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a promising method to deliver drugs to diseasé'é['.‘:U
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Am. J. Physiol. Gastrointest. Liver Physiol. 300.3 (2011): G371-G383.






Computational design of efficient drug LCONN | scHooL o encinesrine

carriers

Goal : Design nanoparticle-based drug carriers for efficient and targeted drug delivery via predictive
multiscale modeling
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Y Li, W K Liu. et al. 2014 Computational Mechanics 53 (3), 511-537
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Passive targeting Active targetlng

Environmentally sensitive probes Active targeting probes

Receptor
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C Life journey C Intrinsic properties C External triggering
U Transport and circulation with RBCs, WBCs, u Size U Electrical

and others in normal vascular network U Shape U Magnetical
U Firm adhesion to the vessel wall near tumor U Stiffness U Chemical

Site U Surface functionality U Optical
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vessel walls

U Recognition and uptake by tumor cells Ye. Huilin, et al. Proc. R. Soc. A (2018)




Computational Model UCUNN | SCHOOL OF ENGINEERING

Incompressible Flow
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The latticeBoltzmann algorithm is a popular method used to simulate the hydrodynamics o
complex fluids on a grid. As this method requires only nearest neighbor grid point informat
it Is very straightforward to implement, and is ideally suited for |esgale parallel

applications. 15
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Shell (Red blood cell and sphere) attice moae
U({Xi}) = Ustretching + Ubending + Uarea + Uyolume =

In-plane stretching (bond)

kgTl,, 3x* —2x° k
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http://www.dam.brown.edu/people/ytang/software.php FedosoyD. A. (2010Brown University. Ye, H(2018)Computational Mechanic
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1. Advance of fluid field
At eq
fi(x +c;At.t 4+ Ar) —fi(x. 1) = —— (fi— 1Y) + FiAr

2. Velocity interpolation

u(X>,t) = mui (X,)d(x - x>(X°®,1))dwW
3. Update solid field

Y (0 ofg _1 0 X 110
4. Force distribution

7500, = {706 Dalx - X (X, D)W

5. Advance fluid field with body force

At eq
filx + i At + At —fi(x, 1) = —— (fi — [ ") + FiAt
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ntal Implementation in LAMMPS:

. processing.
Potential

Pair MPI domain decomposition taken same as
Fix_bfield

Bond Magnetic particles imn LAMMPS

Angle Membrane sarticle Fix_update_sphere
e / Dipole-dipole @ Implemented as fixes:
interaction fix Ib_fluid — applies force of particle on
flud
fix viscous Ib — applies force of fluid on
particles
along with fix momentum 1b

IB Method

Fix_Ib_fluid

Hook 1nto update.cpp : units
Otherwise just a regular user package

LAMMPSSs a classical molecular dynamics code with a focus on materials modeling. It's an acronym fscalarc
Atomic/Molecular Massively Parallel Simulator. LAMMPS has potentials foistatikdmaterials (metals,
semiconductors) and soft matter (biomolecules, polymers) and cegna@ed or mesoscopic systems. It can be
used to model atoms or, more generically, as a parallel particle simulator at the atoesqg, or continuum scale.



Computational Framework
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Implementation: Parallel computation UG ONN | scHooL oF encineerine

Algorithm 1: Immersed boundary-based spatial decomposition

Run LAMMPS

Read simulation box I

Partition I into N regular bricks #comm_brick

Run interface #contained in file: /atticeDecomposition.hh

Pass bricks information to Palabos

Run Palabos

Create N blocks with the information from LAMMPS

For loop m in N blocks

LBM Palabo3 Assign block information to processor numbered n
End loop

Initialization parallelism in Palabos

LAMMPS

Algorithm 2: Data communication between LAMMPS and Palabos

Step 2

Run LAMMPS

Obtain coordinates of structure nodes x(X, t), and pass them to IB interface.
Run Palabos

Obtain the velocity of fluid nodes u(x, t), and pass them to IB interface.

Coordinate Mapping

(R QR0 (QQQY

Run IB interface #contained in files: ibm2D.hh or ibm3D.hh
Interpolate the velocity u® at location x(X, t), and return them to LAMMPS.
Run LAMMPS
Calculate the FSl force F, and pass them to IB interface
Run IB interface #contained in files: ibm2D.hh or ibm3D.hh
Spread FSl force F to the fluid nodes f' at location (x, t), and pass them to Palabos.
. . . . Run Palabos
CPU mapping to complete velocity interpolation and force spreading ., i ody force nodes ' to advance fluid field.
Run LAMMPS

Ye, H. et al. (202@omputer Physics Communications Use FSl force F to update the new location of structure.




Validation-Red Blood Cell Part. 1 UG ONN | scroor or encinezrine

Stretching of a single RBC
(a) (b) 20,

Original shape Force = 68 pN Force = 151 pN

m Experiment
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Stretching test of a single RBXC onfiguration of stretched RBC with different applied forteSiameters of RBC
along stretching direction and transverse direction, denoted pgrhdl D, respectively. The experimental results a
reproduced with permission from Suresh S etAgitaBiomater23:S3S15, 2015.



Validation-Red Blood Cell Part. 2
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Tanktreading and tumbling a single RBC in simple shear flow
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Validation-Magnetic Particle in Flow UCONN | scroor o encineerin

Moving of a single magnetic particle under Breakup of maanetic chain in rotating magne

nonuniform external magnetic field field 60 y
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Validation: Fluid-structure interaction UCONN | scroor o encineerine

Flowinduced flapping of an elastic 2D beam behind a cylinder
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Scalability of Computational Framework

(@)

—&— Fix Ib(KNL system)
Li

ine:
E A Fix Ib(SkyL ake system)
Lin

Structure

4 +Plb s (KNL system)

Linear

—&— Palabos (Sky-Lake system)
Linear

256

T

Number of CPUs

1024 2048 4096 8192

(b)

(d)

512
=l DO
B,
(O]
-§128
_5 64
© —=— Fix_Ib (KNL system)
— - = Linear N N
g 32 E —a— Fix_Ib (Sky-Lake system) \{\ N
— - - Linear o
(/)16 —e— Palabos (KNL system) \Nq
- - Linear -
—<— Palabos (Sky-Lake system)
8 -~ = Linear
256 512 1024 2048 4096 8192
Number of CPUs
256
158 IB interface

w (@)
N ~
1

Simulation time (s)
o 8

4 F Linear
—4— Palabos (Sky-Lake system)
2 Linear
256 o112 1024 2048 4096 8192

E _m— Fix Ib(KNL system)

Line
-+F Ib(SkyLk system) S

+Plb s (KNL system)

Number of CPUs

UCUNN I SCHOOL OF ENGINEERING

The computational efficiency is
examinedby estimatingthe time
consumptionused to run 2000
steps within present program
(a) Model of largescale 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, Novembe
2020, 107463



Margination of Drug Carriers

36
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C Anomalous vascular dynamics ahnowormswithin blood Flow

Passive targeting. Size, Shape and Stiffness
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nanoworms in blood flow

Fi i Nanoworm 2
uorescence microscopy ano UStretching _ kE (I — 1)
> Ugending = k(0 — 90)2 * ‘
Length ( & ) .
Sphere: I a (U =50)
1 2 4 8 10
b O 0 =274 51 G 3¢ HE: 20% ¢ = 108)

u = {01 ]/Z, 0} ]/2248 S_1

Ye, Het al. (2018)ACS Biomaterials Science & Engineering Geng Y.et al. (2007)Nature nanotechnology



Demargination of Semiflexible Nanoworms UG ONN | scrooL o encineerine

(a) (b)
0.30
" mE=CF C Resul ts
25¢ . ‘e . .
—c U Short nanoworms show margination
A 27 behavior
; 2" 0 Margination probability of long
g nanoworms are negative
0.05¢
2 4 6 8 10 0.00 CReasons

Length (mm) Sphere L=4mm L=8mm

U C-F motion dominates for short
nanoworms

U F-C motion dominates for long

nanoworms. Demargination

outperforms margination.

Ye, Huilin, et al. ACS Biomaterials
Science & Engineering (2017).
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C Low Margination: Flexiblenanoworms
deform to the same shape with RBCs and
Intertwine with them, moving along bulk
flow.

C Demargination Perturbation of fluid
flow around RBCs due to deformation
Induces lateral flow, and drag the
nanowormsto the center of channel.

t=0.3s t=1.2s t=25s

u, (um/s)
. 0.05

. 0025

. 0.00

Ye, Huilin, et al. ACS Biomaterials Science & Engineering (2017).
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(b) . Length: 8um o _ _
) Size in space: radius of gyratifvi )
g 4 Rigid hard to deform to conformal to RBC
e Semiflexible deform and circulate with RE
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1 —k=50k,T
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Fluorescence microscopy

Cryo-transmission
electron microscopy

20nm
¢ Inert filomicelles d | Degradable filomicelles
118§ !-+
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ED \\ \ !
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"
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Shape effects of filaments versus spherical particles in flow and drug deliveNaNatechnol 2007 Apr; 2(4): 24255.
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C Adhesion effect on margination of elastic micimarticles

Passive targeting: Stiffness and Adhesion (Surface)
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162 RBCs and 80 particles Volume fraction of RBC: 30%

Dimensionless numbers

capillary number Ca=puyR/uy

I EE— [

adhesion number Ad=ks;/ILyR

-/_-J

Margination Probability

Cell-free layer (F) 5T
|

(~2.8 um)

Ye, Het al. (2019)Journal of Fluid Mechanics



Margination without adhesion UCONN | scroor o encineerine

0.7 0.65
|l— Ca = 0.00037 .

6F -~ Ca=0.037 0.60 I

0.55F
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. 0w
0.45 | ]; !
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Rigidl' e JSoft
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A Rigid particle has stronger margination (consistent wittmar & Graham, 20)1

A Margination is independent on the stiffness when particle becomes soft enough
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No adhesion With adhesion



Interplay effect: two optimal regions UCONN | scroot o encineerine

(D) : : : -
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Ye, Het al. (2019)Journal of Fluid Mechanics



Interplay effect: underlying mechanism UG ONN | scroot oF encineerine

Barrier
Promotion Deformation induced migration
Pair collision (DIM)
Adhesion
Promotion

Wall

Olla, P. (1997)ournal de Physique I Ye, Het al. (2019)Journal of Fluid Mechanics



Interplay effect: interpretation
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C Motion of particle under external magnetic field
Active targeting: External triggering



Magnetic Guidance of Particle R
Penetration through Leaky Wall UCONN | scroo G c

Z
/[ Shear flow ||B
X
Static fluid
C s -
A—A/A
5’03 /
T 0.2
Q
2
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0.1 /A/
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0.0\ —a AL A
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Ye, Huilin, et al. Computational Mechanics (2017).
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Experimental results for enhanced
permeability of vascularendothelium
by an externalmagnetic field. (a)
Schematidiagramof magneticparticle
containinga magnetitenanocrystaland
a phospholipidpolyethylene glycol
(PEG) coating (b) Endothelial cells
containing magnetic particles
iIncubated without and with magnetic
field. (c) Particleswith magnetism
were injected into a mouse lateral tall
vein, and the opposite lateral tail vein
was placed under the external
magneticfield. (d) Magneticparticlesin
the mouse tails quantified by a
superconductingguantum interference
device Qiuet al. 2017Nat. Commun8,
15594



