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Abstract

Red blood cell (RBC)-hitchhiking, in which different nanocarriers (NCs) shuttled on the
erythrocyte membrane and disassociated from RBCs to the first organ downstream of the
intravenous injection spot, has recently been introduced as a solution to enhance target site uptake.
Several experimental studies have already approved that cellular hitchhiking onto RBC membrane
can improve the delivery of a wide range of NCs in mice, pigs, and ex-vivo human lungs. In these
studies, the impact of NC size, NC surface chemistry, and shear rate on the delivery process and
biodistribution have been widely explored. To shed light on the underlying physics in this type

of drug delivery system, we present a computational platform in the context of lattice Boltzmann
method, spring connected network, and frictional immersed boundary method. The proposed
algorithm simulates nanoparticles (NPs) dislodgment from RBC surface in shear flow and
biomimetic microfluidic channels. The numerical simulations are performed for various NP sizes
and RBC-NP adhesion strengths. In shear flow, NP detachment increases with increasing the shear
rate. RBC-RBC interaction can also significantly boost shear-induced particle detachment. Larger
NPs have a higher propensity to be disconnected from the RBC surface. The results illustrate

that changing the interaction between NP and RBCs can control the desorption process. All the
findings agree with in-vivo and in-vitro experimental observations. We believe the proposed setup
can be exploited as a predictive tool to estimate optimum parameters in NP-bounded RBCs for
better targeting procedures in tissue microvasculature.
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Introduction

Nanoparticle (NP)-based drug delivery systems (DDSs) have been extensively explored

to promote the existing therapeutic procedures for cancer and other diseases [1]-[3].

Drug loading into NPs owns significant merits over free drug injection including precise
accumulation and prolonged delivery. However, NPs performance is commonly hindered

by poor pharmacokinetics (PK) of the curative agent [4], [5]. NPs rapid clearance by the
mononuclear phagocytic system (MPS), primarily available in the liver and spleen which are
part of the reticuloendothelial system (RES) [6], diminishes NP concentration in different
target organs such as heart, lung and brain [7]. Therefore, multiple approaches have been
devised to improve drug bioavailability within the bloodstream and in target organs. The
most common strategy is to graft polyethylene glycol (PEG) on the NP surface to extend
circulation time and reduce MPS uptake [8]-[10]. However, it has been shown that pegylated
NPs can stimulate the immune system and lose effectiveness following continual injections
[11]. Furthermore, the surface modification is effective only for small particles (up to 200
nm), which confines the medicine delivery capacity [12], [13]. Recently, the idea of coupling
of drugs onto the red blood cells (RBCs) surface has generated favorable routes for safe and
widely sound improvement of nanomedicine to circumvent mentioned challenges [5], [7],
[12]-[14].

Erythrocytes or RBCs, which are anucleate biconcave discs with a diameter of ~ 8 um,
thickness ~ 2 um and membrane surface area ~ 160 77 render unique and stunning
transporter for drug delivery [15]. There are 5 million RBCs in one microliter of human
blood and the whole number of RBCs in the human body reaches up to 30 trillion [15].
Healthy human RBCs longevity is 100-120 days. They can travel nearly 250 &m through
the cardiovascular system and act as oxygen carriers. RBCs bioavailability, biocompatibility,
access to most organs, and unique lifespan caused researchers to test the nanomedicine
coupling possibility to the RBC membranes. The idea of exploiting RBCs as drug delivery
vehicles was inspired by observing the way invented by specific bacteria, for example,
hemobartonella, that attach to erythrocyte membrane and sustain in blood for several
weeks [12]. Adsorption of NPs or other nanocarriers (NCs) to the erythrocyte membrane
and injection intravenously (IV) and intra-arterially (IA) using catheters is called (RBC)-
hitchhiking (RH) [7]. This strategy exhibits the employment of a synergistic combination
of "nano-micro-macro": nanoscale drug carriers + micro-scale RBCs + macro-scale IV/IA
catheters.

In 2004, Chambers and Mitragotri [12] anchored polymeric NPs with a diameter ranging
from 100 nmto 1 umto the RBCs surface. They observed that the circulation time of NPs
larger than 450 nmwould dramatically increase after adsorption to the RBC membrane. The
in-vivo experimental results also revealed that larger NPs could be detached and cleared by
RES more quickly than smaller NPs. It was also shown that NP numbers could influence
detachment kinetics because NPs are removed from RBCs with a higher number more
rapidly. They hypothesized that the adhesion strength between NP and RBCs is an important
player in the NP detachment. It is worth mentioning modified RBCs remained in the blood
flow after the detachment process. As the underlying physics in NP removal from RBCs
was still unclear, in 2007, Chambers and Mitragotri [13] conducted another study to disclose
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the effects of RBC-RBC interaction, shear rate, and NPs surface chemistry on the NPs
biodistribution and clearance mechanisms. Their in-vitro results illustrated that the NPs
detachment occurs in a shear-dependent manner, and RBC-RBC collision can enhance the
detachment process. NPs surface chemistry also changed the clearance time and detachment
process. Anselmo et al. [4] used noncovalent bounding of NPs to RBCs to test NP effectivity
in lung microvasculature. Their results showed that RBC-laden NPs increased lung/liver and
lung/spleen NPs deposition by more than 15-fold and 10-fold, respectively. Brenner et al.
[7] experimentally showed that RH injection increased NCs uptake in mice, pigs, and ex
vivo human lungs without damaging RBC. Pan et al. [16] investigated the effect of NP and
RBC on each other due to the attachment procedure. The research demonstrated that RBCs
could change the NP PK such that NP clearance is deaccelerated while NP ttransfer to the
vascular cells is facilitated. On the other hand, NP adsorption can lead to RBC damage and
agglutination. A high-throughput microfluidic approach to capture loaded RBC indentation
due to interactions with NPs was also invented by Dias et al. [17]. Their setup captured
RBC morphology change due to attachment and detachment of different NPs. Very recently,
chemokine-encapsulating was anchored to the RBCs to treat lung metastasis [18]. The
results revealed that RH technique immunotherapy could provide a general and impressive
strategy for cancer vaccination. More details about using RBCs as natural drug carriers can
be found in [5], [7], [14], [15], [19], [20].

Despite several successful experiments, the NP detachment mechanism from the erythrocyte
membrane is not well-understood. This phenomenon results from an interplay of transport,
hydrodynamic force, and multivalent interactions with targeted organs. It is very challenging
to understand and model these phenomena experimentally in vivo because of NPs small
size, and the complexity of the detachment procedure in a highly vascular environment. In
addition, an accurate quantitative measuring of the PK of NPs and carrier RBC in circulation
in vivo is a challenge. Multi-isotope tracing of carrier RBC labeled with 51Chromium, and
NP labeled with 125lodine or 111In isotope represents a high-fidelity methodology, but

its use is limited, whereas tracing of fluorescently labeled NPs and RBCs is of variable
accuracy and prone artifacts.

Numerical simulations have been used to better understand transportation, margination, and
adhesion of different NPs in blood circulation. For example, Tan et al. [21] developed a
novel three-dimensional Immersed Finite Element Method (IFEM) to model NP transport
with RBCs in microcirculation. In this study, the movement and adhesion of NPs were
simulated via Brownian adhesion dynamics. The accumulation of NPs adjacent to the
vessel walls was found non-uniform. The RBCs tumbling in the vessel center induced
higher NP dispersion. Recently, they implemented their approach by coupling of Parallel
Lattice Boltzmann Solver (Palabos) and Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [22]. Margination of micro- and nano-particles in blood flow was
simulated using dissipative particle dynamics (DPD) and spring connected network (SN)
by Muller et al. [23]. They concluded that micron-sized ellipsoidal particles were suitable
for drug delivery compared to sub-micron spherical particles. Front-tracking and immersed
boundary method (IBM) was also used to quantify the effect of the microparticle shape on
the margination and adhesion dynamics [24]. Margination of deformable particles in blood
flow was performed by Muller et al. [25] using DPD. They concluded that deformable
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particles have less margination tendency than rigid particles. In another study, LAMMPS
package and DPD were used to simulate different particle localization towards the vessel
wall [26]. The results confirmed that RBC presence enhances both margination and adhesion
processes. Ye et al. [27]-[32] also developed a computational module in LAMMPS by
resorting to the lattice Boltzmann method (LBM), IBM, and SN to model the dynamics of

a wide range of particles in blood flow. Liu et al. [33], [34] devised a three-dimensional
multiscale and multicomponent blood flow solver to capture the behavior of different
particles with different shapes and sizes ranging from nano- to-microscale in tubular flows
along with RBCs. Their results provided the dominance of RBC-enhanced shear-induced
diffusivity (RESID) and Brownian diffusivity (BD) in different regions observed in confined
blood flows.

In the current paper, we propose a computational platform in the context of LBM, SN, and
IBM to model the NP dislodgment from RBCs in shear flow and biomimetic microfluidic
channels. The remainder of the paper is organized as follows. In section 2, different elements
of the numerical solver are described. In section 3, the numerical algorithm is validated

by modeling an RBC deformation under tension, shear flow and inside a constricted
microchannel. Section 4 presents the numerical results of NP detachment for different NP
sizes, different NP-RBC adhesion strengths at different shear rates. In the last section, the
parametric study is concluded.

2. Numerical Algorithm

In this paper, the numerical simulation is initiated by solving the flow field without RBCs
and NPs as the warmup solution. The warmup solution is continued until the stable flow
field inside the channel is achieved. The reason for using a warmup solution is to avoid
getting suddenly unphysical changes on both RBC membrane and NPs surface due to
un-converged flow field forces. In the main loop, the flow field is solved by an LBM solver.
Flow field variables in terms of forces and velocities are coupled with SN on RBC and NP
surfaces through a frictional-based IBM. Our model is implemented in the free, open-source
package ESPResSo version 4.1.4 [35]. ESPResSo uses parallelization computations and

can be used on desktop machines, clusters, and supercomputers with hundreds of CPUSs.

All the simulations in this study were performed on a workstation with a 3.2 GHz with

12 Intel Core-i7 CPUs and 16.0 GB RAM. ESPResSo has some modules to support GPU
acceleration. In this package, C++ source codes are controlled by the scripting language
Python. For modeling membranes, we used PyOIF [36]-[38] which provides validated
computational models for cell flow modeling. The PyOIF module is integrated into the
ESPResSo with some modifications and is available under the GNU General Public License
terms. Like ESPResSo, PyOIF is combined C++ codes in the software core and Python
scripting to control the core. The simulation works with a different set of units based on the
Lattice—Boltzmann (LB) units. To convert physical units to LB ones, the following scales are
taken into account for the time [¢], length [L], and mass [M], respectively:

[f] =107%[L] =0.25x 107%, [M] = 10713 €
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For example, in all the simulations, the time step is set to 0.1, equal to 10~7 sec. In

the subsections below, different components of the numerical approach are explained in
detail. The numerical results are visualized by ParaView version 5.8.0-RC1. We used GPU-
accelerated version of our code and each simulation on our workstation took less than 30
minutes to complete. This indicates that the simulation of this problem in larger domains
like complex vascular network with higher number of RBCs and NPs is possible using high
performance computing.

2.1. Flow Solver
As it was mentioned earlier, LBM is here used as the flow solver. This method is
extensively used in fluid mechanics and computational hemodynamics [36], [38], [39]. In
this approach, the Boltzmann kinetic equation [40] is solved instead of the Navier-Stokes
equations. The Boltzmann kinetic equation's unknown is the distribution function (f,(x, 1))
for fictitious particles. Macroscopic properties can also be computed after finding the
distribution function. The lattice is made of cubic cells. The lattice is unalterable during
the computational procedure. D3Q19 version of the LBM (three dimensions with 19 discrete
velocities) is utilized in this paper. A structured grid with constant spacing Ax = L is also
constructed with a set of discretized velocity velocities, ,. The LBM dynamics in the
presence of an external force involve streaming and collision steps can be written as follows
[40]:

S+ AT, 1+ A1) = f60) = 2 (060 = [0 0) +Q, @

where 4t is time step, ¢ relaxation time, £ is the equilibrium function related to
macroscopic variables velocity and density. Q, is the external force applied to the fluid.
It should be mentioned that Q, is also essential where the existence of the cell domain is
replaced through a force density. Also, &, is:

o =cx | (£1,0,0),(£1,0,0),(+1,0,0) i=12,...,6 . ®3)
(£1, £1,0),0, =1, = 1),(£1,0, 1) i=7,2,...,18

c is the lattice speed of sound. Macroscale density and velocity can be calculated as follows:

Pl = Y [0, pDUW(x D= Y [0 @

2.2. Spring Connected Network

SN model is widely used in the simulating of biological problems [36], [38], [41]. Both
RBC and NP membranes are discretized to triangular meshes, as shown in Figure 1. There
are different strategies to deliver the NC to the RBC membrane. However, NP attachment
is probably due to van der Waals, electrostatic, hydrogen bonding, and hydrophobic forces
between NPs and the RBCs [12]. However, NPs do not have a propensity to be bound to
the particular site on the RBC membrane; images in [12] depict NPs adhere to the central
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dimple. Here, we hypothesize that all the NPs are located on the RBC center, and we do

not consider the effect of NP location on the detachment process. In the SN approach,
geometrical parameters such as mesh edge, mesh face, and the angle between adjacent faces
are implemented in proper mathematical relations to model stretching, bending stiffness, and
other cell characteristics. The nodal points on the membrane, which are called immersed
boundary (IB) points, are moved by the Newton equation of motion as follows:

—
X,

dtz = Fxb’ (5)

in which, X,, is the coordinates vector of IB points. F, is the IB point's acting force
comprises two terms: fluid forces and elastomechanical forces from membranes. The
fluid-induced forces are described in the following sub-section, and the cell force field

is explained here. It should be mentioned that we did not consider any random dynamics/
motion for NPs or RBCs since the size of computational domain for all the problems is
small. In other words, the RBCs and NPs doe does not have that much space and considering
the random motions for NPs and RBCs will not change the results considerably. Hence, all
the data were reported only based on one trajectory [21], [42].

To capture the membrane properties, we use different moduli acting in the spring network.
The first one is the stretching modulus. The stretching force is nonlinear and applied
between two mesh points A, B symmetrically. This force for point A can be written as
follows [36], [37]:

—_—
F (A) = kx(AD)ALyna, ®)

k, is the stretching coefficient, n,; is the unit vector pointing from A towards B,

k(D) = (A% + 272) 1 (A + A7), 4 = Ly / Lo Stands for neo-Hookean nonlinearity. 7,y is the
initial or relaxed length of mesh edge AB, whereas I,; is the present edge AB length. Al,,

is edge extension or compression. The second class of moduli is area constrains moduli.

To implement these restrictions, we compute the surface variations of triangle ABC from
resting condition AS,zc = Susc — Stsc. The area constrain is applied by assigning a shrinking/
expanding force for every vertex [36], [37]:

A‘S'ABC

Wy
Sac ’

—
F (A) = -k,

M

where £, is the area coefficient, and w, is the unit vector emitting from the centroid of
triangle ABC towards vertex A. The same calculations are employed for area forces on
vertexes B and C. The area force should be very restrictive; therefore, a global area force is
also applied to the cell [36], [37]:

AS e AS
SABC + kagT Wy . (8)

F(A) = —(ku,
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As can be seen, the area force is divided into two parts: local (k,) and global parts (k,,).
The third force is called the bending force. The source of this force is changing the angle
between two neighboring triangles. Assuming ¢° as the resting angle between two adjacent
triangles, the bending force can be related to angle deviation (A8 = 6 - 6% as below [36],
[371:

- AfO
F (ABC) = k,,? Hypes 9)

nac 1S the normal unit vector to the triangle ABC. The last force is the volume force to keep
the whole volume constant. This force is also a global force. This force is related to triangle
ABC and divided into three separate parts and applied at triangle vertices:

— AV
F (ABC) = — kUWSAECnABC9 (10)

where k, is the volume coefficient. AV stands for volume change between the current state

(v) and initial state (V9. n,, is also the normal unit vector to the plane ABC pointing inside
the cell. In the SN model, different moduli can be related to the macroscopic properties.
Indeed, by comparing SN coefficients and physical properties, it can be shown that [36],

[37]:
G~ k,ﬁ, (11)
4
Bk ke

K~k57+2+2, (12)

4K / G
Y = K+ G’ (13)

K-G
§= K+ G’ (4
kb = \/§kcs (15)

where, G, K, Y, and 9 are shear modulus, compression modulus, Young's modulus, Poisson's
ratio, respectively. k, is the macroscopic bending modulus measured by micropipette
aspiration. Since the RBC membrane is fluidic and exhibits resistance against shearing,

in the SN model, the viscosity force (?v,-“,(A)) should be considered as below [36], [37]:

dL

—
Fvisc(A) = - kvixcﬁy

(16)
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where k. is the viscosity coefficient, L denotes the distance between points A and its
neighboring points, and % stands for time derivative. To model the RBC-RBC interaction, a

weak depletion attractive and strong electrostatic repulsive forces at far and near distances is
applied as follows [43]:

U(r) = D,(expl —2a(r — r,.,)] — 2exp| — a(r — r,.,)]) for r <r.. 17)

Here, r is the distance between two RBC membrane points, r,,, is the equilibrium distance,
and D, is the energy well depth. Also, « determines the potential width. For r > r.,, there

is no interaction between RBCs and U(r) = 0. An attractive Morse potential is also used to
generate forces between NP-RBC and NP-wall. For these potentials, r,,, is set as 10 nm [21],
[32], [42]. The distance between NPs and RBC is minimized such that the distance between
all RBC points and all NP points is larger than r,,, and there is no overlap between them

due to the surface curvature. The interaction force between different NPs and live cells was
reported to be in the range of 20-1200 pN [44]. Since we have thousands of interactive pairs
on RBC and NPs, the force magnitude should be estimated in the order of femtonewtons
[45]. In our simulations, the maximum attractive force generated by Morse potential at the
cutoff distance (.. = 1.5 um) is set between 20-1200 fN for NP-RBC. For NP-wall, the cutoff
distance is set as 10 nm [35]. D, value determines the maximum force at the cutoff distance
[45]. D, for NP-RBC and NP-wall is changed to mimic the behavior of different NPs with
RBC membrane and endothelial cells. A repulsive Lennard-Jones (¢ = r.,,) potential is used
to describe the interaction NP-NP and avoid their overlap [21]:

12 6

U(r) = 4e (%) - (%) for r<ry. (18)

o is the equilibrium distance and ¢ is the potential energy strength. A constant force is
applied to the LB points to drive the channel flow to create our desired average cell velocity.
The details of this approach are available in [35]. To avoid the RBC collision with the
channel walls, a repulsive potential called soft-sphere potential is applied between wall and
RBC membrane points as follows [35]:

Ur) = ar12 forr <r,, (19)

where r is the inter-particle distance and a is the potential energy. For r > r.,, = 10 nm, U(r)

is equal to zero. In our simulation a = 0.0001 Nm?2 is sufficient to prevent the cell from
colliding with the channel wall. The physical values and LB units for the parameters used in
this paper along with corresponding references, in which these parameters within the same
range have been used, are listed in Table 1.

2.3. Fluid-Structure Interaction

In this paper, the interaction between fluid and IB points in the SN model is handled through
dissipative or frictional coupling [40]. This approach works based on the drag flow applied

Nanoscale. Author manuscript; available in PMC 2023 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nikfar et al.

Page 9

on the RBC and NP mesh points. The drag force is comparable with the velocity difference
between lattice points (u) and IB points as follows (v):

Q=Cu-v). (20)

Here ¢ is a friction coefficient, and it is expressed in Nsm~!. It should be noticed that

linear interpolation is utilized for calculating v in the cell points based on the neighboring
lattice velocities. This technique naturally guarantees the no-slip conditions between fluid
and membranes because it enforces minimal velocity difference between fluid and soft
membranes. The prevalent friction coefficient role is to convey the drag force of the fluid
onto the cell membrane and vice versa. ¢ does not depend on any physical quantity and is
completely phenomenological. Hence, we should identify its proper value [48]. It was shown
that the friction coefficient's fair value is a function of different parameters [48]. It has been
shown that for a cell constructed of » mesh points and with the surface area of S, the friction
coefficient can be computed as follows:

Q:ﬂﬁ

n S,

Cres - (21)

Reference values can be found in [49]. These values also depend on fluid density

and viscosity. For example, ¢, is equal to 1.82 Nsm~! for n,,, = 393, S,., = 201 um?,
u=153mPa.sand p = 1025 kgm™=3. We assume that the inside and outside of the RBC

is occupied with the same fluid (see Table 1 for the fluid properties). In the simulations, ¢ is
the same for both NPs and RBC [47]. To have the equal ¢ for both membranes, they should

have the same @ For the coupling of fluid and cell, Q enters as a part of F,, in Eq. (5).

The coupling is mutual, so the opposite force is exerted on the fluid and Q enters Eq (2).

It should be mentioned that, however determining proper values of the friction coefficient
is challenging and depends on the fluid-cell model and other parameters, the described
model has been successfully applied in several problems [36]-[38], [47]-[49]. Also, we
intended to implement our algorithm in an open-source and parallelized package such that
we can extend our simulations for modeling the real vasculature domain with larger number
RBCs and NPs. ESPResSoMD provided us with such a platform in which the dissipative
coupling is already implemented and used for modeling fluid-structure interaction rather
than conventional IBM [37]. It should be mentioned, not considering the boundary mass,
challenges in choosing proper coupling function and computational cost are some of the
problems of conventional IBMs [49].

3. Validation

Three standard test cases are solved to validate the computational algorithm, and the

results are compared with corresponding experiments. The computational models for these
problems are shown in Figure 2. In the first test case (Figure 2 (a)), according to the optical-
tweezers experiment [50], two opposite forces are applied on each side of the erythrocyte
membrane. The stable values for axial and transversal diameters of the cell are calculated
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and compared with experimental data reported in [50]. As the second test problem (Figure
(Dyas / D> = 1
(Dyx / D)% +1
diameter of the RBC (8 xm) maximum diameter due to different shear rates, is compared
with a similar experiment performed in [51]. In the third problem, the RBC deformation
during squeezing through a slit with 2.7 gmhigh, 30 gmlong, and 4-6 pm wide is measured
(Figure 2 (c)). The RBC axial diameter at the channel center for three different slit widths
is compared with experimental observations in [52]. In all the test cases, a good agreement
is observed between numerical and experimental results. More details about mentioned test
cases can be found in our previous studies [41], [46], [53], [54].

2 (b)), the RBC deformation index, i.e. , inwhich D, and D,,, are the initial

Since behavioral patterns of both single RBC and RBC suspensions in a shear flow dictates
the NP detachment, the proposed numerical algorithm is validated for two other test cases.
Generally, an RBC under a shear flow (Figure 2 (b)) elongates and adjust itself at a specific
angle with respect to the flow direction. Depending on the shear rates, the RBC may exhibit
tumbling motion, tank-treading motion or both [53], [55]. Experimental observations also
reports the tumbling and tank-treading frequency [56], [57]. The rotation speed during

the tumbling and tank-treading depends on the shear rate. Such a dependency has been
measured in the context of RBC tank- treading frequency and corresponding data can be
found in [56]-[58] just a few to name. In this test case, during the simulation shown in
(Figure 2 (b)), the coordinates of RBC mesh points are stored for different shear rates
ranging from 0 s~ to 200 s~ and the rotation frequency is calculated. As Figure 5

shows, good agreement is observed between numerical results and experimental data from
[56]-[58]. Finally, in the last test case, to prove the capability of the model in capturing the
physical interaction between RBCs and cell aggregation on hemorheology, we simulate 10
RBCs under different share rates (Figure 4 (a)). It should be mentioned that the number of
RBCs and domain size are selected to achieve a RBC concentration close to the hematocrit
of human blood i.e. 33%. In this test case the blood effective viscosity can be calculated by

Uerr = f—fo in which U, is the applied velocity on the lower and upper domain boundaries, L

is the domain width, H is the half of domain height, and F is the shear force per unit width
experienced by the walls. As Figure 4 (b) illustrates, computed effective viscosity agrees
with the experimental results by Chien et al [59]. More details about this test case can be
found in our previous study [43].

4. Results and Discussion

The NP detachment mechanism from engineered RBCs has been analyzed in in-vitro and
in-vivo experiments. In in-vitro experiments, a plate and plate rheometer is utilized to apply
various shear rates ranging from 1 Pa to 10 Pa on NP-laden RBCs [12], [13] (Figure 5 (a)).
The number of NPs adhered to the RBCs before and after 30 /mins of shear is specified by
flow cytometry. In in-vivo experiments, intravascular injection of RBC-hitchhiking causes
NPs to be transferred to the microvascular network downstream of the injection due to the
close contact with endothelium (Figure 5 (c)) [4], [7]. The in-vitro setup can generate pure
shear flow to study the contribution of shear force on the RBC deformation, RBC-RBC
collision, and NP detachment process. However, the flow and stress condition under in-vivo
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setup is much more complex, which involves coupled factors from shear flow near wall,
contact adhesion between NP and wall, and deformation of RBC. Here, we justify the
experimental observations for both in-vitro and in-vivo studies using numerical modeling.
For modeling the rheometer test, an RBC coated with 5 NPs on one side under shear

is simulated as shown in Figure 5 (b). However recent studies demonstrate that the NPs
number on the erythrocyte can reach up to 50, for the sake of simplicity and consistency
with the experimental data in [12], [13], we consider only 5 NPs on the RBC surface
(Figure 1 (c)). In the shear test, the computational box is a cuboid with height, width,

and depth of H = 2D, L = 6D and W = 2D, respectively. D is the diameter of the RBC. In
the microfluidic channel, the RBC transports 5 NPs on one side too (Figure 5 (d)). The
dimensions of the microchannel are shown in Figure 5 (d). Channel depth is equal to 1.5D.
We assume that the channel walls can mimic the behavior of endothelium. In references
[12] and [13], RBC-hitchhiking has been used for large NPs between 200-1200 nm. For this
range of NPs, surface modification is not effective, and the NPs are cleared from circulation
very fast. In this case, NPs are anchored to the RBC membrane to increase circulation

time. For the sake of consistency with experimental data in [12] and [13], we selected this
range of diameters for the NPs. In both problems, to ensure our results are independent of
computational mesh resolution, simulations were done for 500, 1000, 1500, 2000, and 3000
vertex points on the RBC membrane. For having the same friction (¢) coefficients for RBCs

and NPs, the NPs nodal points were obtained considering the same @ for NPs and RBCs

(Eqg. (21)). The Lattice points resolution was also set such that the average edge length in
NPs approximately equal to the spatial discretization step in the computational domain [60].
The results showed no significant change beyond 2000 vertex points on the RBC membrane.
The results for these test cases are presented in the following sub-sections.

4.1. Shear Flow

In this problem, the effect of the shear rate, NP size, and RBC-RBC collision on the

NP detachment process is analyzed. The shear rate varies between 1000 s~ to 3000 s7Z
consistent with the rheometer test in [12], [13]. To examine the effect of NP size, NPs

with 1000 nmand 500 nm of diameter are modeled. RBC-RBC interaction role is modeled
by simulating three RBCs located next together with 3 gm distance between their centers.
All the simulations are performed for 0.05 sec which is smaller than the time scale in the
experiment because the mesoscale time step is small and equal to 10~/ sec. However, even
in this small-time interval, the simulation can duplicate the trend of the detachment process.
In all the simulation, D, in Morse potential at the cutoff distance is set as 700 fN, which is
consistent with the average value in experimental data [45].

Figure 6 (a) and (b) show the snapshots of the simulation at five different time instances for
1000 7m NPs under 1000 s~ and 3000 s~ shear rates, respectively. As the figures show, the
NP detachment percentage increases from 40% to 80% by three times increase in the shear
rate due to larger fluid drag force on the NPs. It should be noticed that after detachment

and when NPs are far enough from the RBC, they are removed from the computational box.
Detachment of 500 77m NPs from RBC under 3000 s~ is displayed in Figure 6 (c). As it

can be observed, since the smaller NPs experience less drag force with respect to larger NPs,

Nanoscale. Author manuscript; available in PMC 2023 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nikfar et al.

4.2.

Page 12

only three numbers of NPs equal to 60% are decoupled. It is worth mentioning that the same
behavior is observed for NPs with other diameters, however, to better illustrate the diameter
effect, only the results for 1000 nm and 500 nm are shown in this section. As Figure 6

(d) illustrates, RBC-RBC interaction significantly enhances the detachment process. In this
case, all NPs are detached in a shorter time. The NP detachment percentage with respect to
shear rate for different NPs with and without RBC-RBC interaction is plotted in Figure 7.
As the plot shows and consistent with Figure 6, increased shear rate, bigger NP size, and
RBC-RBC interaction will lead to more significant NP detachment. These findings are in
agreement with the results repotted experimentally [12], [13].

In [12], it has been demonstrated the circulation time of NP-coated erythrocytes depend

on NP diameter. Among NPs with different diameters ranging from 200-1000 nm, 450

nm particles had the longest circulation times. The time required for clearance of 450

nm NPs was more than 7 hours. However, NPs larger than 450 nm was cleared from
circulation very fast [12]. It should be mentioned while all the NPs are eventually removed
form circulation, the RBCs circulation time was not affected [12]. Therefore, NPs shorter
circulation time can be considered as an indicator for faster and easier NPs dislodgment
from RBCs membranes. In this sense, numerical and experimental results agree. For the
effect of shear rate on the NPs disassociation, Chambers and Mitragotri [13] experimentally
and via rheometer showed that NP detachment doubles by increasing the shear stress

from 1 Pa-10 Pa. They also confirmed that increasing blood hematocrit from 10% to

50% enhances the NP detachment from nearly 30% to 70%. Increasing hematocrit can

be related to increasing RBC-RBC collision. Numerical results also demonstrate that
RBC-RBC interaction significantly increases NPs detachment. However numerical results
qualitatively have the same trend as experimental observations, quantitative comparison is
prohibited by the limited computational domain, number of RBCs and NPs used in the
simulation, simulation time as well as other complex biochemical factors in real blood that
is not included in our computational model. The mentioned issues will be investigated in
our future works. To the best of our knowledge, the current research is the first paper
which utilizes direct numerical modeling to link the effects of shear rate, NP size and
RBC-RBC interaction to the NP detachment from NP-bounded RBCs. It should be noted
that however experimental studies have shown the effects of the mentioned factors, they
have not provided clear justification for their observations. Also, visualizing the effect of the
pertinent parameter at cellular level is complex in the experiment.

NP Detachment in Capillary Vessel

Upon injection of NP-coated RBCs in upstream of the target tissue microvasculature, NPs
desorption occurs because of shear and direct contact of NP-endothelium [4]. In this test
case, we assume that the channel walls can mimic the behavior of endothelium in a capillary.
We do not investigate the effect of the channel geometry on the NP detachment. The RBC
average velocity in the narrow part remains constant at 0.5 m/m/s, which is in the range of
RBC velocity in human capillaries [61]. NP size, NP-RBC adhesion and NP-wall adhesion
are important parameters in this section. The adhesion force between NPs, erythrocyte and
endothelium can be calibrated using lectins, peptides, antibodies, or covalent binding [12],
[13]. As it was mentioned earlier, the interaction force between different NPs and live
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cells was reported to be in the range of 20-1200 pN [44]. Since we have thousands of
interactive pairs on RBC and NPs, the force magnitude should be estimated in the order of
femtonewtons [45]. Here, for modeling the effect of NP-RBC and NP-wall adhesion, we
assume that NP-wall force at the cutoff distance is 450 fN [44], and change the NP-RBC

D,(NP — RBC) . . .
NP —Walh) < 2.5 in which D, is the Morse energy well

adhesion strength such that 1 <4 =
depth. In this way, all possible scenarios can be covered. In Figure 8 (a), the attractive
Morse potential between 1000 n/m NPs and wall is set to be equal to that between RBC

and NPs, i.e. n = 1. As it can be observed, as the RBC proceeds inside the channel, all the
NPs are separated from the RBC membrane and attached to the capillary wall. In this case,
the prolonged contact between NPs and wall finally removes all the NPs. Therefore, all the
NPs are delivered to capillary wall. Simulation snapshots for 1000 nm NPs at n = 2.5 are
illustrated in Figure 8 (b). As the figures show, by strengthening the NP-RBC interaction
force, none of NPs can be delivered to the capillary wall. To show the effect of NP size

on the detachment process, the simulation of a RBC coupled with NPs with 500 /7 as the
diameter and = 1 are shown in Figure 8 (c). As it can be observed, since there is no contact
between wall and NPs, detachment is not observed. It is worth mentioning that the same
behavior is observed for NPs with other diameters, however, to better illustrate the diameter
effect, only the results for 2000 n/m and 500 7m are shown in this section.

Detached NP percentage for different » and NP sizes are displayed in Figure 9 (a) and
Figure 9 (b) respectively. As the graphs indicate, increasing the NP size facilitates the
detachment process, while fortifying NP-RBC interaction leads to detachment reduction. As
we expressed in previous sub-section, experimental studies also demonstrate that larger NPs
can detach more easily [12], [13], but they do not provide physical and clear justifications
for this observation. In accordance with the numerical simulation, larger NPs have larger
contact area with the tissue microvasculature which leads to the easier detachment. The
experimental data indicate that NPs surface chemistry can change the NP uptake in the
target organ [7]. For example, among RBCs coated with nanogel, polystyrene NPs (PS-
NPs), albumin-NPs (alb-NPs), poly (lactic-co-glycolic acid), nanogel-coated RBCs have
higher uptake in lung microvasculature. Based on the numerical simulations, this type of
observations can be linked to the adhesion force between RBC, endothelium and NPs.

5. Conclusion

A numerical algorithm was suggested to simulate the NPs detachment from RBCs-
hitchhiking under shear flow and flowing through microfluidic channels. LBM, SN, and
IBM were the three main components of the proposed algorithm. The method performance
was validated by simulating the deformation of an RBC under uniaxial stretch, RBCs under
shear flow, and an RBC squeezing through a constricted microchannel. To interpret the
results obtained from in-vitro and in-vivo experiments on RBC-hitchhiking, a parametric
study was conducted. The effect of the shear rate, NP size, interaction strength between
NP-RBC and RBC-RBC interaction on the detachment process were analyzed. The results
showed that NPs decoupling was enhanced by increased shear rate and NPs sizes. Changing
the adhesion strength could also control the detachment process. Finally, RBC-RBC
contact led to detachment enhancement. The mentioned findings agree with experimental
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observations. This is the first attempt to utilize a numerical approach to study the drug
delivery via cellular hitchhiking onto the erythrocyte membranes. Yet, the model is simple
because we did not include the adhesion effect of RBCs and NPs on their mechanical
properties. To have a predictive tool, the RBC-RBC, NP-NP, RBC-NP, NP-vessel, and RBC-
vessel should be quantified experimentally, and the obtained data should be used to calibrate
different potentials more accurately in the numerical approach. Some other parameters such
as RBC orientation, NPs configuration, NPs shape, and vascular geometry will be analyzed
in the future considering more compressive experimental data. The complete model can

be used to predict the drug delivery via NP-carrying RBCs in complex vascular networks.
The model can provide guideline for RH-based drug delivery systems. Also, the model can
propose new approaches to attach NPs to the erythrocyte surface to have a specific strength
between RBC and NPs to optimize and engineer this type of drug delivery.
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Figure 1:
(a) RBCs carrying 450 nmand 1100 nm polystyrene NPs (b) NP model (c) a sample of

NP-laden RBC model (NP diameter is equal to 1000 nm)
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Validation test cases: (a) optical-tweezers experiment [50] (b) shear flow experiment [51] (c)

RBC squeezing experiment [52]
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Comparison between RBC rotation frequency in a shear flow obtained from numerical and

experimental studies
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Figure5:
(a) schematic of NP-coated RBCs in a rheometer (b) computational model for an NP-coated

RBC under shear flow(c) schematic of particle detachment from RBCs in small capillaries
in lung microvasculature (d) computational model for an NP-coated RBC flowing through a
biomimetic microchannel
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Figure6:

RBC-hitchhiking in shear flow (a) NP size = 1000 nm, shear rate = 1000 s~Z (b) NP size =
1000 nm, shear rate = 3000 s~ (c) NP size = 500 nm, shear rate = 3000 s (d) 3 RBCs, NP

size = 1000 nm, shear rate = 3000 572
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Figure7:

Percentage of NP detached from RBCs under shear flow for different test cases.
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Figure8:
Simulations snapshots for an NP-laden RBC in a microchannel (a) NP size = 1000 nm and

normal RBC-NP interaction (b) NP size = 1000 nm and strong RBC-NP interaction (c) NP
size = 500 nm and normal RBC-NP interaction
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(a) detached NP percentage versus the D,up - rsc) / Doe-wan, (0) detached NP percentage

versus NP diameter
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Table 1:

The values for different parameters used in this study
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Parameter Physical Value LB Value Ref
RBC diameter (D) 8x 1075m 32.00 [21], [41], [42], [46], [47]
RBC stretching coefficient 6 x 107Nt 0.0015  [36], [37], [47], [48]
RBC local area constraint 1 x 10787t 0.00025  [36], [37], [47], [48]
(kal)
RBC global area constraint 5x 107Nt 0.125 [36]. [37], [47], [48]
(ko)
RBC bending coefficient 8 x 1078 m 0.002 [36], [37], [47], [48]
(k)
RBC volume constraint 9.0 x 1075 Nn72 0.056 [36], [37], [47], [48]
(k.)
RBC viscous constraint 1.5 x 105N Ls 0.375 [36], [37], [47], [48]
(kUVSL‘)
NP diameter (Dp) 200-1000x 109m  0.8-4  [12],[13]
NP stretching coefficient 1x 103Nt 0.25 [47], [49]
NP local area constraint 1x1073Np7t 0.05 [47], [49]
(kal)
NP global area constraint 4% 103Nt 1.00 [47], [49]
(ko)
NP bending coefficient 1% 1074 Nm 0.025 [47], [49]
(k)
NP volume constraint 1.6 x 1074 Nm2 0.625 [47], [49]
(k.)
NP viscous constraint 0.00 Nirls 0.00 [47], [49]
(kUVSL‘)
Morse and LJ equilibrium distance 0.01x 10°%m 0.04 [21], [32], [42]
(Pins 0)
Morse cutoff distance 1.5x 106m 6.00 [21], [32], [42]
(Teur)
LJ cutoff distance 0.01x 10°%m 0.04 [21], [32], [42]
(Feur)
Morse energy well width 2x10~8p71 0.25 [21], [32], [42]
(o)
LJ energy well depth 10 5Nm 0.04 [21], [42]
(€
Fluid viscosity 0.003 Pa. s 0.033 [46]
(w)
Fluid density 1050 kgnr3 0.018 [46]
(p)
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