & Engineering (2017).



t = 0.3 s t = 1.2 s t = 2.5 s

ÇLow Margination: Flexible nanoworms
deform to the same shape with RBCs and 
intertwine with them, moving along bulk 
flow.

Ç Demargination: Perturbation of fluid 
flow around RBCs due to deformation 
induces lateral flow, and drag the 
nanowormsto the center of channel.

Physical Mechanisms

Ye, Huilin, et al. ACS Biomaterials Science & Engineering (2017).



Stiffness effect
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Experimental Observation

Shape effects of filaments versus spherical particles in flow and drug delivery Nat Nanotechnol. 2007 Apr; 2(4): 249ς255.



ÇAnomalous vascular dynamics of nanowormswithin blood Flow

ÇMotion of particle under external magnetic field

ÇAdhesion effect on margination of elastic micro-particles

Results

Passive targeting: Stiffness and Adhesion (Surface)



‎
Ὗ

ὒ
ςππίὒ ὒ ὒ ςχυτσφ‘άȟ

162 RBCs and 80 particles  Volume fraction of RBC: 30%

Dimensionless numbers

Rigid Soft

Weak Strong

Ὗ

Margination Probability

Ye, H. et al. (2019) Journal of Fluid Mechanics

Margination and Adhesion



Margination without adhesion

Rigid Soft

ÁRigid particle has stronger margination (consistent with Kumar & Graham, 2011)

ÁMargination is independent on the stiffness when particle becomes soft enough

ὅὥ



Interplay effect

No adhesion With adhesion



Two optimal regions (high probability)

(1) large stiffnessand weak adhesion;

(2) Moderate stiffness and strong adhesion
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Interplayof stiffnessandadhesion

(1)Rigidor softerparticleisnot alwaysbetter

(2) Strongeradhesionisalsonot better

Interplay effect: two optimal regions

Ye, H. et al. (2019) Journal of Fluid Mechanics



Interplay effect: underlying mechanism

Deformation induced migration
(DIM)

Adhesion

Pair collision

Barrier

Promotion

Promotion

Wall

Ye, H. et al. (2019) Journal of Fluid MechanicsOlla, P. (1997) Journal de Physique II



Interplay effect: interpretation
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ÇAnomalous vascular dynamics of nanowormswithin blood Flow

ÇMotion of particle under external magnetic field

ÇAdhesion effect on margination of elastic micro-particles

Results

Active targeting: External triggering
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Ye, Huilin, et al. Computational Mechanics (2017).

Magnetic Guidance of Particle 

Penetration through Leaky Wall



Experimental Observation

Experimental results for enhanced
permeability of vascular endothelium
by an externalmagnetic field. (a)
Schematicdiagramof magneticparticle
containinga magnetitenanocrystaland
a phospholipid-polyethylene glycol
(PEG) coating. (b) Endothelial cells
containing magnetic particles
incubated without and with magnetic
field. (c) Particleswith magnetism
were injected into a mouselateral tail
vein, and the opposite lateral tail vein
was placed under the external
magneticfield. (d) Magneticparticlesin
the mouse tails quantified by a
superconductingquantum interference
device. Qiuet al. 2017Nat. Commun. 8,
15594.


