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Abstract

Purpose—The therapeutic drug-loaded nanoparticles (NPs,
20-100 nm) have been widely used to treat brain disorders.
To improve systemic brain delivery efficacy of these NPs, it is
necessary to quantify their transport parameters across the
blood-brain barrier (BBB) and understand the underlying
transport mechanism.

Methods—Permeability of an in vitro BBB, bEnd3 (mouse
brain microvascular endothelial cells) monolayer, to three
neutral NPs with the representative diameters was measured
using an automated fluorometer system. To elucidate the
transport mechanism of the neutral NPs across the in vitro
BBB, and that of positively charged NPs whose BBB
permeability was measured in a previous study, we developed
a novel transcellular model, which incorporates the charge of
the in vitro BBB, the mechanical property of the cell
membrane, the ion concentrations of the surrounding salt
solution and the size and charge of the NPs.

Results—Our model indicates that the negative charge of the
surface glycocalyx and basement membrane of the BBB playsa
pivotal role in the transcelluar transport of NPs with diameter
20-100 nm across the BBB. The electrostatic force between the
negative charge at the in vitro BBB and the positive charge at
NPs greatly enhances NP permeability. The predictions from
our transcellular model fit very well with the measured BBB
permeability for both neutral and charged NPs.
Conclusion—Our model can be used to predict the optimal
size and charge of the NPs and the optimal charge of the
BBB for an optimal systemic drug delivery strategy to the
brain.

Keywords—Transcellular model, Blood-brain barrier,
Nanoparticle, Charge, Permeability, bEnd3 (mouse brain
microvascular endothelial cells).
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INTRODUCTION

The blood-brain barrier (BBB) is an interface
between central nervous system (CNS) and blood cir-
culation. It limits exchange of substances between
blood circulation and brain tissue to prevent the CNS
from the blood-borne toxins but it hinders the systemic
delivery of therapeutic drugs to the brain."'* Over the
last two decades, researchers have developed many
methods to improve the brain drug delivery, one of
which is to use nanoparticles (NPs) as drug carriers for
drug delivery.®”!*3%% because NPs can be made
nontoxic, biodegradable and biocompatible. They can
also maintain physical stability in the blood and have
relatively long blood circulation time. Most impor-
tantly, after being conjugated with specific antibodies
or peptides, they have the ability to recognize targeting
sites.”® NPs, made of liposomes, polymers and metals,
usually have diameters from 10 to 1000 nm. It has been
found that NPs under 200 nm in diameter display a
decreased rate of plasma clearance and thus an ex-
tended circulation time as compared to those with a
larger diameter.?*’

There are two transport pathways across the BBB,
the paracellular and transcellular pathways.'*? Water
and small hydrophilic solutes cross the BBB through
the paracellular pathway, and the large molecules cross
the BBB through transcellular pathways.'42%-2%-32:39
Previous studies have investigated the transport across
the BBB both in vivo and in vitro. By employing
intravital and multiphoton microscopy, Yuan**® and
Shi et al.**¢ developed a non-invasive method and
quantified the permeability (P) of post-capillary ve-
nules either on rat pia mater or in brain parenchyma
100200 pm below pia mater to various sized solutes
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and NPs. Meanwhile, in vitro BBB models by mono-
culturing or co-culturing brain microvascular
endothelial cells (ECs) with astrocytes and/or peri-
cytes'*?* were developed for low cost, high-throughput
screening, and easiness to assess compounds as well as
to investigate the transport mechanism at molecular
levels. These studies showed that the endothelial
monoculture and the co-culture models are fairly good
models for studying the transport of relatively large
solutes across the BBB.

Yuan et al.** measured the permeability of an
in vitro BBB formed by bEnd3 (mouse brain
microvascular ECs) monolayer to charged solutes and
NPs. They found that at the surface of bEnd3 mono-
layer there is a glycocalyx layer with comparable
thickness and charge density as observed in cerebral
and peripheral microvessels.*!>** They also found that
the permeability of the bEnd3 monolayer to positively
charged NPs of diameter 66—88 nm is the same as that
to a much smaller solute, Dextran 4 k (Stokes diame-
ter ~ 2.8 nm). Since the width of the paracellular
pathway between ECs is only ~ 18 nm or less,”>**° the
66-88 nm diameter NPs are most likely across the
bEnd3 monolayer through a transcellular or transcy-
tosis pathway. The transcytosis induced by the elec-
trostatic effect have been also studied with cationized
solutes, such as charged gold NPs and latex
NPs 4 17:19.38.41.44

In this study, we measured the permeability of an
in vitro BBB (bEnd3 monolayer) to neutral NPs from
20 to 100 nm in diameter. The permeability of these
neutral NPs is ~ 100 times smaller comparing with that
of the positively charged NPs with the size from 66 to
88 nm.*** From these experimental data, we
hypothesized that the NP, which is larger than the
width of the inter-endothelial cleft, crosses the BBB by
transcytosis, and the charge carried by the NP en-
hances the rate of this process. To test these hypotheses
and to quantitatively investigate the transcytosis
mechanism by which a NP crosses the in vitro BBB
(bEnd3 monolayer), we developed a transcellular
model for the NP transport across brain microvascular
ECs.

As summarized in Zhang et al.”™ and Hui et a
the physiochemical and mechanical properties of the
cell membrane and those of the NP, the size and shape
of the NP, as well as the local environment of cells, all
of which affect the transcytosis of a NP. A recent re-
view by Pulgar®! indicates that transcytosis across the
BBB can be receptor-mediated or charge dependent.
Gao et al.'®* developed a model for receptor-medi-
ated endocytosis. Fleck and Netz'? developed a model
to describe the wrapping process of a charged mem-

1-48 1.,21
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brane and an oppositely charged NP. They investi-
gated the effects of ion concentrations of the
surrounding salt solution and physical properties of
cell membrane on the wrapping process. Based on their
wrapping model, we further assumed a standard linear
solid model for the viscoelastic property of the EC
membrane,’®*-* and developed a new transcellular
model for a NP across the in vitro BBB (bEnd3
monolayer). Our model incorporated the charge of
bEnd3 monolayer, the viscoelastic property, bending
rigidity and surface tension of the EC membrane, the
ion concentrations of the surrounding salt solution, as
well as the size and charge of the NPs. Our model
revealed that the negative charge of the surface gly-
cocalyx and basement membrane of the BBB plays a
pivotal role in the transcelluar transport of NPs with
diameter 20-100 nm. The electrostatic force between
the negative charge at the in vitro BBB and the positive
charge at the NP greatly increases NP permeability.
The predictions from our model reconcile with the
measured BBB permeability for both neutral and
charged NPs. Our model can be further employed to
develop optimal systemic drug delivery strategy to the
brain by predicting the optimal size and charge of the
NPs, as well as the optimal charge of the BBB.

MATERIALS AND METHODS

Determination of In Vitro BBB Permeability
to Nanoparticles (NPs)

Materials

Fluorescent polystyrene nanospheres with repre-
sentative diameters 22, 48 and 100 nm were purchased
from the Fisher Scientific (Waltham, MA). Fibronectin
and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich (St. Louis, MO). Fetal bovine serum
(FBS) was from Hyclone (Logan, UT). Immortalized
mouse cerebral microvascular endothelial cells (bEnd3)
were from American Type Culture Collection (ATCC,
Manassas, VA). Transwell filters (0.4 um pore size,
12 mm diameter, 12 inserts in a plate) were purchased
from Corning Inc. (Corning, NY).

Cell Culture

The detailed method for generating in vitro BBB
model was described in Refs. '*'"2** Briefly, bEnd3
cells were grown in DMEM/F-12 (Dulbecco’s Modi-
fied Eagle’s Medium/nutrient mixture F-12 Ham) with
10% FBS, 2 mM L-glutamine, 50U/mL penicillin and
50 pug/mL streptomycin. Cells were maintained in a
humidified cell culture incubator with 5% CO, at
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37°C. Cells used in the experiment were seeded at
6.0 x 10* cells/cm? on the Transwell permeable filters.
The filters were first incubated at 37 °C with 200 uL of
30 pug/mL fibronectin for 1.5 h before seeding the cells.
The cells seeded onto the Transwell filters reached
confluence in 3-4 days. The permeability experiments
were performed on the monolayer 4-5 days after cell
seeding, allowing sufficient time for the cultured cells
to develop the junctions between cells.

Permeability Measurement

The permeability (P) of the in vitro BBB to NPs was
measured using an automated fluorometer system.”*>*
On the day of the experiment, the Transwell insert
filter with the cell monolayer was washed twice with
the experimental solution containing 1% BSA and 1%
FBS in DMEM medium free of phenol red, and then
was sealed within a transport chamber to form upper
and bottom compartments. The upper compartment
was filled with 1 mL 0.025 nM polystyrene NPs in the
experiment solution, while the bottom compartment
was filled with the experimental solution only. The
bottom compartment was connected to a laser excita-
tion source and an emission detector via optical fibers.
The fluorescent NPs in the bottom compartment were
excited by the excitation light produced by a 10-mW
Crystal laser and the emission was counted by a pho-
ton counting detector. The data was recorded by the
FluoroMeasure acquisition software (C&L Instru-
ments, Hummelstown, PA). Both the upper and bot-
tom compartments were continuously supplied with
5% CO, to maintain the pH of the medium at 7.4. The
temperature of the whole permeability measurement
system was maintained at 37°C.

FluoroMeasure acquisition software was used to
measure the fluorescence intensity in the bottom
compartment, which was recorded every 10 s for the
duration of the measurement (2 h). The intensity was
converted to the concentration by a calibration curve,
and the permeability P of the monolayer to NPs was
calculated by

ﬁAC},/At
A C,

P =

where P is the permeability, ACy/At is the increase rate
of the NP concentration in the bottom compartment,
calculated through the slope of the intensity vs. time
curve, which was directly measured in the experiment.
V4 is the fluid volume in the bottom compartment, C,
is the NP concentration in the upper compartment,
which was assumed to be constant due to low perme-
ability of the cell monolayer. A4 is the surface area of
the porous membrane of the Transwell insert filter.

Transcellular Model Formation
Model Geometry

Figure 1 shows the model geometry. Since NPs (20—
100 nm) under study are much smaller than the
endothelial cell (EC, ~ 20 um), the EC membrane was
assumed to be infinite compared to the NP and was
described as a two-dimensional membrane with the
bending rigidity kc and the surface tension 7.>** Due
to a very dilute solution of NPs, the relative ratio to the
water concentration is 4.5 x 107'3, the interactions
between NPs were negligible. The unwrapped region of
the EC membrane was assumed to be flat. The negative
charge at the luminal surface of the EC is due to the
surface glycocalyx®'"*** and that at the abluminal side
is due to the extracellular matrix.'"* The charge
densities ¢ at the luminal and abluminal sides of the
EC were assumed to be the same®’ and uniform along
the EC surface. The charge density p at the NP was
also assumed to be uniform along the NP surface. We
considered neutral and positively charged NPs in the
present study. The NP crosses the EC membrane by
endocytosis and exocytosis due to the electrostatic
force as well as the mechanical property of the EC
membrane, while it crosses the EC cytoplasm by dif-
fusion.

Free energy

For the interaction of an oppositely charged sphere
and the cell membrane in a salt solution, a total energy
can be expressed as the following, in the unit of Kz7."?
Here Ky is the Boltzmann constant and 7 is the
absolute temperature.

E= Emech + Eattr + Erep (1)

et =5 [ /g (X)) 7 [ /o)
©)

1 4nR*paeR exp[—k|X(n)|]
Ealtr - L 1—|—KR /dzi’l\/};"(—l:lj |X(I’l)| 9
(3)

g = =152 [ [ o A0
4)

Here E,cn is the energy due to the mechanical
deformation of the cell membrane. The first term in
E necn 18 due to the bending and the second term due to
the surface tension. E,. is the energy due to the
attraction between an oppositely charged sphere and
the cell membrane. E,, is the energy due to the
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FIGURE 1. Model geometry for the transcellular transport of a NP across the in vitro BBB (not in scale). (a) a NP of diameter 2R
and charge density p penetrating a cell membrane with charge density ¢. h is the penetration depth of the NP. F is the force due to
interaction of the NP and the cell membrane and « is the stress perpendicular to the interface between the NP and the cell
membrane. (b) lllustration for transcellular transport of a NP across an EC: endocytosis of the NP into an EC from the luminal
surface, diffusion of the NP in the cytoplasm of the EC with thickness Lec, and exocytosis of the NP from the abluminal surface of

the EC.

repulsion between one part of the cell membrane and
another part of the cell membrane. X(n) is the position
on the membrane, n = (n;,n,) is the internal coordi-
nates of the membrane, g(n) is the determinant of the

induced metric field defined by g;; = 0,X0;,X and A =

g’%({),-(\/gg,- J@) verr 18 the effective surface tension . =
7 — 7.1e Where 7 is the mechanical surface tension of the
cell membrane and y, is the electrostatic surface ten-
sion of the cell membrane due to its charge and its
surrounding salt solution y, = n/za?/k. Here 1/k is
the Debye-Hiickle length, k = /8n/gC, in which C is
the ion concentration of the surrounding solution. /g is

WfKBT’ which measures the
distance at which two elementary charges interact with
the thermal energy KpT™. &, & are the vacuum per-
mittivity and relative permittivity of the surrounding

solution, respectively.
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the Bjerrum length, /p =

In the spherical coordinate, the above equations can
be simplified and rescaled into dimensionless forms
with the characteristic parameters'”: E = E/2nk,,
Z=yplo, 6=0\/gR3/K., Fer = yerR>/K.. Here,
Kc = ke/KgT, k. is the bending rigidity of the cell
membrane, ¢ is the charge density of the EC mem-
brane, p is the charge density of a NP, and R is the NP
radius. / is the penetrating depth for the wrapping
(Fig. 1), hi=h/R=1—cosep. When Vi>v2/kR,
kR > 1 as in our case (kR > 25), we have,

Emech = 2}; + ?eff}i (5)
- 41627 -~
Eyr = — 1 +th7 (6)
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The higher order terms for (kR)™*
neglected in Eq. 7. The total energy is,

and above are

E= Emech + Eattr + Erep~ (8)

Force and Stress

The force F acting on the cell membrane is the
gradient of the energy and in the spherical coordinates,

OE 1 _0FE 1 _O0E
——VE——( ar‘i‘;e@%“rm&)%) (9)

Because F only acts on the interface of the NP and
the cell membrane (Fig. 1a) and the material properties
are uniform along the cell membrane, after putting
Egs. 5-8 into Eq. 9, Eq. 9 becomes,

1 8E _ 2nKcsing - 4neZ
F = SmACSMO [ _anoz
“Redp R ( T T TRR
21K sin ¢
R
V252 .l 362 1
— 1 —cos¢) "+——=——=(1 —cos ¢)?
2(kR)2( ®) Sﬁ(kR)z( ?)
567 3
+—— (1 —cos )
DVAUR? ?)

(10)

As shown in Fig. la, the stress acting on the inter-
face of a NP and the cell membrane is,

o =F/nR*sin ¢ (11)

when putting Eq. 10 into Eq. 11, Eq. 11 becomes,

v 2kc 215 An?Z _Zk_c
TR\ T T I kR) TR
\/—a 362 1
1 —cos 1 —cos )?
2KR) —( ) 8\/_(kR) 5 ( ®)
562 3
+——=—= (1 —cosp)’
VT 2
(12)

The strain is defined as ¢ = (4; — 4,)/A4,, where
Ay — A, is the change of the contacting area of the NP
and cell membrane, and A, is the contacting area of the
cell membrane before it is deformed during NP pene-
tration. 4, = 2nR*(1 — cos ¢) is the contacting area of
the deformed cell membrane, while,

Ay = n(Rsin ¢)*, when ¢ € [0,7/2]

(13)
Ay = 2nR*, when ¢ € [n/2,7]
then
1 —coseo
=——— wh €0,7/2
e Mmoo

&= —cos @, when ¢ € [n/2,7]

Constitutive Equation for the Cell Membrane

Based on the experimental measurements, a stan-
dard linear solid (SLS) model was used to describe the
viscoelastic behavior of the endothelial cell mem-
brane.”***** The constitutive equation for the stan-
dard linear solid model is
de kz do k kz

o — g (15)

(e +iea) 5= i

here k1, k are the spring constants in the model, which
describe the elastic properties of the cell membrane,
and the u is the viscosity of the cell membrane. If
T = t/t is the dimensionless time, where

ki 4k
o M (16)

Substituting Egs. 12, 13 and 15. into Eq. 14, we
obtained a non-linear first order ordinary differential
equation. When ¢€[0, /2],

o 1-cose
d(p ki 14cosg

1 fa 3/2
R (1 —cosg)”

—1/2

dT 2sing/(1 +Cos(/1) +k+kz R3 smq) —cos ) +4 4 16\/— 2(kR)? 2 (1 _COS(P)W}

3 52
+ Z4\/§(Z;<R)2 (1
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when ¢€[n/2, 7]

do T +cose

dT 1 2K,

4 (kR)*

sin @ + 5 sin(p[l V25 (] — cos ) +%4\/§iR)2(] —cos ) /? +14_516\/§(2;<R)2 (1 —cos qo)l/z}

(17)

The above equation was solved numerically by 4th
order Runge-Kutta method using ode45 solver in
MATLAB R2017a.

Initial Condition

For the SLS model, the springs on both arms
response immediately when the force is applied and the
dashpot remains still. Therefore, at the beginning when
t = 0, there is an initial penetrating distance /(0) or
@(0) due to the initial applied stress. The following
equation can be used to solve for the initial ¢(0), which
is the initial condition for solving Eq. 16.

1 — cosp(0)

#(0(0)) = Uk + k) =20 T

(18)
here ki, k, are the spring constants in the model, « is
shown in Eq. 12.

The BBB Permeability (P) to a NP by Transcellular
Transport

Because the size of the NP under study is larger than
the width of the cleft between adjacent ECs (less than
10 nm in the narrow region®*), the NP can only cross
the in vitro BBB through the transcellular pathway. At
the luminal side of the EC, a NP enters into the cell by
endocytosis, diffuses in intracellular compartment, and
exits the cell from the abluminal side by exocytosis, as
shown in Fig. 1b. The P for a NP via a transcellular
pathway can be defined as,

+— (19)

TABLE 1. Measured permeability (P) of the in vitro BBB to
neutral NPs.

NP diameter (nm) Permeability + SE (x1078 cm/s)

22 2.6(£0.7, n=8)
48 2.3 (+ 0.8, n=6)
100 2.4 (£ 0.9, n=11)
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The reverse of the permeability reflects the resis-
tance. The first two terms on the right are the resis-
tances during endocytosis and exocytosis, respectively.
The third term is the diffusive resistance when a NP
moves across the intracellular compartment, assuming
by diffusion, which is,

Py= DelT/Lec (20)

Here L. is the thickness of the EC (see Fig. 1b). Dy
is the diffusion coefficient of a NP in the cell cyto-
plasm, which was estimated by using the Stoke-Ein-
stein equation,

KBT[
67 R

Degr = (21)

Here Kp is the Boltzmann constant and 7 is the
absolute temperature, 7 is the viscosity of the cell
cytoplasm, and R is the radius of the NP. P, and Py
are the NP permeability during endocytosis and the
exocytosis, which were assumed to be the same and
estimated as,

Pen = Pex = 2R/ 1" (22)

Here t* is the penetrating time, which is defined as
the time it takes for the cell membrane to completely
engulf a NP of diameter 2R into the cell interior, when
h = 2R (Figs. la and 1b).

RESULTS

Permeability of In Vitro BBB to Neural NPs

Table 1 shows the measured permeability of the
in vitro BBB (P) to neutral NPs with diameters ranging
from 22 to 100 nm. P of all NPs is in the order of 10~®
cm/s. Statistical analysis (Sigma Plot 11.2 from Systat
Software Inc., San Jose, CA) showed that the P of the
BBB to these NPs is not significantly different
(» > 0.1) although these NPs vary largely in size. The
results imply that the NPs in this size range cross the
BBB through a transcellular pathway. For these sized
NPs, the resistance of diffusion in the EC cytoplasm,
L./ Degr, is in the order of 10* s/em if Lee = 2 pm.! It
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TABLE 2. Parameters used in the transcellular model.
Symbol Definition Value Unit
C Salt concentration 140 mM
e Electron charge 1.602 x 107'° C
Ks Boltzmann constant 1.38 x 10728 JIK
T Cell culture temperature 310 K
ko Bending rigidity ~20 KgT™ J
R Radius of nanoparticles 10-100 nm
0 charge density on nanoparticles 0.05-0.2 number of positive charge/nm?
oy ESG/BM volume charge density 20-30' mEq/L
o Area charge density on cell membrane 1-21 number of electron/nm?
y Surface tension 0.01-0.1"* pN/nm
ky Spring constant? 4-223° Pa
ks Spring constant® 2-175° Pa
1 Viscosity 650—12,000° Pa'S

Sato et al.3*3%3, Lim et al.®.
aYuan et al.*®.
Boal®.

——~Concentration=120mM
10 + =——Concentration=140mM

Concentration=160mM

1 4

Electrostatic surface tension (K;T/nm?)

0.1 . . . , . .
0 0.5 1 15 2 25 3
Charge density of cell membrane (number/nm?2)

FIGURE 2. Effects of charge density of cell membrane and
salt concentration on electrostatic surface tension of cell
membrane.

can be neglected when compared to the total resis-
tance, 1/P, which is in the order of 108 s/cm.

Model Predictions

As shown in Egs. 1-4, in addition to the size of the
NPs and the charge carried by the NPs, the bending
rigidity, surface tension and the viscoelastic properties
of the cell membrane, the charge carried by the cell
membrane, as well as the salt concentrations in the
surrounding solution, all of which contribute to the
transcellular transport of the NP across the in vitro
BBB. Therefore, the following sections show how each
factor affects the transcellular transport of the NPs.

Table 2 summarizes the values or the range of values
for these parameters determined from the experiments.

Effects of Salt Concentration in the Surrounding Solu-
tion and Charge Density of EC Membrane on Electro-
static Surface Tension

One factor affects the cell membrane deformation is
the effective surface tension of the cell membrane,
Vit = 7 — Yele» Of Which the electrostatic surface tension
vee contributes significantly.y is mechanical surface
tension of the cell membrane. y,. = nlgao?/x. Here Ip is
the Bjerrum length, which is a constant. 1/k = is the
Debye- Hiickle length. k¥ = +/8n/gC, here C is the salt
concentration in the surrounding solution. The salt
concentration C changes from 120 to 160 mM in the
blood plasma or in the culture medium used in the
in vitro BBB model. ¢ is the charge density of the cell
membrane which ranges from 0 to 3 (number of elec-
trons/nm?) for the EC membrane in vivo and in vitro
under physiological and pathological conditions.***
Figure 2 demonstrates how the electrostatic surface
tension 7y, of the EC membrane is affected by the
charge density ¢ and salt concentration C. Although
Ve Increases greatly with ¢ but only has very minor
changes with C of our solutions. In fact, this electro-
static surface tension y, of the cell membrane would
bend the cell membrane to enable the endocytosis of a
NP.

Effects of Bending Rigidity, Surface Tension and Charge
Density of EC Membrane on Penetration Process
of a Neutral NP

As defined in Egs. 19-22, the BBB permeability (P)
to a neutral NP depends on its diameter 2R, and the
wrapping or penetrating time ¢* during endocytosis/
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FIGURE 3. Effects of physical properties of cell membrane on penetration process of a neutral NP. Bending rigidity k. (a), surface
tension y (b), and charge density ¢ (c) of cell membrane. Diameter of the NP is 100 nm. The unit of ¢ is 1/nm*.

exocytosis since the diffusion resistance in the EC
cytoplasm is negligible as compared with the measured
data. Figure 3 demonstrates the effects of bending
rigidity k., surface tension y and charge density ¢ of the
EC membrane on the penetration process of a neutral
NP with diameter 2R = 100 nm. In Fig. 3, we fixed
the viscoelastic properties of the EC membrane to the
medium values from the experiments (Table 2):
ki1 = k, = 100 Pa, u = 6000 PaS. Figure 3a shows
the effect of the bending rigidity k. on the NP pene-
tration, the higher the k., the harder the penetration.
When 7 = 0.05pN/nm, ¢ = 1/nm’, the medium val-
ues from the measurements, if k. increases from 10 to
20 KgT, by twofold, the wrapping time increases from
69 to 101 s, by ~ 1.5-fold; when k. further increases
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from 20 to 30 K7, the wrapping time increases by
~ 1.23-fold. While k. significantly affects the penetra-
tion process, the mechanical surface tension y seems to
have a negligible effect in the measured range of 0.01—
0.1pN/nm for the EC membrane (Fig. 3b). In Fig. 3b,
ke = 20 KT and ¢ = 1/nm?. Because the negative
charge carried by the EC membrane ¢ greatly affects
the electrostatic surface tension (Fig. 2), it should
contribute significantly to the penetration of a NP.
When ¢ increases from 1 to 3/nm?, the wrapping time
decreases from 102 to 32s (Fig. 3c). In Fig. 3c,
ke = 20 KgT, y = 0.05pN/nm. In contrast, if EC
carries no charge, ¢ = 0, it is impossible for a neutral
NP to penetrate across the EC membrane with afore-
mentioned physical and mechanical properties.
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FIGURE 4. Effects of viscoelastic properties of cell membrane on penetration process of a neutral NP. Spring constants k; (a) and
k> (b), and viscosity u (c) in a standard linear solid model for cell membrane. Diameter of the NP is 100 nm.

Effects of Viscoelastic Properties of EC membrane
on Penetration Process of a Neutral NP

Since we used a standard linear solid (SLS) model to
describe the viscoelastic properties of the EC mem-
brane, we investigated how the viscoelastic parameters
affect the penetration process of a neutral NP. Figure 4
demonstrates these effects. In Fig. 4, we chose k. = 20
KgT,y = 0.05pN/nm, ¢ = l/nmz, the medium values
from the experiments for the physical properties of the
EC membrane, and NP diameter = 100 nm. Fig-
ure 4a shows that the spring constant k; in the SLS

model seems not to significantly affect the NP pene-
tration process while Fig. 4b indicates that the pene-
tration is sensitive to another spring constant k,, which
is in series with the dashpot (u) of the SLS model.
When k, changes from 10 to 100 Pa, the penetrating
time decreases from 241 to 98 s. Figure 3¢ demon-
strates that the penetration is also sensitive to viscosity
u (dashpot) of the EC membrane. When u decreases
from 12,000 to 6000 PaS, the penetrating time de-
creases from 203 to 98 s; while u decreases from 6000
to 650 PaS, the penetrating time further decreases from

98 to 11 s.
BMES
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FIGURE 5. Effect of charge density of the NP on the
penetration process of positively charged NPs. The unit of
charge density of NPs p is 1/nm? Diameter of the NP is
100 nm.

Effect of Charge Density of NPs on the Penetration
Process of a Positively Charged NP

When a NP carries opposite charge of the cell
membrane, the NP is attracted to the cell membrane by
the electrostatic force to enhance its penetration. Since
the EC membrane carries negative charge, we investi-
gated the effect of charge density of a positively
charged NP on its penetration process. The diameter of
the NP is 100 nm. Other parameters used for physical
and viscoelastic properties of the EC membrane were
fixed as the medium values from the experiments,
which are k., = 20 Kg7, y = 0.05pN/nm, ¢ = l/nmz,
and k; = k, = 100 Pa, u = 6000 PaS. Figure 5
demonstrates that there is an initial penetration depth
at the EC membrane depending on the charge density
p carried by the NP, the larger the p, the deeper the
initial penetration. But the variation is within 20%
when p increases by fourfolds, from 0.05 to 0.2/nm?.
For this change in p, the wrapping time decreases from
3.7 to 2.4 s, about 1.54 folds.

Effect of NP Size on the Penetration Process of Neutral
and Charged NPs

Figure 6 demonstrates how the size of the NP affect
its penetration process. The values for the physical and
viscoelastic property parameters for the EC membrane
are the same as those used in Fig. 5. The diameter of
the NP was chosen as 20, 50, 100 nm, the typical size
used in NP drug delivery and also used in our in vitro
experiment. Figure 6a shows those for neutral NPs.
Although the penetrating time ¢* varies largely for
various sized NPs, from 42.4, 85.7, to 143.2 s, the
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FIGURE 6. Effects of the size of NPs on the penetration
process. For neutral NPs (a) and positively charged NPs with
charge density p of 0.1/nm? (b).

permeability of an EC membrane, 2R/r*, is 0.47, 0.58
and 0.69 nm/s, quite similar for the NP with diameter
20, 50 and 100 nm, respectively. Figure 6b is for the
positively charged NPs with the same charge density
p = 0.1/nm> We can see that the penetrating time is
greatly reduced for the charged NP compared to the
same sized neutral NP, from 0.6, 1.2, to 1.7 s for the
NP with diameter 20, 50, and 100 nm. As a result, the
permeability of the EC membrane to the charged NP is
33.3, 41.7 and 58.8 nm/s, correspondingly.

Comparison of Model Prediction with Measured Per-
meability of In Vitro BBB to Neutral and Charged NPs

Figure 7 demonstrates the comparison between the
in vitro BBB (bEnd3 monolayer) permeability (P)
predicted by the transcellular model and that measured
in the experiments. Figure 7a shows the results for the
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FIGURE 7. Comparison of the BBB permeability predicted
by the transcellular model and that measured in the
experiments. For neutral NPs (a) and positively charged NPs
(b). Lines are model predictions and symbols are measured
data. The unit for charge density of the cell membrane ¢ and
that for the charge density of NPs p are 1/nm?.

P to neutral NPs as a function of charge density o of
the EC membrane and the size of NPs. Other param-
eters of the EC membrane are the same as those in
Fig. 6 except k; = 110 Pa and k, = 60 Pa. Lines in
Fig. 7a are the model predictions for changing charge
density ¢ of the EC membrane, from 0 to 2/nm?. When
there is no charge at the EC membrane, ¢ = 0, no NPs
can penetrate the EC monolayer, P = 0. The surface
charge of the bEnd3 monolayer is crucial in neutral NP
transport across the monolayer. As long as the surface
charge is large enough, there is always a chance for a
neutral NP in this size range passing through the
monolayer. The larger the surface charge density, the
higher the NP permeability. Another observation is
that the permeability of the monolayer is almost
insensitive to the size of the NP in this size range al-
though there is a slight increase when NP diameter is
from 20 to 100 nm. However, the optimal size of the
NP for this type of EC monolayer is around 150 nm to
achieve the highest permeability. Comparing the model
predictions with the measured P of neutral NPs (green

colored symbols, from Table 1), we can see that for the
best fit to the measured P, the charge density o of the
EC membrane would be ~ 1/nm?. This represents a
100-150 nm thick surface glycocalyx with volume
charge density ~ 20 mEq/L, which is indeed in the
range of what estimated for the bEnd3 monolayer
under control conditions by Ref. 44. Furthermore,
after the bEnd3 monolayer was treated by 1 mg/mL
orosomucoid, a plasma glycoprotein, the permeability
to a neutral NP of 100 nm increases ~ 1.8-fold. Pre-
vious studies showed that orosomucoid modulates the
charge of the intact BBB as well as bEnd3 monolayer.
Orosomucoid of 1 mg/mL increases charge density of
bEnd3 monolayer to ~ twofold of its control value.**
The predictions at ¢ = 1.5 and 2/nm?” indeed enclose
the increased P by orosomucoid (Fig. 7a).

Figure 7b compares the model predictions and
measured P* of the bEnd3 monolayer to the positively
charged NPs. The charge density of the EC membrane
o was chosen as 1.0/nm?, the control value determined
in Ref. 44 for bEnd3 monolayer. Lines are model
predictions when the charge density p of the NP =
0.05, 0.1 and 0.2/nm’. The symbols are measured
permeability data for the three sized NPs with different
charge density 0.07, 0.135 and 0.196/nm>. Figure 7b
shows that our model predictions are in very good
agreement with the measured data. We can see from
Fig. 7b that the charge carried by the NP greatly en-
hances its transcellular permeability by an order of two
magnitudes compared to their neutral counterparts
(Fig. 7a). The same as for the neutral NP, the highest
permeability of a charged NP occurs when the NP is
around 150 nm for this type of EC monolayer; also
when the cell surface charge is zero, no charged NP can
cross the monolayer no matter how much charge it
carries (not shown).

DISCUSSION

In this study, we quantified the permeability of an
in vitro BBB (bEnd3 monolayer) to neutral NPs with
the typical sizes used in drug delivery. This size range
(20-100 nm) is much larger than the inter-endothelial
cleft and thus the transport of these NPs across the
BBB is through transcytosis or transcellular pathway.
In order to understand the transcellular mechanism by
which the NPs cross the BBB, we developed a trans-
cell membrane model based on a theory for the
mechanical and electrostatic energy of a charged
membrane interacting with a neutral and oppositely
charged sphere in a salt solution, as well as a standard
linear solid model for the viscoelastic property of the
cell membrane. We simplified the transcellular trans-
port of a NP into an endocysis process, diffusion
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across the cytoplasm and an exocytosis process. We
also assumed that it takes the same amount of time for
a NP for the endocytosis and for the exocytosis.

Different from the receptor-mediated transcytosis,
which needs specific receptors such as the insulin recep-
tor, trasnferrin receptor and LDL (low-density lipopro-
tein) receptor to cross the BBB,'*?! the surface charge
and mechanical property-mediated transcytosis is non-
specific and driven by electrochemical potential gradi-
ents.* In general, most biomembranes are negatively
charged due to their compositions and the surrounding
salt solutions.'®*" This indicates a new direction for
designing NPs for brain drug delivery through the BBB.
Specifically, the EC forming the BBB carries negative
charge not only at the luminal side, due to surface gly-
cocalyx, but also at the abluminal side, due to extracel-
lular matrix in the basement membrane.'®“'"** The
charge density is comparable at the luminal and ablumi-
nal sides under control conditions,? which justified the
assumption that it takes the same amount of time for a
NP for the endocytosis and for the exocytosis.

On the basis of the estimated charge density of the
in vitro BBB (bEnd3 monolayer)* and the measured
mechanical properties of the ECs,?****® our transcellular
model indicates that the surface charge carried by the EC
plays an essential role in NP transcytosis for the NP with
diameter of 20-200 nm. If the EC carries no charge, no
NPs can cross the in vitro BBB regardless of whether the
NPs carry charge or not. In contrast, if the EC carries
negative charge, there is an opportunity for a neutral NP
to go transcytosis even though the rate (or the peme-
ability) may be very small if the charge density is small.
For the same sized NP, if it carries positive charge, though
as small as 0.05/nm?, its permeability would be enhanced
by ~ 100-fold under normal conditions, compared to its
neutral counterpart. This amount of the NP charge
density is safe and biocompatible.'” For both neutral and
positively charged NPs, our model also predicted that the
optimal size would be ~ 150 nm to achieve the highest
BBB permeability in the physiological conditions. This
optimal size varies for different type of cells and under
different conditions. In addition to modulating the
charge and the size of the NP, we can modulate the charge
density of the BBB by applying orosomucoid, a plasma
protein, or by adding negatively charged glycocalyx
components, glycosaminoglycans, at their safe dose le-
vels. Furthermore, we can modulate the mechanical
properties of EC membrane as well as those of the NPs.*!

In this study, we assumed that as long as a NP is
completely engulfed by the cell membrane, it accom-
plishes the endocytosis. For this, we assumed that the
time it takes for a NP to overcome the viscous friction
of the cell membrane is much longer than that for a NP
to break the cell membrane and that for the cell
membrane to go back to its initial flat shape. Yuan
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et al.*’ showed that the recovering time of the cell
membrane of a Hela cell from a deformed shape to its
original one is about 1 ms. If using this time scale for
the recovery of the cell membrane in our study, it is
negligible compared to the NP penetrating (engulfing)
time, which is several 10 s to over 100 s. We were
unable to justify that the time for a NP to break the cell
membrane is much shorter than the engulfing time and
that a NP can be in the cytoplasm before it is com-
pletely wrapped by the cell membrane. We also did not
consider the discontinuity at the torn edge of the cell
membrane. The only validation for these assumptions
is that our current model predictions match the mea-
sured data. Future improvement can be made by
adding these factors.

Although the above explanation may tell how NPs
go through the endo/exocytosis across the EC mem-
brane, how they transport inside EC cytoplasm is un-
clear. The intracellular transport of these NPs may be
mediated by the vesicular system, e.g., by caveolae or
macropinocytotic vesicles.””***! In the current model,
we simplied the intracellular transport of the NP to a
pure diffusion. Compared to the endo/exocytosis, the
time taken by the diffusion is negligible. Further
investigation will be conducted for the details in the
NP intracellular transport.

In summary, we developed a transcellular model for
describing the NP endo/exocytosis induced by the
surface charge and mechanical properties of the EC
membrane, the salt concentration of the surrounding
solution, as well as the size and surface charge of the
NP. The predictions from the model can explain the
measured permeability data of an in vitro BBB to
neutral and charged NPs. This model can be further
used to design optimal systemic brain drug delivery
strategies by predicting the optimal size and charge for
a drug-loaded NP for the EC membrane with the
specific surface charge and mechanical properties. We
can also use agents to modulate the EC surface charge
and mechanical properties to achieve optimal delivery
effects. Since pathogens such as COVID-19 viruses
have the size of 50-200 nm, similar to the size of the
NPs, guided by our model, we can change the physical
and mechanical properties of the cell membrane, as
well as the salt concentration of the surrounding
solution to inhibit their entry into the cell.
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