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Chapter 1

Introduction

1.1. Brief overview of cellular packing of nanomaterials

Decades of research have resulted in an ever increasing variety of engineering
nanomaterials, such as one-dimensional nanotubes, nanofibers, nanowires and asbestos [1-
3] and two-dimensional graphene, hexagonal boron nitride (h-BN), graphitic carbon nitride,
and transition metal dichalcogenides (e.g., MoS2 and WS3) [3-5]. As nanomaterials are
being actively explored in nanotechnology, biomedical applications and drug development,
a fundamental understanding of cell-nanomaterial interactions is of essential importance to
their potential toxicity and health risks [1, 6].

Packing of flexible fibrous nanomaterials within soft confinement such as vesicles and
vesicular compartments is ubiquitous in biology, and an increasing number of studies have
shown that cellular and intracellular packaging of nanomaterials play fundamental roles in
many cellular functions and biological processes, including cell shape control [7-11],
filopodial protrusion during cell movement [12] , mitotic cell division [13-15], frustrated
phagocytosis [16], and cytotoxicity [2, 17, 18]. Experimental results indicate that length [1]
and elasticity [17, 18] are important features that modulate the pathogenicity of
encapsulated nanotubes or nanofibers. More specifically, exposing the mesothelial lining
of the chest cavity to long multiwalled carbon nanotubes induces asbestos-like and length-
dependent pathogenic behaviors, including frustrated phagocytosis and giant cell formation
[16]. Sufficiently long and stiff carbon nanotubes within lysosomes cause sustained tip
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contact with the inner lysosomal membrane, leading to lipid extraction, permeabilization,
and eventually cell death, while biologically soft carbon nanotubes buckle within
liposomes, consequently losing persistent tip contact and maintaining low pathogenicity
[17]. Thin silver nanowires crumpled by endolysosomes have much lower toxicity, while
thicker nanowires puncture the enclosing membrane and release silver ions and lysosome
contents into the cytoplasm, thereby initiating oxidative stress [18].

As extensively demonstrated in one-dimensional carbon nanotube and silver
nanowires, following uptake, nanomaterial behavior under confinement in intracellular
vesicles plays a critical role in cytotoxicity [16-18]. For 2D materials, new packing
morphologies and fundamentally different modes of interaction with intracellular vesicles
are expected. Acquiring knowledge about these modes is an important step towards
understanding specific biological responses to 2D materials [6]; however, only a few
experiments and no systematic simulations or theoretical work, have been performed on
this topic thus far. Experiments have shown that GO sheets of small lateral size (350 nm)
remain in their initial flat shapes, while large lateral sized GO sheets (2 um) form wrinkles
and tend to fold in lysosomes [19].

Nanomaterials can directly interact with cell membranes and have the potential to be
effective as novel antibiotics if they are capable of damaging the integrity of bacterial cell
membranes [20-23]. Depending on their dimensionality, shape, size and polarity, reports
have shown that packing or embedding of nanomaterials in cell membranes correlates with
their lipid bilayer disruption and bactericidal abilities [23-25]. For example, experiments
and molecular dynamics (MD) simulations have demonstrated that graphene and graphene

oxide (GO) sheets can spontaneously pierce into cell membranes at sharp corners or edge



asperities [26], resulting in destructive lipid extraction and loss of membrane viability [23],
which is the mechanism for graphene’s cytotoxicity and antibacterial activity [20-22, 27]
towards Escherichia coli (E. coli) [20-23]. All-atom simulations and experiments have
described a class of synthetic retinoids with polar branch groups that prefer to enter and
pack inside the bacterial lipid bilayers, thus leading to rapid killing of bacteria, even the
non-growing, dormant “persister” subpopulations that exhibit high tolerance to antibiotics
[28-30], by disrupting cell membranes [25]. The discoveries of membrane-active
antibiotics have shed light on the treatment of challenging Staphylococcus aureus
infections [24, 25]: however, in terms of therapeutic antimicrobial potential, the ability of
nanomaterials to selectively target bacterial membranes is critical, and human or other
mammalian cells have evolved to possess significantly different membrane compositions
compared to bacterial cells [31, 32]; their different responses to nanomaterials make the

selectivity theoretically possible, although it has been underexploited.

1.2. Thesis organization

In this thesis, we investigate the interactions between cell membranes and
nanomaterials using multiscale (i.e., cellular-, membrane-, and molecular-scale) modeling
and simulations, specifically focusing on the packaging problems of flexible nanomaterials
in different biological environments, such as vesicles and lipid bilayers. This thesis consists
of six chapters and is organized as follows.

Chapter 1 is an overview introduction about the interactions between cell membranes
and nanomaterials; packing of flexible nanomaterials in vesicles and cell membranes is
considered to have important biological implications for cytotoxicity and antimicrobial

activity.



In chapter 2, we study how the geometrical and mechanical properties of a flexible
nanofiber influence its encapsulation within a lipid vesicle. Molecular dynamics
simulations and theoretical analysis indicate that packing morphology depends on the
length and stiffness of the nanofibers, the initial configuration of the nanofiber-vesicle
system and the pressure difference across the vesicle membrane. We establish a packing
phase diagram based on three distinct vesicle morphologies.

In chapter 3, we focus on geometrical effects of rigid nanorods with finite and
nonuniform diameters, including a cylindrical rod, a rod with widened ends, a cone-shaped
rod and a screwdriver-shaped rod. We investigate the contact between the vesicle
protrusion and the resulting axial contact force on the rod and find that they play important
roles in regulating the vesicle tubulation and packing morphology.

In chapter 4, we consider cellular packing of flexible two-dimensional materials. We
perform systematic molecular dynamics simulations and analysis to understand the packing
of a flexible circular sheet in a spherical vesicle and the two-dimensional packing problem
of a strip in a cylindrical vesicle. Phase diagrams of packing morphologies of encapsulated
sheets are constructed based on a set of buckling analyses.

In chapter 5, we move to the molecular and membrane scale and investigate packing
of a synthetic nanoagent in the lipid bilayers of different cell membranes. We perform all-
atom molecular dynamics simulations and demonstrate that the selectivity of membrane-
active nanoagents for bacterial membranes correlates with their abilities to penetrate and
embed within bacterial-mimic lipid bilayers, but not within cholesterol-rich mammalian-
mimic lipid bilayers.

Chapter 6 concludes the entire thesis with major scientific findings and future



perspectives.



Chapter 2

Packing of flexible nanofibers in vesicles

2.1 Introduction

Packing of flexible fibrous nanomaterials in a soft confinement such as vesicles and
vesicular compartments is ubiquitous in biology and plays fundamental roles in many
cellular functions. For example, the packing of cytoskeletal microtubules and actin
filaments provides mechanical support and driving forces for cell movement, regulates cell
shape and facilitates chromosome segregation in cell division [10, 33-36]. Packing of
synthetic one-dimensional nanomaterials like carbon nanotubes in cells or subcellular
organelles is found to be crucial to their cytotoxicity [16-18].

Experimental studies such as morphological transformation or evolution of liposomes
[8-10, 36] and active nematic vesicles [37] induced by microtubules have demonstrated
that the bending stiffness [36-38] and length [8, 9, 37, 39, 40] of an encapsulated nanofiber
are two essential properties that regulate its packing within a vesicle. Representative
morphologies of the nanofiber-vesicle system from these experiments can be categorized
into four distinct groups based on the vesicle morphologies shown in the top row of Fig.
2.1. For example, the packing of a long and stiff nanofiber within a vesicle could give rise
to a vesicle morphology resembling the Greek letter ¢ with a pair of tubular membrane
protrusions (Fig. 2.1a) or to a cherry-shaped vesicle with a single tubular protrusion (Fig.
2.1b) [9]. For a nanofiber of length slightly larger than the diameter of a host vesicle, the
vesicle assumes an axisymmetric lemon-like shape with a pair of protruding tips, where
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the nanofiber makes almost no contact with the vesicle except at the two tips (Fig. 2.1c).
In the case of a long and more flexible nanofiber, the vesicle could exhibit a non-
axisymmetric dumpling-like shape with the nanofiber curved against the vesicle membrane
(Fig. 2.1d,e) [38]. Morphologies similar to those in Fig. 2.1 have also been observed in the
case of multiple flexible nanofibers within a vesicle [5, 6], and stiff nanofibers could in
some rare cases lead to a coexistence of star-shaped vesicles with multiple tubular

membrane protrusions [10, 11, 41].

.
S—

¢-shape cherry shape lemon shape dumpling shape

Figure 2.1. Experimental observation (upper row [9, 38]) and molecular dynamics simulation (lower
row; the present work) of typical morphologies of a flexible nanofiber encapsulated within a vesicle: (a)
a ¢-shaped vesicle with a pair of tubular membrane protrusions enclosing a stiff nanofiber; (b) a cherry-
shaped vesicle with a single tubular protrusion; (c) an axisymmetric lemon-shaped vesicle with a pair
of protruding tips; (d) a protruding non-axisymmetric dumpling-shaped vesicle; (e) a non-protruding
non-axisymmetric dumpling-shaped vesicle. In (d) and (e), the encapsulated nanofiber curves inside the
vesicle against the membrane. Experimental pictures (scale bars = 5 um) in (a-c) are reprinted with
permission from [9] Copyright 1998 by the American Physical Society, and those in (d, e) reprinted
with permission from [38] Copyright 1997 by the American Physical Society.

In spite of the mounting experimental observations on packing of nanofibers in
vesicles, most theoretical models on this topic to date have been limited to axisymmetric
configurations [42, 43] and scaling analysis [44], except for membrane wrapping of a rigid

nanofiber at different entry angles [45, 46]. To elucidate the collective roles of nanofiber

length and elasticity in the vesicle-nanofiber interaction, in this chapter, we report the first
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and systematic coarse-grained molecular dynamics (CGMD) simulations and an extended
theoretical analysis on the mechanical interplay between a spherical vesicle (with radius R
and bending rigidity «) and an encapsulated flexible nanofiber of length L and bending
stiffness Y| varying in a wide range of parameter values. At a given pressure difference Ap
across the vesicle membrane, it is shown that the packing morphogenesis is governed by
two dimensionless parameters: the length ratio L/R and normalized bending stiffness
YI/(xR), if there is no adhesive interaction between the nanofiber and vesicle. It will also
be shown that the initial configuration of the nanofiber-vesicle system and the pressure

difference across the membrane play important roles in regulating the packing morphology.

2.2 Model and methods

2.2.1 Modeling of lipids

In our CGMD simulations, the lipid bilayer of the vesicle is composed of solvent-free
lipid molecules [47, 48], each modeled as three connected beads, one bead representing the
hydrophilic head and two the hydrophobic tail (see Fig. 2.2). The bead-bead interactions

are described by the following potentials:
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where rei=2Y%", ¢ and o (6’=ao) are the energy well depth and bead diameter, respectively.
The bead diameter o is set at 1 nm, in order to construct a lipid bilayer with an appropriate

membrane thickness and areal density (area per lipid).

Lipid molecule

bond FENE bond

) Hamlonic< ’i FENE bond
— J
‘v

Figure. 2.2. Structure of lipid molecules in the bilayer membrane with their inter-particle bonding
topology.

To ensure the mechanical properties of the lipid membrane falling in a range measured
experimentally [49, 50], we chose ¢ as 0.56 kcal mol™, and the unit thermal energy is
keT=1.1g (T=310 K) [17, 45, 47, 48]. The nearest neighbor beads in each lipid molecule
are connected by FENE bonds with keene = 30e = 16.8 kcal mol™nm2 and r.=1.56=1.5 nm.
The head bead is also connected to the second tail bead by a harmonic bond with a rest
length ro=46=4 nm and force constant Knarmonic=10&=5.6 kcal mol™* nm™ (see Fig. 2.2). The
non-bonded interaction parameters between two beads of the nanofiber, lipid heads and
tails are detailed in Table 2.1.

Table 2.1 Parameters of non-bonded interactions

bead type bead type interaction parameters

lipid head lipid head WCA a=0.95
lipid head lipid tail WCA a=0.95
lipid tail lipid tail COS a=0.95, w=1.60
nanofiber lipid head/tail WCA a=0.95
nanofiber nanofiber WCA a=0.95




2.2.2 Modeling of a flexible nanofiber

Flexible nanofibers were constructed by folding a two-dimensional triangular lattice
(Fig. 2.3a) into a tubular structure. The nearest and second nearest neighbor beads are
connected by harmonic bonds with stiffness Knarmonic, With the rest length between two
nearest beads of 1.3c, and that between second nearest beads of 2.2¢. The constructed
nanofibers have different lengths (110 nm-220 nm) but the same radius 2.2 nm, as shown
in Fig. 2.3b for a selected length of L=155 nm. CGMD simulations were performed to
compress a selected nanofiber, and the measured force-displacement relation, as shown in
Fig. 1.3d for L=155 nm, gives the critical buckling force Fc, from which the bending

stiffness can be calculated as

L L?

4

Yl

The dimensionless bending stiffness of the nanofiber Y1/xR is determined from

Y RU
kR 47%R "’

where R is the vesicle radius, « is the bending rigidity of the membrane. As shown in Fig.
2.3e, our simulations at different fiber lengths (L=155 nm, 175 nm, 195 nm) indicate that
the dimensionless bending stiffness YI/(xR) and bond stiffness of the nanofiber Knarmonic/e
obey an approximately linear relationship as

ﬂ — 025 kharmonic .

xR e
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Figure. 2.3. Modeling of a flexible nanofiber in CGMD simulations. (a) A two-dimensional triangular
lattice structure with nearest and second nearest beads connected by harmonic bonds. (b) The nanofiber
formed by folding the triangular lattice. (c) Schematic of a selected nanofiber under compression. (d)
Force-displacement curves obtained from the compression test at different bond stiffness knarmonic. (€)
Relation between YI/(kR) and Knarmonic/€.

The bending energy of a uniformly curved nanofiber in CGMD simulations is proportional

to the square of its curvature as shown in Fig. 2.4.
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Figure 2.4. (a) Representative configurations of a nanofiber with constant curvature. (b) Bending energy
of the curved nanofiber is linearly proportional on the square of its curvature c. The nanofiber length is
L =200 nm, and the harmonic force constant is Knarmonic = 100s.
2.2.3 Modeling of vesicle-nanofiber system

The vesicle is initially a sphere of radius R=50 nm (Fig. 2.2), consisting of around

5x10* lipid molecules. A pressure difference across the lipid membrane is maintained by

imposing outward forces on lipid heads in the bilayer along the director of the lipid
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molecules [17]. Other simulation setups are similar to other studies in reference [17, 45].

The free energy of the system is written as
E _E_[(c1+c2) dA+7_|.O \a r/os ‘ ds—ApV -V,) ,

where the first term represents the bending energy of the membrane according to the
Helfrich membrane theory, x being the bending rigidity of the membrane, and c;, ¢z, and
dA the two principal curvatures and surface element of the membrane surface, respectively;
the second term is the bending energy of the flexible nanofiber parameterized as an
inextensible curve r=r(s) with Y, I, s, and L being the Young’s modulus, moment of inertia,
arclength, and total contour length of the nanofiber, respectively; the third term corresponds
to the work associated with a pressure difference Ap between the interior and exterior of
the vesicle due to osmolarity change or aspiration, V and Vo denoting the volume of the
vesicle in the current and initial states. Previous theoretical analysis and MD simulations
of this coarse-grained lipid model indicate that the Helfrich membrane theory is applicable
for the bending deformation of the lipid membrane down to a radius of curvature
comparable to the bilayer thickness [51]. In this study, we neglect the stretching of the
membrane and nanofiber as well as the associated stretching energies. Accordingly, in our
theoretical analysis, we assume area conservation of the vesicle membrane by introducing
a Lagrange multiplier conjugated to the vesicle area. Expressing the free energy function

in the following dimensionless form

E_f[gﬂ Apst

K R'xR’ «
suggests that the problem under consideration is governed by three dimensionless

parameters, the length ratio L/R, the normalized fiber stiffness Y1/(xR), and the normalized
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pressure ApR%/x. The bending stiffness Y1 measures the flexibility of the nanofiber.
Our CGMD simulations were performed at a pressure difference of Ap=100x/R3*~40

kPa unless specified otherwise. The membrane bending rigidity was taken as k=11.7 kT
[51] (1 keT=4.3x<10"% J). This setup corresponds to a lysosome of diameter 0.5 pm under
an osmotic pressure of 300 Pa according to a theoretical analysis [17]. A constant ambient
temperature of 310 K was maintained via the Nose-Hoover thermostat [52, 53], and the
time step was fixed at 100 fs. The simulations were carried out based on the software

package LAMMPS [54].

2.3 Results

2.3.1 Morphological evolution of an encapsulated flexible nanofiber inside a vesicle
We first simulated a rigid nanofiber of length L inside a vesicle of radius R, with L/R
varying from 2.2 to 5.1 to get equilibrium vesicle morphologies. After equilibrium, a 100
ns simulation for each length was performed to obtain the average confinement force. The
simulation results showed that the confinement force at the two ends of the nanofiber and
the packing morphologies are consistent with a recent theoretical study [17] on a rigid
nanofiber inside an axisymmetric vesicle shown in Fig. 2.5a. At a given L, the minimum
energy state of the vesicle, the confinement force F conjugated to the nanofiber length, and
the membrane tension X conjugated to the fixed vesicle area can be obtained following a
numerical optimization technique [17, 43]. The theoretical analysis revealed that the
confinement force F first increases almost linearly as L increases, peaks at certain L/R, and
then levels off to a constant upon the formation of a tubular membrane protrusion,
resembling a similar structure called membrane tether [55, 56]. Near the peak value of F,

the vesicle adopts a lemon-like shape with two protruding tips (Fig. 2.5a). The peak
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confinement force from the simulations occurs at L/R = 3.2, with a value around Fmax =
96x/R (Fig. 2.5a), higher than the theoretical prediction. This difference could be due to the

effect of thermal fluctuations that are not included in the theoretical analysis.
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Figure. 2.5. (a) Confinement force and vesicle morphology induced by an encapsulated rigid nanofiber
of length L. Error bars of the MD simulation results are standard deviations of 100 ns average of the
calculated confinement force. (b,c) Time sequences of CGMD simulations showing morphological
evolution of the nanofiber-vesicle system. (b) Straightening of an initially curved nanofiber of bending
stiffness Y1 = 160«xR, and (c) buckling of an initially straight nanofiber of YI = 50xR inside their

confining vesicles. The nanofiber length in both cases is L = 4R.
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For an encapsulated nanofiber with length L = 4R and bending stiffness YI = 160«R,
both ends are free to move and rotate, as indicated in Fig. 2.5b. Therefore, the critical force
for Euler buckling satisfying the simply supported boundary conditions is

Fe=n? YI/L?=98.7xIR,

which is larger than the peak confinement force (Fmax = 96x/R). Therefore, this nanofiber
should prefer to be straight and the vesicle would adopt a cherry-like shape in equilibrium.
This is confirmed by our CGMD simulation that an initially curved nanofiber with these
properties will return to the straight configuration (Fig. 2.5b). During the simulation, the
vesicle evolves from its initial spherical shape first to a protruding non-axisymmetric
dumpling-like shape with nanofiber gradually straightening out, then to a ¢ shape of up-
down symmetry with two short tubular protrusions wrapping around the straightened
nanofiber, and finally to a cherry-like shape with only one longer tubular protrusion
wrapping around one tip of the nanofiber. In this process, the release of elastic bending
energy in the nanofiber is compensated by the deformation of the vesicle. The vesicle shape
transition from ¢ to cherry-like is consistent with numerical analysis and experimental
observations, indicating that the ¢ -shaped vesicle is of slightly higher elastic energy
compared to the cherry-shaped vesicle [7, 9, 17]. Experiments also showed that adhesive
binding between nanofiber and membrane could stabilize a ¢-shaped vesicle [8].

Next we consider a more flexible nanofiber with length L = 4R and bending stiffness
Yl = 50«R, in which case Fc = 30.8«/R is significantly lower than the peak confinement
force Fmax = 96x/R. At the beginning of the simulation, an initially straight nanofiber with
these properties is confined in a cherry-shaped vesicle (Fig. 2.5c). As expected, the

nanofiber is buckled by the confinement force and the vesicle evolves towards a sphere
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with gradually diminishing protrusion. Eventually, the vesicle adopts the spherical shape
and the nanofiber becomes curved and fully packed inside the spherical vesicle (Fig. 2.5c).
In this process, we note that the portion of the nanofiber within the shrinking membrane
protrusion remains nearly straight and the curved nanofiber in tight contact with the vesicle
membrane.
2.3.2. Effects of initial configuration on packing

The sequences of morphological evolution from two different initial configurations
described above suggest that the nanofiber packing may depend on the initial system
configuration. To understand this, we performed additional CGMD simulations on
vesicular packing of nanofibers with lengths and bending stiffnesses varying over a wide
range of parameter values, starting at two initial configurations: (1) an initially strongly
curved nanofiber packed in a spherical vesicle (Fig. 2.6), and (2) an initially straight
nanofiber in a cherry-shaped vesicle (Fig. 2.7). We do not consider nanofibers with length
smaller than 2R as they simply undergo random Brownian motion inside the vesicle.
2.3.2.1. Packing phase diagram of an initially curved nanofiber

For packing of an initially curved nanofiber (Fig. 2.5b), our CGMD simulations
revealed three types of equilibrium packing morphologies shown in Fig. 2.6a. Fig. 2.5a
indicates that a vesicle encapsulating a rigid nanofiber would adopt a lemon-like shape
before the confinement force F peaks around L/R=3.2, suggesting that L/R=3.2 represents
an upper limit for the morphological phase of a lemon-shaped vesicle even for a flexible
nanofiber as long as it is not pressed against the vesicle membrane along its length (Fig.
2.7). As shown in Figs. 2.6b and 2.7, packing of a nanofiber with length larger than 2R and

smaller than 3.2R leads to a lemon-shaped vesicle. The same conclusion is valid for packing
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of an initially straight nanofiber (Fig. 2.8b). In other words, the lemon-shape region of the

phase diagram is independent of the initial geometry of the nanofiber (Fig. 2.7). For a

nanofiber of length larger than 3.2R, the vesicle would adopt either a dumpling-like shape

or cherry-like shape. A longer nanofiber requires a larger bending stiffness to be able to

deform the vesicle into a cherry-like shape (Fig. 2.6b). As shown in Fig. 2.5a, the peak

confinement force on the nanofiber is around 96x/R at Ap = 100x/R®. It is found that the

simulated phase boundary between the dumpling and cherry configurations is in good

agreement with Euler’s theory which predicts buckling occurs when (dashed line in Fig.

2.6b).
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Figure 2.6. Packing phase diagram for an initially curved flexible nanofiber inside a spherical vesicle.

(a) The equilibrium packing morphologies and (b) packing phase diagram in terms of nanofiber length
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and bending stiffness. The dashed line is the predicted phase boundary from the classical Euler’s

buckling theory.
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Figure 2.7. Morphologies of lemon-shaped vesicles. Time sequences of CGMD simulations showing
the morphological evolution of a vesicle encapsulating a flexible nanofiber of L = 3.2R. (a) An initially
curved, relatively stiff nanofiber (YI=87.5«R), and (b) an initially straight more flexible (Y1=75xR)
nanofiber within a vesicle. (c) Representative packing morphologies of a vesicle encapsulating a flexible
nanofiber of length L = 2.7R and 3.2R and stiffness YI=25«xR, 50«xR, 75xR, and 100xR.
2.3.2.2. Packing phase diagram of an initially straight nanofiber

For packing of an initially straight nanofiber within a cherry-shaped vesicle, we expect
that a sufficiently soft and long nanofiber would buckle under the confinement force from
the vesicle. For a nanofiber with length larger than 3.2R, the vesicle could buckle the
nanofiber into a curved shape, with itself evolving to a dumpling-like shape (Fig. 2.8a).
The packing phase diagram (Fig. 2.8b) looks quite different from that for an initially curved
nanofiber (Fig. 2.6). The difference could be attributed to the stabilizing effect of the initial
tubular membrane protrusion against buckling [57]. Our CGMD simulations generally
show that the portion of nanofiber enclosed by the tubular membrane protrusion tends to
stay straight. This confinement makes the effective length of the nanofiber for buckling

less than its total length. In the case of an extremely long fiber, the effective length for

buckling is only on the order of the free portion of the nanofiber not covered by membrane
18



[38]. An interesting biological phenomenon that can be related to this finding is that the
filopodia could display a length on the order of tens of um [58], which is much larger than

the predicted limiting length of 1 um - 2 um from the Euler theory [59, 60].
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Figure 2.8. Packing phase diagram for an initially straight flexible nanofiber inside a cherry-shaped
vesicle. (a) Representative packing morphologies and (b) packing phase diagram in terms of nanofiber

length and bending stiffness.

2.3.3. Effects of pressure on packing morphology
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In the above analysis, the pressure difference between the interior and exterior of the
vesicle was taken to be Ap =100x/R3. To investigate how the pressure difference affects
nanofiber packing, we performed a theoretical analysis on the packing of a rigid nanofiber
and some case studies of MD simulations on the vesicle-nanofiber interaction with
nanofiber of fixed length L=4R and stiffness Y1=130xR at Ap =100x/R3, 130x/R® and
156x/R® (Fig. 2.9). The theoretical results in Fig. 2.9a indicate that both the confinement
force F and the membrane tension X increase as Ap increases. Note that the peak values of
F and X are not located at the same L/R at a given Ap. The monotonically increasing
relationship between Ap and F is reflected in our MD simulations. As Ap increases, the
vesicular confinement force F increases, which results in the buckling and folding of an
initially straight encapsulated nanofiber inside the vesicle; meanwhile, the vesicle evolves
from a cherry-like shape to a dumpling-like shape (Fig. 2.9b). A similar phenomenon has
been observed in experiments where a long straight microtubule encapsulated in a vesicle
subject to increasing suction from a micropipette undergoes buckling and snaps into a
curved shape within the vesicle [38]. From a localized point of view, the above
phenomenon can be described in other words as follows. At a low Ap or equivalent low
membrane tension, the microtubule within the vesicle pushes the vesicle membrane
vertically and induces a tubular membrane protrusion; while at a high Ap or large
membrane tension, the microtubule buckles into a strongly curved structure attaching
parallel to the membrane. This tension-regulated interaction behavior is consistent with our
previous theoretical work on the membrane wrapping of one-dimensional nanotubes, in
which we found that the nanotube adopts a near-perpendicular mode of cell entry at a small

membrane tension; while at a sufficiently large membrane tension, the nanotube exhibits a
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near-parallel configuration with respect to the cell membrane [46].
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Figure 2.9. Buckling of an encapsulated nanofiber at increasing pressure difference across the vesicle
membrane. (a) Confinement force F and membrane tension X as functions of L/R at different Ap. The
(grey) dashed lines indicate the relationship between the peak values (symbols) of F and T and the
corresponding length ratio L/R. (b) Packing morphologies for an encapsulated flexible nanofiber of
L=4R and Y1=130«R at different pressure differences Ap =100x/R3, 130x/R® and 156x/R>.

2.4 Discussion

A single microtubule has a persistence length of several millimeters (~6 mm) [38],
much larger than the typical diameter of biomimetic liposomes (I pm-10 pm),
corresponding to the dimensionless stiffness Y1/(xR)=120-1200 with YI=6 mm- ksT, R=0.5
um-5 um and x =11.7 kgT. According to our phase diagrams (Figs. 2.6b and 2.8b), we

could anticipate the lemon-, cherry- or ¢-like shape for encapsulated microtubule bundles
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in liposomes, consistent with experimental observation [9]. Actin filaments, which are
more flexible than microtubules, have a persistence length of 9 um-18 um [61, 62],
corresponding to YI/(xR)=0.1-3. From our CGMD simulations, a single actin filament is
insufficient to overcome the membrane elastic resistance, and only actin bundles might be
able to cause membrane protrusion resembling filopodia, as indicated in experiments [63].
Experiments on the organization of microtubules within vesicles show that increasing the
bending rigidity « of the vesicle membrane could drive the vesicle to transform from a
cherry-like shape to a dumpling-like shape [36], which is consistent with our phase
diagrams as Y1/(xR) decreases with an increasing .

Besides the ¢- and cherry-like shapes, a vesicle encapsulating a long rigid nanofiber
could also display dumbbell- or pearl-like shapes, though they are extremely rare due to
their high deformation energy [9]. In the present work, we focus on the case of
YI/(RkeT)>>1 and L/R on the order of 1, in which the nanofiber within the vesicle behaves
like an elastic rod and the entropic contribution to the nanofiber flexibility can be ignored.
At Y1/(RkgT)>1, the nanofiber within the vesicle would behave like a semiflexible polymer
such as DNA strands, and a careful investigation on its mechanical interaction with the
vesicle should take account the interplay of the elastic energy and thermal fluctuation of
the system [64]. In the case of an encapsulated worm-like polymer chain with a contour
length several times the circumference of the spherical vesicle (L>>R), the polymer chain
undergoes a transition from an isotropic disordered random conformation to an ordered
toroidal coil as its bending stiffness increases [65]. The coiling of confined long nanofibers
has been observed in both engineering and biological circumstances including controllable

coiling of gold nanowires within polymer capsules [66], filamentous morphology in
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bacteria [67], actin polymerization inside cell-sized droplets [68]. It is of significance to
take a comprehensive study on packing of nanofibers with length varying in a wide range
from L/R=2 to L/R on an order of 10 and rigidity from a persistence length on the order of
tens of nanometers to several millimeters.

In this study we assume that the adhesive interaction between the nanofiber and vesicle
membrane is negligible. In this case the cherry-like shape for the vesicle encapsulating a
long stiff microtubule is slightly energetically favorable compared to the ¢ shape [7, 9, 17],
and the energy difference is on the order of tens of keT [17]. As the energy difference is
not significant, the binding or the friction between the bounding lipid membrane and the
enclosed portion of the nanofiber could facilitate the ¢ shape though it might be an
energetically metastable state. Introduction of microtubule-associated proteins (MAPS)
could establish direct links or increase friction between the microtubule and vesicle
membrane, and stabilize the ¢ shape, as indicated by experiments [8]. Moreover, it remains
unveiled whether a vesicle of the cherry-like shape has a lower free energy than the ¢ shape
in the presence of adhesion between the nanofiber and vesicle. Another intriguing
phenomenon is the (super-) coiling and buckling of ring-like fibers or bundles confined in
a vesicle [8, 11, 40, 68, 69]. Different from the coiling of open nanofibers, ring-like
filaments could fold and coil but unlikely possess sharp ends that might induce membrane
protrusion like stiff nanofibers do. Besides their (adhesive) interaction with the membrane,
it would be challenging to explore how packing depends on the adhesion or friction
between adjacent fibers in the bundle or adjacent segments in the coiling of ring-like
structures.

In the three morphological phases considered in this work, the flexible nanofibers
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display three distinct modes of mechanical interplay with the vesicle membrane, which are
shallow punch against membrane in the lemon phase, nanofiber buckling and bending away
along the vesicle surface in the dumpling phase, and formation of a long tubular membrane
protrusion in the cherry phase. Similar interaction modes have also been observed in the
interplay between a flexible nanofiber and a membrane patch [70]. Theoretical analysis on
the dynamics of a growing flexible fiber approaching a fluctuating membrane indicates
three regimes: fiber stalling when the fiber growth stops with a precursor structure of the
membrane protrusion, fiber runaway in which the fiber bends away from the membrane,
and formation of tubular membrane spicules [70].

A single long stiff nanofiber within the vesicle could results in a tubular membrane
protrusion as indicated in experiments [9, 36, 38] and our theoretical analysis and CGMD
simulations (Fig. 2.5). For a vesicle encapsulating multiple stiff nanofibers of a radial
pattern, the vesicle could display a star-like shape with multiple tubular membrane
protrusions [10, 11, 41]. The scaling dependence of YI/kR suggests that increasing the
membrane bending rigidity x is mechanically equivalent to decreasing the bending stiffness
of the confined nanofiber and implies a vesicle shape transition from a cherry-like shape to
a lemon- or dumpling-like shape based on our phase diagrams (Figs. 2.6 and 2.8). This
argument is supported by the self-organization of microtubules within vesicles of tunable
bending stiffness x [36]. By increasing the cholesterol content from 5% to 50%, the
membrane bending stiffness x increases from around 25 keT to 150 ksT [71]. In this process,
the microtubule bundle upon the increasing confinement force splits and forms a racket-
like structure consisting of multiple microtubules with partially buckled portions, and each

microtubule gradually evolves to a more curved state bent against the vesicle membrane;
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in the meantime, the vesicle transforms from an initially cherry-like shape, to a transitional

lemon-like shape, and eventually to a dumpling-like shape [36].

2.5 Conclusion

Packing of a flexible nanofiber inside a vesicle is governed by the interplay between
elastic deformation of the nanofiber and vesicle. In this study, we have performed the first
coarse-grained molecular dynamics simulations to probe the phase diagram of packing in
terms of the normalized nanofiber length and bending stiffness, as well as the effect of
pressure difference between the interior and the exterior of the vesicle. It is found that the
packing depends on not only the geometrical and material properties of the encapsulated
nanofiber but also its initial configuration in the vesicle confinement. Based on the
morphology of the vesicle in equilibrium, three distinct types of morphological packing
phases (lemon, dumpling, and cherry) were found from the simulations, where the cherry-
like vesicle shape exhibits a single tubular membrane protrusion. As the nanofiber length
or bending stiffness decreases, the cherry-shaped vesicle tends to transform to an
axisymmetric lemon shape or a protruding non-axisymmetric dumpling shape or a non-
protruding non-axisymmetric dumpling shape. Packing phase diagrams with respect to the
normalized nanofiber length and bending stiffness were determined. Further simulations
demonstrated that increased pressure difference could buckle the nanofiber within the
vesicle. Our results also shed lights on the importance of the mechanical interplay between

the nanofiber and cell membrane to understand cell shape control.
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Chapter 3

Packing of nanorods with finite and non-
uniform diameters in vesicles

3.1 Introduction

Understanding the biophysical mechanisms for cellular and intracellular packaging of
one-dimensional materials is of fundamental importance for many cellular functions and
biological processes, including cell shape control [7-11], filopodial protrusion during cell
movement [12], mitotic cell division [13-15], frustrated phagocytosis [16], and cytotoxicity
[17, 18]. For example, long and stiff microtubule bundles within a vesicle could give rise
to tubulation of the vesicle resembling the Greek letter ¢ with a pair of tubular membrane
protrusions or a cherry-like shape with a single protrusion [7-10], while encapsulated long
flexible filaments become curved against the vesicle membrane and the vesicle adopts a
non-axisymmetric dumpling-like shape [39, 72]. Flexible ring-like filaments could fold
into a (super-) coiled structure within a cell and lead to complex cell deformation [10, 11].
Elongation of spindle microtubules within cell nucleus due to gene overexpression could
result in abnormal tubulation of the nuclear envelope during mitosis [13]. Sister chromatids
which become separated at the cell poles during anaphase are connected by thin
microtubule bundles, and together form a dumbbell-like structure in the cell [15].

In the field of pathogenicity, the need to assess the health safety of synthetic one-
dimensional nanomaterials, such as carbon nanotubes, nanofibers, and asbestos, prior to

widespread commercial use is calling for a systematic effort to understand the biophysical
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mechanisms of their interactions with cells and intracellular organelles following cell
uptake [1, 16-18]. Experimental results indicate that length [1] and elasticity[17] are
important features that modulate the pathogenicity of encapsulated nanotubes. More
specifically, long and stiff carbon nanotubes could induce lung injury, epithelioid
granuloma, persistent interstitial inflammation and fibrosis, frustrated phagocytosis, and
organelle damage [1, 16, 17, 73]. Exposing the mesothelial lining of the chest cavity to
long multiwalled carbon nanotubes induces asbestos-like and length-dependent pathogenic
behaviors, including frustrated phagocytosis and giant cell formation [16]. Sufficiently
long and stiff carbon nanotubes within lysosomes cause sustained tip contact with the inner
lysosomal membrane, leading to lipid extraction, permeabilization, cathepsin B release into
the cytoplasm, and eventually cell death, while biologically soft carbon nanotubes buckle
within liposomes, consequently losing persistent tip contact and staying nonpathogenic
[17].

While a number of theoretical models have been established to understand and
characterize the mechanical response of a vesicle to a confined rigid nanorod of different
lengths [7, 9, 17, 43], two key parameters, nanorod diameter and shape, have been
neglected in these previous studies, where the vesicle was oversimplified as having point
contact with a nanorod that exerts a pair of localized outward pushing forces upon the
vesicle poles. Similar approaches have been employed in modeling the formation of tubular
membrane protrusions induced by external forces [74-77] induced by, for example,
cooperative movement of motor proteins [78, 79] or optical/magnetic tweezers [75, 76],
and introducing a spontaneous membrane curvature could also result in tubulation [80].

In view of the accumulating experimental observations on cellular packing of nanorods
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with finite and non-uniform diameters, in this chapter, we study a more sophisticated model
that explicitly accounts for contact between the membrane of a vesicle and side wall of an
encapsulated nanorod with more complex and general geometries. Four different nanorod
shapes are considered (Fig. 3.1): a cylindrical nanorod, a nanorod with two wide ends, a
cone-shaped nanorod, and a screwdriver-shaped nanorod. Here the cylindrical nanorod
serves as a representative for one-dimensional nanomaterials including (carbon) nanotubes,
(gold) nanowires, (asbestos) nanofibers, microtubule bundles, and actin-based cellular
protrusions of tubular shapes; the nanorod with two wide ends models dumbbell-like
structures observed in mitotic cell division and engineered nanodumbbells used in
biomedical imaging [81, 82] and photodynamic therapy [83]; the cone-shaped nanorod
could be used to depict carbon nanohorns which exhibit potential applications in drug
delivery [84, 85] and show low cytotoxicity at a low-uptake level [86] but at high doses
induce lysosomal membrane permeabilization and subsequent release of lysosomal
proteases, eventually leading to cell apoptosis [87, 88]; the screwdriver-shaped nanorod of
a sharp diameter variation can be viewed as a modified hybrid of the cylindrical nanorod
and cone-shaped nanorod. Molecular dynamics simulations and theoretical analysis are
systematically performed to probe how the morphology and other mechanical behaviors of
a vesicle are regulated by encapsulated rigid nanorods of different diameters and shapes. It
will be shown that an initially spherical vesicle undergoes significant shape transformations
that strongly depend on the nanorod length, shape, and diameter. Moreover, the effective
axial contact force on the nanorod exerted by the confining vesicle exhibits rich features of
nonlinearity and nonmonotonicity. Our results shed light on the biophysical mechanisms

for the cellular or intracellular packaging of microtubule bundles, mitotic cell division, as
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well as the pathogenicity of carbon nanotubes.

Figure 3.1. Schematics and snapshots from molecular dynamics simulations of the tubulation of a

vesicle induced by an encapsulated rigid nanorod at a pressure difference Ap, (r, ¢, z) being the adopted

cylindrical coordinate system. The vesicle-nanorod morphologies for (a) a cylindrical nanorod of a
uniform radius a, (b) a cylindrical nanorod with two widened tip ends of radii at, (c) a cone-shaped

nanorod, and (d) a screwdriver-shaped nanorod. The encapsulated nanorod has length L = 4R.

3.2 Model and methods

CGMD simulations are performed to investigate the roles of nanorod size and shape
on the vesicle-nanorod interaction. We use the same lipid bilayer model as described in
Chapter 2. Different shapes of the nanorods were constructed by deleting the corresponding
redundant beads from the cylindrical nanorods. Fig. 3.2a shows selected nanorods of
different sizes and shapes. The vesicle in our MD simulations is chosen initially as a sphere
of radius R=50 nm and the lateral dimensions of the simulation box are 160 nm>160 nm.
To avoid membrane rupture due to membrane tension while still capturing the mechanical

interplay between the nanorod and vesicle, the outward forces are taken as 1.95 < 10~ kcal

mol™* nm™ on each lipid in our CG model, which corresponds to a pressure difference Ap
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around 40 kPa or a dimensionless pressure of ApR3/x = 100, as opposed to ApR3/x = 400
assumed in the following theoretical analysis. The canonical (NVT) ensemble is used in
the simulations which are performed based on LAMMPS [54] at a constant temperature of
310 K under the Nose-Hoover thermostat [52, 53]. We focus on the equilibrium
morphology and axial contact force of the vesicle-nanorod system.

To illustrate how the encapsulated nanorod is created in the modeling, here, we take
the cylindrical nanorod as an example. A short nanorod consisting of two equal parts, each
of length 20 nm, was first put at the center of a vesicle of radius 50 nm. Then these two
parts were pulled slowly in opposite directions at a constant speed (1 m/s) in the simulations.
Eventually the intermediate trajectory (Fig. 3.2b) was obtained and used to create the initial
model of the encapsulated nanorod by replacing these two separated parts with a single
nanorod (Fig. 3.2c). Encapsulated nanorods of non-uniform diameters are built following
a similar scheme. With the initial system configurations shown in Fig. 3.2c for nanorods
of different sizes, the CGMD simulations were performed under a constant ambient
temperature with a time step fixed at 100 fs. The encapsulated nanorod was fixed while the
vesicle membrane was allowed to move freely during simulations. After equilibrium is
reached, a 100 ns simulation is performed and we split the nanorod into two parts (as
demonstrated in Fig. 3.2d) to calculate the axial contact force. As the nanorod is fixed, the
axial contact force on each nanorod part equals to the balancing force on the interface
(dashed line in Fig. 3.2d) between the two nanorod regions which is determined and
recorded by LAMMPS. Fig. 3.2e shows the time evolution of the axial contact force and
the corresponding averaged value in the case of a uniform nanorod at a/R = 0.2 and L/R =

4.2 from MD simulations.
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Figure 3.2 (a) Selected examples of coarse-grained model of nanorods of different sizes and shapes. (b)
Time sequences of a pulling simulation scheme. (c) The initial system configurations of vesicles
encapsulating cylindrical nanorods of different lengths. (d) The equilibrium configuration used to
determine the axial contact force. (e) Time evolution of the axial contact force and the corresponding
averaged value in the case of a uniform nanorod a/R = 0.2 and L/R = 4.2 from MD simulations.

We also consider a theoretical model in which the deformed vesicle is of a fixed
surface area A(=4nR?) at a pressure difference Ap with a protrusion induced by the nanorod

with length L > 2R (Fig. 3.1). The deformed vesicle is assumed to retain an axisymmetric

configuration according to our MD simulations. The free energy of the system is described

by the Helfrich functional [89],

. 2
—+—] rds—Apv -V,) ,
r

where the first term is the elastic deformation energy of the vesicle with v, s, and «x being

the tangent angle, arclength, and bending rigidity of the vesicle membrane, respectively; |
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|
denotes the undetermined total arclength of the vesicle; V, =4zR*/3 and V = 7Z'IO r’ds are

the original and deformed volume of the vesicle under Ap. It is assumed that the membrane
has no spontaneous curvature. The membrane deformation energy associated with the
Gaussian modulus is constant due to the Gauss-Bonnet theorem and hence ignored here. In
addition to the free energy of the system, there are two other key quantities characterizing
the mechanical state of the vesicle: the effective membrane tension ¢ as a Lagrange
multiplier conjugated to the fixed vesicle area A, and the effective axial contact force F
between the nanorod and vesicle membrane, stretching the vesicle along the z-axis in our
adopted cylindrical coordinate system.

The minimum energy state of the vesicle at each given L is numerically determined
through the interior-point method in constrained nonlinear optimization [90]. Once the
state of the minimum energy E is obtained, the corresponding vesicle shape and effective
membrane tension ¢ as a Lagrange multiplier are known. The effective axial contact force
F as a conformational force arising from the vesicle deformation is determined numerically

from F = dE/dL.
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Figure 3.3. (a) Normalized tip contact force FR/x as a function of the normalized nanorod length L/R at

ApR3/x = 400 and different values of the normalized nanorod radius a/R. At extremely small a/R (e.g.,
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a/R=0.01), F saturates to a nearly constant value upon membrane protrusion formation. (b) Selected
vesicle morphologies induced by the encapsulated rigid nanofiber of radius a/R = 0.01, 0.2 and 0.3, and
length L/R =3, 4, 5 and 6. The scale bar is of length 2R. Inset in (a) showed the enlarged vesicle shape
atL/R=2.2,a/R=0.1andat L/R = 2.8, a/R = 0.01. (c-g) Experimental images of the observed vesicle
morphologies induced by one-dimensional nanomaterials of different radii, lengths, and structures. (c)
Lysosomes containing stiff single-walled carbon nanotubes in a cell from the mice ileum. Reprinted
with permission from ref. [91]. Copyright 2010, Elsevier, Ltd. (d) A lemon-shaped vesicle with a pair
of protruding tips. Reprinted with permission from ref. [9]. Copyright 1998, the American Physical
Society. (e) Cherry-shaped vesicles, each with a single tubular membrane protrusion enclosing a stiff
long microtubule. (f) A vesicle encapsulating a thick nanorod exhibiting a bowling pin-like shape. Left
subfigure is reprinted with permission from ref. [7]. Copyright 1998, the Physical Society of Japan.
Right subfigure is reprinted with permission from ref. [8]. Copyright 1998, Elsevier, Ltd. (g) A vesicle
containing a cage-shaped actin network exhibits a thick, rod-like shape. Both (e) and (g) are reprinted

with permission from ref. [10]. Copyright 2015, the Royal Society of Chemistry.

3.3 Results and discussion

We first investigate the case of a vesicle containing a straight, rigid, cylindrical rod of
length L/R > 2. Figs. 3.3a and 3.4a show that the effective tip contact force F first increases
almost linearly with the nanorod length L, rises to a peak value and then decreases upon
the formation of a tubular membrane protrusion. The force variation is accompanied by a
transformation of the vesicle shape (Figs. 3.3b and 3.4b). At extremely small a/R (e.g.,
a/R = 0.01), curve of F exhibits indistinguishable differences from those due to a pair of
point forces on the vesicle poles, as expected, and the vesicle transforms from an initial
sphere to a lemon-like shape with a pair of protruding tips, and to a cherry-like shape with
a thin, long tubular membrane protrusion and a relatively large bulge (Figs. 3.3b and 3.4b).
As a/R increases, the sizes of the two protruding tips and the tubular protrusion increase,
the lemon-like shape gradually becomes a conga drum-like shape, and the cherry-like shape

becomes a bowling pin-like shape with a tubular membrane protrusion with radial size
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comparable to that of the bulge. For large a/R and L/R (e.g., a/R = 0.3 and L/R = 6), the
vesicle exhibits a rod-like shape enclosing the nanorod (Figs. 3.3b and 3.4b). Due to the
finite size of the nanorod, the vesicle is deformed at L/R = 2 with non-zero axial contact

force F (Figs. 3.3a and 3.4a).
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Figure 3.4. (a) Axial contact force and (b) vesicle morphology induced by a nanorod of length L and
radius a, as determined from MD simulations.

The modeling predicted morphologies of vesicles containing nanorods of different
sizes are consistent with experimental observations for a wide range of cell activities. In
treating Alzheimer disease, single-walled carbon nanotubes (SWCNTSs) with precisely
controlled doses preferentially enter lysosomes as pharmacological targets in neurons and
neurites, and serve as drug carriers to deliver preloaded acetylcholine [91]. It is
demonstrated that lysosomes containing SWCNTSs of intermediate lengths exhibit lemon-
like shapes, as shown in Fig. 3.3c [91], though the mechanisms responsible for a SWCNT-
based neuroprotective approach for Alzheimer disease remain elusive [91, 92]. Lemon-
shaped vesicles with a pair of more evident protruding tips are observed as the microtubule

polymerizes within a phospholipid vesicle (Fig. 3.3d) [9]. Our modeling analysis indicates
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that a vesicle containing a stiff, thin, long nanorod exhibits a cherry-like shape, or a bowling
pin-like shape for a thick, long nanorod. As shown in Fig. 3.3e, liposomes encapsulating
thin, long actin-fascin bundles do exhibit cherry-like shapes [10], and liposomes
encapsulating long, thick microtubule bundles of different L/R exhibit bowling pin-like
shapes (Fig. 3.3f) [7, 8]. In the case of a cage-shaped actin network, which can be
approximated as a thick rod (Fig. 3.3g), the confining liposome exhibits a rod-like shape.

These experimental observations are all consistent with our theoretical results and MD

simulations.
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Figure 3.5 Normalized axial contact force FR/k as a function of the normalized nanorod length L/R for
a/R = 0.1 and different tip sizes a/R = 0.1, 0.2 and 0.3. (a) Theoretical results at Ap =400R%/x; (b) MD
simulations at Ap =100R%/x. Insets plot vesicle morphologies induced by an encapsulated rigid nanorod
with radius a/R = 0.3 at selected lengths.

To investigate whether and how the nanorod tip size affects the morphology of a
confining vesicle, we perform a number of case studies with both theoretical analysis and
MD simulations on the interaction between the vesicle and an encapsulated nanorod with
two widened tips, as shown in the inset in Fig. 3.5. In our theoretical analysis, the tip

thickness is assumed to be negligible, and in the MD simulations, the tip contains only one

layer of coarse-grained beads. Fig. 3.5 shows that the axial contact force F increases as the
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tip radius at increases before the formation of the tubular protrusion and then levels off to

a constant. The nanorod with a wider tip requires a larger length L to overcome a larger

axial contact force F for vesicle tubulation. The rising portions of the force curves for

a/R=0.1,0.2,0.3 in Fig. 3.5 overlap those for a/R = 0.1, 0.2, 0.3 in Figs. 3.3 and 3.4. This

is because the vesicle before tubulation has no contact with the rod wall and only senses

the tip size of the nanorod in the pre-tubulation stage. A key feature of Fig. 3.5 is that the

peak force is proportional to the size of the nanorod tip. A similar size-dependent feature

has been observed in membrane protrusions induced by an external pulling force, which is

found to be proportional to the size of the region on which it is exerted [75, 77, 93].
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Figure 3.6. (a)Theoretical normalized axial contact force FR/x as a function of the normalized nanorod

length L/R and (b) vesicle morphologies induced by different geometries of the cone-shaped nanorods

36



at Ap =400R%/x. Inset in (a) provides the nanorod geometry with a; < a,. (¢) MD simulated normalized
axial contact force FR/k as a function of the normalized nanorod length R/L and (b) vesicle morphologies
induced by cone-shaped nanorods at Ap =100R%/x.

In Figs. 3.3 and 3.4, the nanorods under consideration have uniform diameters. To
investigate the effects of non-uniform cross-section of an encapsulated nanorod, we
consider vesicle tubulation induced by cone- and screwdriver-shaped nanorods and
determine the associated F. As shown in Fig. 3.6a for cone-shaped nanorods, the axial
contact force increases to a peak value followed by a drop upon vesicle tubulation, similar
to the results in Figs. 3.3, 3.4 and 3.5. It can be seen from Fig. 3.5 that the peak contact
force is proportional to the size of the nanorod tip. Therefore, it is not surprising that vesicle
tubulation occurs at the smaller end of the cone-shaped nanorod and at a smaller value of
L/R compared to that in the case of a cylindrical nanorod. As shown in Fig. 3.6a, for a
truncated cone of ai/R = 0.1 and a2/R = 0.3, the peak value of F is located around L/R =
2.6, which is smaller than the values of 2.9 or 3.2 for a uniform nanorod with ai/R = 0.1 or
0.3 in Fig. 3.3. A similar conclusion is obtained at a1/R = 0.1 and a2/R = 0.2. Although the
peak force (Fig. 3.6¢) was not captured by our MD simulations due to the narrow range of
parameter values within which it is located, as shown in Fig. 3.6a, we could observe similar
behaviors from the simulated equilibrium morphologies. For example, the vesicle
encapsulating a truncated cone of ai/R = 0.1 and a/R = 0.2 forms a tubular membrane
protrusion around L/R = 3.3, as shown in Fig. 3.6d; In contrast, it retains a lemon-like shape
without tubular protrusions when encapsulating a uniform nanorod of the same L/R (Figs.
3.4 and 3.6d). Moreover, the peak force in Fig. 3.6a is slightly higher than the peak force
in Fig. 3.3. A similar behavior is observed from MD simulations (comparing Fig. 3.6¢ with

Fig. 3.4a). In the case of a large a> (e.g., a2/R = 0.3), the force F could reach a higher level
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than the first peak upon vesicle tubulation. This increase in force can be attributed to a
gradual enlargement of membrane tubule in the radial direction (Fig. 3.6b), as also shown
by our MD simulations in Figs. 3.6¢d. In the case of small a; and a2 (e.g., ai/R = 0.01 and
az/R = 0.1), the enlargement of membrane tubule in the radial direction is not evident (Fig.
3.6a). Therefore, upon vesicle tubulation, the axial contact force exhibits similar linear
behaviors with respect to L/R, as in the case of an encapsulated cylindrical nanorod
(comparing the black lines in Fig. 3.6a with the black lines in Fig. 3.3a).

The current results can be used to predict the buckling of a confined elastic rod. We
exemplify the encapsulated rod of a uniform radius a as a bundle of weakly cross-linked
actin filaments [59]. The critical buckling force for the bundle under simply supported

boundary conditions is

Where Lp = 18 um is the persistence length of a single filament [62], L is the overall length
of the filament, and N is the filament number. Here we have assumed that the weakly
bundled filaments buckle independently. Thus, fy is linearly proportional to the filament

number N. In the case of a hexagonal distribution of the filaments in the bundle of radius

a, the filament number is around N =+/2z/3(3** +2zal d)a/d +1 , where the distance

between neighboring filaments is taken as d = 20 nm [94]. The relation between the
filament number N and the critical length R/L, at which the encapsulated bundle of actin
filaments buckles, can be determined by comparing the critical buckling force f, and the

axial contact forces in Fig. 3.3.
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Figure 3.7. Buckling phase diagram in terms of the normalized rod length L/R and filament number N
at R = 500 nm and Ap =400R%/x. The filament bundle of L/R and N above the phase boundary would
buckle due to the axial contact force.

For a vesicle of radius R = 500 nm at Ap =400R%/«, a phase diagram on the buckling
of an encapsulated cylindrical rod with and without consideration of the finite rod diameter
Is shown in Fig. 3.7. In the case where the effect of the rod diameter on the axial contact
force is not considered, the vesicle is assumed to form point contact with the filament
bundle of radius a and is subjected to a pair of outward point forces. As the force curve at
a/R =0.01 in Fig. 3.3a exhibits an indistinguishable difference from the point force case,
it is compared with f, and a discontinuous phase boundary is determined in which the
discontinuity corresponds to the shape transformation of the vesicle before and after
tubulation. At small N, no tubulation is formed. As N increases, the vesicle exhibits
tubulation. In a more realistic case where the effect of the rod diameter on the force curve
is not ignored, the critical length of the filament bundle becomes smaller and this trend
becomes more striking as N increases. Moreover, the filament bundle cannot resist the axial

force required for vesicle protrusion without buckling in our case study. Here we consider
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the case Ap =400R%x. As Ap decreases, the phase boundaries before and after vesicle

tubulation move upward and downward, respectively, as the axial contact force decreases

at a lower Ap. As demonstrated in Fig. 3.7, the finite rod diameter is significantly important

in regulating the buckling and protrusion of the confined filament bundle.

For a screwdriver-shaped nanorod with two cylindrical portions of different diameters,

curve of F exhibits two local maxima from the theoretical analysis (Fig. 3.8a). The first

local maximum located at a relatively small L/ R is due to the formation of a tubular

membrane protrusion enclosing the upper portion of the nanorod with a smaller diameter,

and the second maximum located at a relatively large L/R is due to the growing

protrusion enclosing the lower portion of the nanorod with a larger diameter (Fig. 3.8).
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Figure 3.8. (a) Theoretical normalized axial contact force FR/x as a function of the normalized length
L/R of screwdriver-shaped nanorods of different radial sizes a; = 0.1, 0.2, and 0.3 and (b) vesicle
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configurations at different lengths and Ap =400R%/x. (c) MD simulated normalized axial contact force
FR/k as a function of the normalized nanorod length R/L and (b) vesicle morphologies induced by
screwdriver-shaped nanorods at Ap =100R%/x. Here a; and a represent radii of the top and bottom parts
of the screwdriver-shaped nanorods, and we take a;/R = 1 and Li/R = 1.

In addition to the cherry- or bowling pin-like shape, a vesicle encapsulating a long and
rigid nanofiber could also resemble the Greek letter ¢ with a pair of tubular membrane
protrusions [9]. Experiments, theoretical analysis, and MD simulations indicate that the ¢-
shaped vesicle with vertical symmetry has a slightly higher elastic energy than the cherry-
shaped vesicle [7, 17, 72]. Further experimental studies show that the effective adhesive
interaction, such as the binding or friction between the lipid membrane and the enclosed
portion of the nanofiber, could facilitate the formation of a ¢ shaped vesicle [8]. In the
current study, as the adhesive interaction between the nanofiber and vesicle membrane is
neglected, the ¢-shaped vesicle has not been observed. An interesting question worth
further investigation is whether a cherry- or bowling pin-shaped vesicle encapsulating a
nanorod is still in a more energetically stable state than a ¢-shaped vesicle with two tubular
protrusions in the presence of adhesive interaction between the nanorod and vesicle
membrane. The adhesive interaction not only stabilizes the membrane protrusion but also
plays a key role in cell spreading which is guided by the interfacial stiffness of the substrate
surface [95].

The forms of vesicle tubulation analyzed here have also been observed in certain
organelles subject to external forces arising from the collective motion of motor proteins
along microtubules [78, 79]. For example, kinesin motors have been found to pull
membrane tubular structures out of giant unilamellar lipid vesicles in vitro [78] and out of

autophagosomes, a type of degradative compartment formed by the fusion of
41



autophagosomes and lysosomes during autophagy in vivo [96]. A key difference between
the vesicle tubulation induced by a local pulling force and that induced by an encapsulated
nanorod of a finite radius a is the presence of contact between the nanorod wall and vesicle

membrane. A free tubular membrane structure with bending stiffness x and membrane

tension ¢ adopts a cylindrical structure of a uniform radius I, =+fx/(20) based on the

minimization of elastic energy E = 2arL[x/(2r®)+¢] with respect to r [56, 97]. In the case

of a confined nanorod of radius a > r,, contact between the nanorod wall and vesicle

membrane serves as a physical constraint to prevent shrinking of the membrane tubular
protrusion from radius a to ro. From the point of view associated with membrane contact,
another case similar to the vesicle tubulation induced by a thick encapsulated nanorod is
the vesicle tubulation induced by an aspiration pipette at a large pipette aspiration pressure,
where tight contact between the external surface of the vesicle tubule and the internal
surface of the pipette could be formed.

From a mechanical point of view, a nuclear envelope can be modeled as a vesicle with
a double lipid bilayer [15, 98]. In fission yeast cells, such as Schizosaccharomyces pombe,
the elongation of spindle microtubules inside a nucleus lacking spindle pole bodies could
lead to an abnormal transformation in the shape of the nuclear envelope from a spherical
shape to a cherry- or ¢-like shape [13-15, 98, 99]. For example, the overexpression of the
Mialp [14] or nedl gene [13] leads to the formation of acentrosomal microtubule bundles
within the nucleus, whose elongation further results in tubulation of the nuclear envelope
during mitosis or interphase, a stage before mitosis in which cells replicate their
chromosomes and synthesize substances for cell division. Similar protrusions of nuclear

envelopes have been observed in msdl-null mutant cells, in which anchoring of the
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microtubules to the spindle pole bodies is impaired [99]. Moreover, the use of microtubule-
depolymerizing agents could suppress nuclear protrusions [98]. During anaphase in normal
mitotic cell division, sister chromatids separate and move to opposite poles of the cell. The
sister chromatids at the cell poles connected by microtubule bundles could be approximated
as wide elastic tips to characterize the transformation of the shape of the nuclear envelope.
Considering the force distribution on the chromatids [15] and their elastic deformation, our
model on the interaction between the vesicle and a nanorod with two wide tips could be
generalized to analyze the division of the nuclear envelope.

Our previous work on the pathogenicity of carbon nanotubes within lysosomes
indicates that the lysosomal confinement on long and stiff carbon nanotubes leads to local
membrane damage due to persistent axial contact between the nanotube and the inner
membrane leaflet, causing lipid extraction, lysosomal permeabilization, cathepsin B
release into the cytoplasm, and cell death [17]. Moreover, MD simulations show that the
critical condition for inducing lysosomal permeabilization can be expressed as a power-
law relation between the axial contact force and critical damage time; the lower the contact
force, the longer it takes for the membrane damage to occur [17]. Our present work shows
that the axial contact force depends not only on the nanotube length but also on its diameter.
The larger the nanotube diameter or tip, the higher the maximum axial contact force. Based
on our previous analysis [17], it can be predicted that at the same length, thicker nanorods
and nanorods with wider tips could induce membrane damage in a shorter time and thus
lysosomal membrane permeabilization, leading to pathogenicity. In the case of a
screwdriver-shaped nanorod within a vesicle, the axial contact force curve exhibits two

local maxima, and there are more edges of tight contact than in the case of a cylindrical
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nanorod (Fig. 3.8). As membrane damage due to lipid extraction occurs more easily at
edges of contact between the carbon nanotube and intracellular membrane [17], we expect
that encapsulated screwdriver-shaped nanotubes with more sharp edges might induce more
severe lysosomal damage and consequently more cathepsin B release, initiating a
proteolytic cascade culminating in the activation of caspases and leading to cell death by

apoptosis [100].
3.4 Conclusions

In summary, we presented in this chapter MD simulations and theoretical study to
probe the mechanical interplay between a vesicle and an encapsulated rigid nanorod of
finite and non-uniform diameter. Four distinct nanorod shapes are considered: a cylindrical
nanorod, a nanorod with two wide ends, a cone-shaped nanorod, and a screwdriver-shaped
nanorod. As the nanorod length increases, the vesicle encapsulating a uniform cylindrical
nanorod transforms from an initial sphere to a lemon- or conga drum-like shape with
vertical symmetry, and then to a cherry- or bowling pin-like shape with a single long,
tubular membrane protrusion and a bulge. For a thick and long nanorod, the vesicle evolves
from a bowling pin-like shape to a rod-like shape with vertical symmetry. Accompanying
the vesicle shape transformation, the axial contact force exerted by the confining vesicle
gradually rises to a peak as the nanorod length increases, and then decreases almost linearly
with respect to the nanorod length upon vesicle tubulation. The thicker the nanorod, the
higher the force peak. Similar features are present in the membrane tension curves. In the
case of a cylindrical nanorod with two widened ends, the axial contact force peak becomes
proportional to the size of the nanorod tip and is followed by a sharp, discontinuous drop

to a constant upon a discontinuous vesicle tubulation evolving from a conga drum-like
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shape. For a cone-shaped nanorod, vesicle tubulation occurs at the end of the nanorod with
a smaller size, with which a smaller axial contact force is associated. After an immediate
force drop upon vesicle tubulation, the axial contact force exerted on the cone-shaped
nanorod could increase again as the nanorod length increases. The vesicle encapsulating a
screwdriver-shaped nanorod is subjected to two peaks of axial contact force due to the
formation of a tubular membrane protrusion enclosing the upper and lower nanorod
portions of different diameters. Our analysis provides mechanistic insights into the
importance of nanorod size and shape for regulating the mechanical interplay between
cellular vesicles and encapsulated nanorods, which can serve as a theoretical basis to
understand the cellular packing of actin or microtubule bundles [10, 96], filopodial
protrusions [12], and mitotic cell division involving microtubule rearrangement [13-15, 98,
99]. Recalling that the enforced mechanical contact between carbon nanotubes and
intracellular vesicles plays a key role in identifying the membrane damage and
pathogenicity of one-dimensional carbon-based materials [17], our results predict that stiff
carbon nanotubes with larger diameters, wider tips, or more edges could aggravate

pathogenicity.
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Chapter 4

Packing of flexible 2D materials in vesicles

4.1 Introduction

More than a decade of research has resulted in an ever increasing variety of engineered
two-dimensional (2D) materials, such as graphene, hexagonal boron nitride (h-BN),
graphitic carbon nitride, and transition metal dichalcogenides (e.g., MoS; and WS) [4, 5].
As 2D materials are being actively explored for applications in nanotechnology, their
potential toxicity and health risks have become an urgent issue and are calling for more
thorough understanding of their interactions with living cells and intracellular organelles
[6]. Knowledge about the modes of packing of flexible sheets in vesicles is an important
step towards understanding specific biological responses to 2D materials.

Depending on their mechanical, geometrical and surface properties, 2D materials
exhibit a variety of modes of interaction with cell membranes [6]. For example,
experiments and MD simulations have demonstrated that graphene and graphene oxide
(GO) sheets can spontaneously pierce into cell membrane at sharp corner or edge asperities
[26], resulting in destructive lipid extraction and loss of membrane viability [23]. With
coating proteins, nanosheets show a variety of size-dependent cell internalization pathways.
For example, large (micron-sized lateral dimension) protein-coated GO sheets, following
initial attachment to the membrane of PLHC-1 cells, enter cells predominantly through
phagocytosis, while small (500 nm) protein-coated GO sheets are internalized through
clathrin-mediated endocytosis [101]. Pristine or lightly functionalized graphene nanoflakes
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can either cut across a bilayer membrane as a transmembrane object or align along the
interface between the monolayers when their lateral sizes are comparable to the membrane
thickness [102-105]. The extent of hydrophilicity arising from oxidized edges and
membrane microstructures play important roles in regulating these different interaction
modes.

Following cell uptake, nanomaterials might accumulate in intracellular organelles like
endosomes and lysosomes, and as indicated through experimental studies, their behavior
under confinement in intracellular vesicles plays a critical role in their cytotoxicity [17,
106, 107]. Itis found that long and stiff carbon nanotubes within lysosomes cause persistent
tip contact with the inner lysosomal membrane, leading to lipid extraction, membrane
permeabilization, and eventually cell death; while biologically soft carbon nanotubes
become curved in lysosomes with low pathogenicity, without activating this
nanomechanical toxicity pathway [17]. For 2D materials, new packing morphologies and
fundamentally different modes of interaction with vesicles are expected. However, so far
only a few experiments and no systematic simulations and theoretical work have been
performed on this topic. Experiments have shown that GO sheets of small lateral size (350
nm) remain in their initial flat shapes, while large lateral sized GO sheets (2 um) form
wrinkles and tend to fold into lysosomes [19].

In this chapter, with an aim to reveal the mechanical behaviors of flexible sheets of 2D
materials within (intracellular) vesicles, we consider the packing of a circular sheet in a
spherical vesicle and the two-dimensional packing problem of a strip in a cylindrical
vesicle CGMD simulations and theoretical analysis. It is shown that the packing

morphologies and modes of interaction of the vesicle-sheet system strongly depend on the
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bending rigidity ratio between the encapsulated sheet and the vesicle membrane. Phase
diagrams of the packing morphologies will be determined based on a buckling analysis,
and discussions will be made on differences between the cellular packing of flexible one-
and two-dimensional materials. Our results indicate that both the elasticity and geometry
of nanomaterials play important roles in regulating their mechanical behaviors under
confinement in vesicles. Our findings may help develop a theoretical foundation to

understand intracellular toxicity of 2D materials.

4.2 Model and methods

To elucidate the modes of mechanical interaction between a vesicle and an
encapsulated flexible sheet of 2D material, we perform systematic CGMD simulations
combined with theoretical modeling to demonstrate and analyze how the rigidity and
geometrical factors regulate the morphology of the vesicle-sheet system. We adopt the
same vesicle membrane model used in previous chapters. In this chapter, both spherical
and cylindrical vesicles are simulated, the initial radius are set to be a =50 nm. The CGMD

simulations were performed at a constant pressure difference of Ap =~ 40 kPa,

corresponding to a normalized value of Apx/R® = 100.

The encapsulated sheet is modeled as a 2D triangular lattice of CG beads, whose
bending rigidity is determined by the stiffnesses of the connected bonds, angles, and
dihedrals between the CG beads. Similar schemes have been used to model graphene
nanosheets [108]. Specifically, the CG beads of two-dimensional triangular lattice have a
nearest neighbor distance of 1.3 nm and internal angle 6 of n/3. The nearest beads are

connected by harmonic bonds with stiffness Knamonic=200.0 kcal mol™ rad, and the rest
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length between two nearest beads is ri=1.3 nm. The internal angle 6 of each triangle is
maintained by the harmonic potential Uangie(6)=Kangie(6-1/3)? with spring constant Kangle=1.0
kcal mol™ rad?, the planar dihedral angle ¢ of every two connected triangles is maintained
by potential Udinedral()=Kdinedral(1+C0Sp)?, where Kainedral is used to tune the bending rigidity
of the nanosheet. To measure the rigidity of the nanosheet, a triangular lattice of area A is
folded into a cylinder of radius Rp as shown in Fig. 4.1. The elastic energy of a curved
nanosheet is AE = xpARy%/2 With x;p as the bending rigidity of the nanosheet. Cylinders of
different radius are constructed at each Kainedrat, and xp is calculated by the linear fitting
between 2AE/A and Ry as shown in Fig. 4.1b. Fig. 4.1c shows that the nanosheet bending

rigidity «p linearly depends on Kginedral With a relation xp ~ 0.8 Kainedral.
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Figure 4.1. Modeling of a flexible nanosheet in CGMD simulations. (a) A two-dimensional triangular
lattice structure is folded to a cylinder of radius Rp. (b) The relationship between 2AE/A and Ry at
Kaineara=10 kcal/mol, 20 kcal/mol, and 40 kcal/mol. The corresponding fitted bending rigidity of the
nanosheets are 8.1 kcal/mol, 16.0 kcal/mol, 31.9 kcal/mol, respectively. (c) The relationship between

the nanosheet bending rigidity and dihedral stiffness is fitted as xp =~ 0.8Kdinedral-
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The MD simulations were performed under a constant ambient temperature 310 K with
a time step fixed at 100 fs. In the study of rigid nanosheets, the encapsulated nanosheet was
fixed while the vesicle membrane could move freely during the simulations. After
equilibrium, another 100 ns simulation was performed for each case to get the average
compression force due to the contact between the vesicle membrane and nanosheet. In the
cases of flexible nanosheets, both the nanosheets and vesicle were allowed to relax to

obtain the equilibrium morphologies.

4.3 Results

MD simulations can be employed to study mechanical interactions in a general vesicle-
sheet system. To validate the simulation results, we focus on a combined MD and
theoretical analysis of a couple of benchmark cases with axisymmetry or plane symmetry.
The Canham-Helfrich model [22] is employed to characterize the vesicle deformation and
the classical buckling analysis is adopted to evaluate the mechanical instability of the
confined sheet.

4.3.1 Packing of a flexible sheet in a spherical vesicle

We first consider the packing of a rigid circular sheet of diameter L, in a spherical
vesicle of a fixed surface area Ao = 4ma?, a being the effective vesicle radius (see the inset
in Fig. 4.2a). In the theoretical analysis, we assume that the axisymmetric vesicle adopts a
configuration of upside-down symmetry as shown in the inset in Fig. 4.2 with the arclength
s starting from the south pole of the vesicle and reaching s = | at the edge of contact between

the vesicle and the encapsulated sheet. The total energy of the system is expressed as [89]
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E,. zzmj;r(ws"‘T‘/’J ds—Ap(V —V,) + (A~ A )+ 27 jo' u(r —cosy)ds, (4.1)

where y, s and « are the tangent angle, arclength, and bending rigidity of the vesicle
membrane, and the dot denotes derivative with respect to the arclength s; Ap represents the
pressure difference between the interior and exterior of the vesicle, V and A are the volume
and surface area of the deformed vesicle, respectively; Vo = 4na®3 and Ao = 4na? are the
initial volume and surface area of the spherical vesicle. The effective membrane tension o
is introduced as a Lagrange multiplier to enforce the constraint of the vesicle area; and x(s)

serves as a Lagrange multiplier function to impose the geometric relation v =cosy .

Introducing

. 2
L =xr (y'/+sm—wj — Apr?siny + 2ot + u(f —cosy)
r

I
allows us to rewrite E,, = 27rfo £Lds+ApV, —cA,. Variation of E,, leads to a set of Euler-
Lagrange equations that govern the vesicle shape

2Ky = —21((1// —Sm—l//jcosv/ — Aprécosy + usiny,
r

,a:K(l/)+Smwj(;/)—smwj—mprsiny/+2c7, (4.2)
r r

I =cosy.

Geometrical boundary conditions for the Euler-Lagrange equations (4.2) are w(0) =0

and r(0) = 0 at the south pole of the vesicle (s = 0), and y(lI) = n/2 , r(I) = Lp/2. The

conditions for the area constraint of the vesicle are A(0)=0 and A(l)=27a’. To

determine the unknown |, we employ the method from ref. [109] and introduce a new
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independent variable t such that t=0 at the south pole (s=0) and t=1 at s=I. The governing
equations are then reparametrized by replacing ds with Idt. The conservation of the

Hamiltonian function H = -/ +y©0£L [ oy +¥oL [ oF results in £(0)=0 as discussed in

refs. [109, 110]. With the knowledge of the boundary conditions, the governing equations

could be solved numerically for the energy and configuration of the system, as well as the

membrane tension o(=—-0E,, / 0A>0). The contact force per unit length f upon the closed

contact edge is determined as f =0E,, / [z (L, 12?1 or f=2u(l)/ L,. In parallel to the

theoretical model, we perform MD simulations for Apa®/x=100 and different L, /(2a).
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Figure 4.2. Variations of (a) the total free energy E:w: and (b) compressive contact force per unit length
f of a rigid sheet confined in a spherical vesicle as functions of the sheet-vesicle size ratio Ly/(2a) at
different values of pressure difference Ap. (c) Selected shapes of the vesicle-sheet system with
Lp/(2a) = 1.1, 1.3 and Apx/R®= 0, 100 from theoretical modeling. The inset in (a) is the MD simulation
model. White and black arrows represent the contact force f and pressure difference Ap, respectively. In
(b), red dots are results from the MD simulations, and the insets show equilibrium vesicle morphologies
at Apx/R® =100 and Ly/(2a) = 1.08, 1.18 and 1.29.

As indicated in Fig. 4.2a,b, both the total free energy Ewt and the contact force f
increase at increasing rates with the sheet diameter L, or pressure difference Ap. Fig. 4.2¢c
plots the theoretical prediction of selected vesicle configurations at different Lp and Ap. As

L, increases, the vesicle becomes inflated and the central region of the vesicle bulges.

Similar behaviors are observed in MD simulations (insets in Fig 4.2b).
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Figure 4.3. Temporal evolution of the packing morphology of an initially spherical vesicle
encapsulating a flexible circular sheet of normalized diameter Ly/(2a) = 1.24 under normalized pressure
Apr/R® = 100. The bottom row displays the side view of the system whose corresponding top view is
provided in the fourth row.

Next we consider the packing of a flexible circular nanosheet in a spherical vesicle.
As the compressive contact force on the sheet edge is proportional to its size, it is
anticipated that an encapsulated sheet of sufficiently large size and small bending rigidity

will undergo buckling instability. Fig. 4.3 shows typical time sequenced snapshots of

system morphologies at Lp/(2a) = 1.24 and for different xp/x = 0.1, 1, 5, 26 and 43. At
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kplk = 0.1, a very soft and flexible sheet becomes crumpled into a structure with two
developable cone vertices [111] and eventually evolves to a conical structure with no
stretching, and the vesicle maintains a nearly spherical shape. In this case, the relatively
strong vesicle confinement induces large and complex deformation of the soft nanosheet,
with partial edge contact between the crumpled nanosheet and vesicle membrane. This is
similar to a flat elastic thin sheet packed in a rigid hollow cylinder exhibiting a conical
structure described by the equation of an elastica [112-114]. In the case of xp/x = 1, the
nanosheet with bending rigidity comparable to that of the vesicle membrane adopts a
configuration of mirror symmetry, undergoing significant cylindrical bending (generalized
plane strain bending) deformation while the vesicle adopts a dumpling-like shape. As the
nanosheet becomes stiffer (e.g., kp/k = 5), it evolves first to a shape of three-fold symmetry
with a nearly flat region at the center, then undergoes cylindrical bending deformation with
elastic energy released from these three curved regions. In comparison, very stiff
nanosheets (e.g., kp/kc = 26 and 43 here) display no significant deformation in the vesicle.
As the side views in the bottom row of Fig. 4.3 indicate, the nanosheet of xp/x = 26 adopts
a cylindrical mode of bending deformation and maintains a configuration of mirror
symmetry; while the nanosheet of xp/x = 43 undergoes slight axisymmetric bending. This
rigidity-dependent shape transformation of the encapsulated nanosheet can be understood
as follows. As long as the elastic deformation of the nanosheet is within its linear range,
the sheet maintains an essentially axisymmetric shape. When the nanosheet becomes more
flexible, its deformation falls into a geometrically nonlinear range, in which maintaining
an asymmetrical deformation mode requires both bending and in-plane stretching. In this

case, a cylindrical bending mode could occur with minimal in-plane stretching. Therefore,
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below a critical ratio of bending rigidity, the encapsulated nanosheet adopts a cylindrical
mode of bending deformation. Similar deformation mode transition has been predicted
theoretically in the bifurcation study of a thin film-substrate system subject to a mismatch
strain [115]. In addition to MD simulations which is capable of characterizing the complex
packing configurations, significant efforts are required to build a complete theoretical
model on packing of a flexible nanosheet in a spherical vesicle. This challenging task calls
for fundamental studies aimed at understanding the mechanics of crumpled thin sheets [116]

and deserves further dedicated investigations in the future.
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Figure 4.4. Time sequences of MD simulations showing morphological evolutions of the vesicle-sheet
system. (a) Buckling of an initially flat nanosheet of bending rigidity xp/x = 1 in a spherical vesicle. (b)
Flattening of an initially curved nanosheet of bending rigidity xp/x = 80. The nanosheets in both cases
have the normalized diameter of Lp/(2a)=1.29. (c) Variations of distance d between two edges of the
nanosheets during the morphological evolutions shown in (a) and (b). Inset in (c) illustrates the
definition of the edge distance d.

For an encapsulated sheet of bending rigidity comparable to or larger than that of the
vesicle membrane, further simulations indicate that the equilibrium states of the vesicle-
sheet system are insensitive to the initial packing configurations (Fig. 4.4a,b). An initially
flat nanosheet of relatively small bending rigidity (e.g., xp/x = 1) buckles in a short period

of time under the compressive force from the vesicle confinement. After long time

simulations, the system reaches an equilibrium state in which the nanosheet is strongly
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curved in the cylindrical bending mode and the vesicle adopts a dumpling-like shape with
two mirror symmetry planes (Fig. 4.4a,c). The confined nanosheet undergoes shape
fluctuations (characterized by the edge distance d) due to thermal undulation. For an
initially curved nanosheet of large bending rigidity (e.g., xp/x = 80), the sheet returns to the
flat configuration with released bending energy compensated by the deformation of the
vesicle (Fig. 4.4b,c). At the same time, the vesicle evolves from an initial dumpling-like
shape to a lens-like shape. Note that the nanosheet with large bending rigidity exhibits very

small shape fluctuations at equilibrium (Fig. 4.4c).
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Figure 4.5. (a) Phase diagram on the packing instability of the encapsulated flexible circular sheet with
respect to the bending rigidity ratio x,/x and size ratio Ly/(2a) at different pressures. (b) MD simulations
showing the buckling instability at Apx/R® = 100. The dashed line corresponds to the red curve in (a).
(c) Representative equilibrium morphologies of the vesicle-sheet system at selected xy/x and Lp/(2a)
from MD simulations.

As demonstrated in MD simulations, an encapsulated flexible nanosheet of sufficiently
large size and small bending rigidity could buckle under the compressive contact force f

along the edge. Based on the Euler buckling criterion under the assumption that the

maximal deflection of the nanosheet is small compared to its length, the critical buckling

force per unit contact length is fc=16.79Kp/Lf) , Where the bending rigidity

K, = Ephs /[12(1—1/5 )] depends on the Young’s modulus Ep, thickness hp, and Poisson ratio
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v, of the nanosheet [117]. Substituting fc into f, we can determine a buckling phase diagram

for the encapsulated nanosheet inside a vesicle with respect to the sheet-vesicle size ratio
Lp/(2a) and bending rigidity ratio xp/x (See Fig. 4.5a). As shown in Fig. 4.5a, larger and
softer encapsulated nanosheets are easier to buckle. The theoretical prediction of buckling
at Apx/R® =100 is confirmed by our MD simulations (Fig. 4.5b) with selected sheet-vesicle
system morphologies demonstrated in Fig. 4.5¢. Generally, larger and softer nanosheets
are curved more significantly inside their confining vesicles (Fig. 4.5c).
4.3.2 Two-dimensional packing of a flexible strip in a cylindrical vesicle

In a two-dimensional configuration, we limit our attention to the packing of a flexible
strip in a cylindrical vesicle with a constant contour length 2za, a being the effective radius
of the vesicle (see the inset in Fig. 4.6a). The total energy of the system per unit length in

the out-of-plane direction is [118, 119]

_K
tot_E

+I[y(r‘ —cosy)+n(z-siny)]ds,

E jczds+%jc§dsp—Ap(A—ﬂaZ)+a(st—27za)

(4.3)

where c(=y), w(s), S ,and « are the curvature, tangent angle, arclength and bending

rigidity of the vesicle membrane, respectively, and the dot denotes derivative with respect
to the arclength s starting from the left contact edge. For the encapsulated strip, the
corresponding quantities are denoted with subscript ‘p’; The first and second terms
correspond to the bending energy of the vesicle and strip, respectively; Ap represents the
pressure difference between the interior and exterior of the vesicle, and A is the enclosed
area of the deformed vesicle in two dimensions. The fourth term is introduced to enforce

the constraint that the vesicle circumference L is fixed at 2za, where the effective
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membrane tension o serves as the Lagrange multiplier. In the last term, (s) and 5 (s) are
the Lagrange multipliers to enforce geometric relations ¢ = cosy and z =siny .

In the case of encapsulating a rigid flat strip of a uniform width Lp, we assume that the
vesicle adopts a configuration of upside-down symmetry as shown in the inset in Fig. 4.6a.
Variation of Ei leads to the following Euler-Lagrange equations that govern the vesicle

shape

W = (usiny —ncosy —Aprcosy) / k,

L =—Apsiny,

n=0, (4.4)
I =cosy,

Z=siny.

Six boundary conditions corresponding to equations (4) are w(0) = -z/2 , r(0) = -Lp/2
and z(0) = 0 at s = 0 (left contact edge), and w(za) = #/2, r(za) = Lp/2, and z(za) = 0 at
s = za (right contact edge). By using the shooting method, the governing equations could
be solved numerically for the elastic energy and configuration of the system. The edge

contact force f per unit length of the encapsulated strip is determined as [120]
f :8Etot /aLp or f = 2#(0)
and the effective membrane tension ¢ is [119, 121, 122]

o=-0E, /oL or o=(Ex+C’x/2+Ap)/c.
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Figure 4.6. Variations of (a) the total free energy E:t and (b) edge contact force of an encapsulated rigid
strip in a cylindrical vesicle as functions of the strip-vesicle size ratio Ly/(2a) at different Ap. (c) Selected
shapes of a cylindrical vesicle encapsulating a rigid strip of widths Ly/(2a) = 1.2 and 1.4 at Apx/R®=0
and 100 from theoretical modeling. The inset in (a) is the MD simulation model. White and black arrows
represent the contact force f and pressure difference Ap, respectively. In (b), red dots represent results
from the MD simulations, and insets show equilibrium vesicle morphologies at Apx/R® = 100 and Ly/(2a)
=1.09, 1.19 and 1.29.

Fig. 4.6a,b shows the total energy Et and edge contact force f at different Ap in the
two-dimensional packing of a rigid strip in a cylindrical vesicle. Similar to the packing of
a rigid circular sheet in a spherical vesicle, both Eit and f increase at increasing rates with
the strip size Lp. A higher Ap induces higher Eit and f. Theoretical prediction of selected
vesicle configurations at different L, and Ap are shown in Fig. 4.6¢. In the presence of a
pressure difference, the vesicle is inflated and its central region bulges. The contact force
and equilibrium vesicle morphologies at Apx/R® = 100 have also been obtained from MD

simulations (see the red dots and insets in Fig. 4.6¢) and are consistent with the theoretical

predictions.
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Figure 4.7. Phase diagram for the two-dimensional packing of an encapsulated flexible strip in a
cylindrical vesicle with respect to the strip-vesicle bending rigidity ratio xy/x and size ratio Ly/(2a) from
the theoretical analysis at different values of the pressure difference Ap (a), and from MD simulations
at Apx/R®= 100 (b). The dashed line in (b) corresponds to the red curve in (a).

An encapsulated flexible strip of sufficiently large size and small bending rigidity will

buckle into a curved shape due to the compressive edge contact force by the vesicle

confinement. Based on the Euler buckling criterion, the critical buckling force per unit
contact length is f, = nzxp / Lf) Comparing the edge contact force f to the critical buckling

force fc, we can theoretically determine a buckling phase diagram for the encapsulated strip
(Fig. 4.7a) with respect to the bending rigidity ratio and size ratio. As Ly and Ap increase,
so does the critical bending rigidity of the encapsulated strip. The theoretical prediction at
Apx/R® =100 is confirmed by our MD simulations (Fig. 4.7b).

Considering large deflections of a bent strip, the deformed shape subject to a pair of
edge contact forces f is locally governed by Kpdzl/lp /ds,f + fsiny, =0, which can be

integrated as [123]

2
d
ﬂ =£(COSWP_COSV/O)’
ds, K,
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where ¥, =y, (0) is the tangential angle of the strip at the left contact edge. Here we have
treated the encapsulated strip as an inextensible planar elastica. Assuming that the strip

buckles downwards (¥, <0), the contact force f at a certain ¥, can be expressed as an

4.5
\/7 JZ(cosw —cosy,) | (#5)

and the bending energy of the strip can be determined as [123]

elliptic integral,

1 dy,
E, =—K’ J'[ ds, ] ds —fj(cosw oSy, )ds,

4/ j J(cosy"—cosy,)dy".

With geometric relations dr, /ds, =cosy, and dz,/ds, =siny,, the shape of the

(4.6)

deformed strip is [123]
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Figure 4.8. (a) Bending energy of an inextensible strip with finite deflection. (b) The strip-vesicle

1.29
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configurations for selected bending rigidity ratios at Apx/R® = 400 and Ly/(2a) = 1.4 from theoretical
modeling. (c) Representative equilibrium system morphologies of selected size ratio and bending
rigidity ratio at Apx/R® = 100 from MD simulations. Inset in (a) plots the strip configuration at
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d/L, = 0.8 with d as the edge distance.

According to equations (4.5-7), we can obtain the bending energy and the
corresponding configuration of the strip at different bending levels. For example, Fig. 4.8a
plots the strip bending energy E;, as a function of the edge distance d, and Ep(d) exhibits an
approximately linear relation with d. In the two-dimensional problem of encapsulating a
flexible strip inside a cylindrical vesicle, substantial mechanical deformation can take place.
The summation of Ep in Fig. 4.8a and Etwt in Fig. 4.6a enables us to determine the
energetically favorable system configurations as illustrated in Fig. 4.8b. As «p/x decreases,
the encapsulated strip is more significantly curved, which is also seen in MD simulations
(see Fig. 4.8c). As shown in Fig. 4.9a, a relatively flexible flat strip of a width larger than
the vesicle diameter (xp/x = 11 and Ly/(2a) =1.24) buckles upon the compressive force on
the contact edge; while for a relatively stiff strip («p/x = 85) of the same L, in an initial
curved configuration, it gradually becomes flattened as shown in Fig. 4.9b. Further analysis
on the temporal evolution of the edge distance d of the strip indicates that the strip
undergoes shape fluctuations with a reducing amplitude as the system evolves to an
equilibrium state upon thermal undulation (Fig. 4.9c). These results suggest that the
equilibrium state of the vesicle-strip system is insensitive to the initial system configuration,
similar to the three-dimensional packing of a flexible circular sheet in a vesicle (Fig. 4.4).
In this section, we limit our studies to the cases in which only the edge contact is fully
formed. For more flexible strips or those of much larger widths, the surface contact between
the vesicle and strip could be modeled by, for example, the Lennard-Jones interaction

potential [124].
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Figure 4.9. Time sequences of MD simulations showing morphological evolution of the vesicle-strip
system in two dimensions. (a) Buckling of an initially flat strip of bending rigidity xy/x = 11. (b)
Flattening of an initially curved strip of bending rigidity xp/x = 85. (c) Time evolution of the distance d

between the two contact edges. Inset in (c) illustrates the definition of the edge distance d.

4.4 Discussion

Packing of flexible sheets in vesicles serves as a model to understand cellular
interaction with 2D materials. Through endocytosis, nanosheets engulfed by cells might
undergo intracellular transport into and become encapsulated by subcellular vesicles such
as endosomes and lysosomes. Though the bending rigidity of lipid bilayers could vary in a
wide range from 20 kgT to 150 kgT, depending on the membrane composition [71], a value
on the order of 20 kT can be taken as a typical bending rigidity for the lipid membrane of
a subcellular vesicle [17, 125], in which the most abundant phospholipids are
phosphatidylcholine, phosphatidylethanolamine and sphingomyelin [126]. Depending on
the number of atomic layers and chemical composition, the bending rigidity xp of engulfed
2D nanosheets could be comparable to, or significantly larger than, that of the
biomembrane. For example, MD simulations indicate that «p is about 56 kgT for single-
layered graphene [127], 700 keT for MoS: bilayer [127], and 375 keT for MoS, monolayer

[128]. In experiments, the bending rigidity of a monolayered GO nanosheet with a carbon-
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to-oxygen ratio (4:1) is measured around 180 ksT [129]. A typical radius of lysosome is
about a = 0.5 um, and the pressure difference due to osmolarity change is about 300 Pa
[17]. According to the buckling analysis in Fig. 4.5a, the critical bending rigidity of an
encapsulated sheet at bucking is on the order of few hundred keT. Therefore, for packing
in intracellular vesicles, the MoS: bilayer can be regarded as rigid, while single-layered
graphene, GO, and MoS; monolayer might be considered flexible.

Experiments and MD simulations indicate that the packing of one-dimensional
nanofibers in vesicles strongly depends on the nanofiber-membrane bending stiffness ratio
and size ratio [9, 38, 72]. For example, an encapsulated long and stiff nanofiber could give
rise to a cherry-shaped vesicle with a single tubular protrusion or a ¢-shaped vesicle with
a pair of tubular protrusions [9, 72]; while an encapsulated flexible nanofiber could exhibit,
depending on the nanofiber length, an axisymmetric lemon-like vesicle shape with a pair
of protruding tips or a non-axisymmetric dumpling-like shape with the nanofiber curved
against the vesicle membrane [38, 72]. In comparison with the packing morphology of
nanofibers in vesicles, our present study shows that the packing of 2D sheets without edge
asperities typically involves milder deformation and no (planar) protrusions. The packing
morphology of a one-dimensional nanofiber in a vesicle typically depends on the initial
configuration of the vesicle-nanofiber system [72]. For the packing of an initially curved
long nanofiber inside a spherical vesicle, the vesicle could exhibit, depending on the
nanofiber stiffness, a non-axisymmetric dumpling-like shape without tubular protrusions
or a cherry-like shape with a single tubular protrusion, and the boundary between these two
packing morphological phases is well characterized by the classical Euler buckling theory

[72]. If the nanofiber is initially straight in the vesicle, the same morphological phases exist
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but the phase boundary does not obey the Euler buckling criterion [72]. In contrast, the
packing of 2D sheets in vesicles under consideration appears to be insensitive to the initial
vesicle-sheet configurations, as shown in Figs. 4.4 and 4.9. The reason for this is that the
packing process of a nanofiber involves a significant barrier associated with vesicle
tubulation [72, 77], while that of a 2D sheet involves no such barrier. An interesting open
question is under what conditions an energy barrier would emerge as the encapsulated
nanomaterial varies from a one-dimensional fiber to a 2D sheet.

In this chapter we have assumed that there is no (evident) adhesive interaction between
the encapsulated sheet and vesicle. It is not clear whether such adhesion could lead to two-
dimensional membrane protrusions. Experimental and theoretical studies reveal that a
linear aggregation of adhesive nanoparticles within a vesicle could give rise to vesicle
tubulation [130, 131], and binding between microtubule and vesicle membrane through
certain proteins could stabilize a ¢-shaped vesicle [8]. However, relatively little is known
about the packing of adhesive sheets in a vesicle.

The encapsulated sheets considered here are assumed to have smooth edges without
edge asperities or sharp corners. Previous theoretical modeling and MD simulations have
shown that edge asperities could significantly influence the manner by which membrane
interacts with nanosheets [23, 26, 103-105, 132]. For example, edge asperities of graphene
nanosheets can reduce the energy barrier of membrane penetration to only a few kgT,
enabling spontaneous penetration [26]. Theoretical analysis accounting for the bilayer
microstructure of the lipid membrane indicates that transmembrane nanosheets exhibit a
near-perpendicular configuration with respect to the membrane surface, driven by

membrane splay and tension energies [105]. Once membrane penetration by graphene
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takes place, lipid molecules could be extracted out of the membrane due to strong
interactions between the hydrophobic lipid hydrocarbon chains and graphene surface [17,
23], and lipid extraction could result in membrane permeabilization, membrane damage
and cell death [17, 23]. These phenomena suggest that nanosheets such as graphene with
edge asperities or sharp corners might pierce through a confining vesicle or even escape
from it; In these cases, the buckling of a nanosheet under strong confinement might not be
applicable. For sheets free of edge asperities or those polar 2D materials like highly
oxidized graphene oxide, h-BN, and MoS;, direct piercing of membrane requires
overcoming a large energy barrier or is energetically unfavorable. Barring direct
penetration, the mechanical interaction modes discussed in our study should be applicable.
Recent experimental studies of intracellular trafficking of nanoparticles report that
nanoparticles with low sharpness could stably reside in the intracellular vesicles such as
endosomes or lysosomes, while those sharp-shaped nanoparticles could escape from the
vesicles and accumulate in the cytosol [107]. Further simulations and theoretical studies
will be required to fully understand the coupling between elastic deformation and

geometrical effect in the packing of 2D materials in cells or vesicles.

4.5 Conclusions

MD simulations and theoretical analysis have been performed to explore the packing
of flexible sheets in vesicles. In particular, we have studied the packing of a flexible circular
sheet in a spherical vesicle and two-dimensional packing of a strip in a cylindrical vesicle.
It is shown that the sheet-vesicle size and rigidity ratios play important roles in regulating
the packing morphologies of the vesicle-sheet system. As the sheet rigidity increases, it

undergoes complex shape transformations to a rich variety of morphologies including a
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conical shape, a shape of three-fold symmetry with a nearly flat central region and three
curved marginal regions, a generalized cylindrically curved shape, an axisymmetrically
buckled shape, and the initial circular shape. Phase diagrams of the packing morphology
have been established based on the critical conditions for buckling instability. In
comparison to cellular packing of long and stiff one-dimensional materials with tubular
membrane protrusions, no membrane protrusion has been observed for a vesicle
encapsulating a 2D sheet. This study shows how size and elasticity of 2D materials could
regulate their packing morphology in vesicles. Our findings may have important biological
implications on the cytotoxicity of 2D materials and may help provide a theoretical

foundation to understand biological and environmental interactions of 2D materials.
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Chapter 5

Mechanics of selective membrane-targeting
antibiotics

5.1 Introduction

Staphylococcus aureus is a Gram-positive opportunistic human pathogen carried by
approximately one third of the human population. Despite antibiotic availability, S. aureus
infections are often hard-to-cure and remain one of the major causes of death [133], in part
due to the ability of S. aureus to enter into a non-growing antibiotic-tolerant state, referred
to as persisters [133, 134]. Persisters exhibit significantly reduced biosynthetic processes,
which are the major targets for most antibiotics [134]. Persisters also exist in a
metabolically low-energy state [135] that prevents the energy-dependent uptake of
antibiotics such as aminoglycosides [28]. S. aureus persisters are present in high numbers
in stationary-phase suspension cultures and biofilms [25, 28, 29] and are responsible for
chronic and relapsing infections such as endocarditis, osteomyelitis, and prosthetic implant
infections [135].

Bacterial membranes are attractive anti-persister targets because they can be disrupted
independently of growth. Although membrane-active agents are typically toxic to
mammals due to low membrane selectivity [136], the clinical success of daptomycin has
sparked new interest in membrane-active antimicrobial therapeutics [136]. The lipophilic
tail of daptomycin, a natural cyclic lipopeptide synthesized by Streptomyces roseosporus,

inserts into Gram-positive bacterial membranes forming oligomeric pores, causing
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membrane depolarization, potassium ion efflux, and rapid cell death [137]. Despite strong
antimicrobial potency against growing bacterial cells, daptomycin has not been reported to
be effective against persisters [138, 139].

Recently, we described the identification of membrane-active synthetic retinoids that
are efficacious in killing MRSA persisters [25]. They are also relatively non-toxic because
they exhibit a significant amount of selectivity for Gram-positive bacterial membranes
compared to mammalian membranes [25]. Like daptomycin, the antimicrobial retinoids
also appear to insert into Gram-positive bacterial membranes causing rapid
permeabilization and cell death. In contrast to daptomycin, however, a subset of the
membrane-active synthetic retinoids also kill non-growing MRSA persister cells [25]. In
addition to the synthetic retinoids, two additional membrane active compounds with anti-
MRSA activity, NH125, a histidine-kinase inhibitor [140], and nTZDpa, a non-
thiazolidinedione peroxisome proliferator-activated receptor gamma partial agonist have
been described [24]. Although NH125 and nTZDpa have excellent anti-MRSA persister
activity, they both cause substantial hemolysis of red blood cells at high concentrations
(over 32 pg/mL) [24, 141], which is a drawback for further development as anti-MRSA
therapeutics.

The membrane-active retinoids, NH125, and nTZDpa were identified by screening
~82,000 synthetic compounds using a high throughput Caenorhabditis elegans-MRSA
infection screening assay for compounds that block the ability of MRSA to kill the
nematodes [24, 25, 140], 185 “hit” compounds were screened for the additional ability to
permeabilize MRSA persisters using a SYTOX Green membrane permeability assay [140].

Another putative membrane-active antimicrobial identified in this screen was the FDA-
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approved anthelminthic drug bithionol, which was chosen for additional studies due to its
well-established pharmacokinetics, toxicity, and safety profiles [142].

In this chapter, we describe the therapeutic potential of bithionol as an anti-MRSA
persister antibiotic agent, and using molecular dynamics simulations, we provide a putative
mode of action that explains the ability of bithionol to selectively disrupt bacterial
membranes compared to mammalian membranes. Moreover, by simulating a panel of
bithionol, retinoids and nTZDpa analogs, we demonstrate the potential of in silico
simulations to evaluate the selectivity of compounds for bacterial membrane versus
mammalian membrane, which could be used for rationally designing high potent
membrane-active antimicrobial with high selectivity and overcoming the current obstacle

of membrane selectivity issues.

5.2 Simulation model and methodology

All-atom MD simulations based on the GROMACS package [143] were performed to
investigate the interactions between nanoagents and a simulated bacterial or mammalian
plasma membrane. Automated Topology Builder [144] was employed to generate the
topologies and parameters of nanoagents that were compatible with the GROMOS54a7
force field [145]. Specifically, atomic charges of compounds were fitted to quantum
mechanical electrostatic potentials at B3LYP/6-31G* level of theory; non-bonded
parameters were refined against experimental solvation properties; bonded parameters
were assigned using force constants estimated from Hessian (B3LYP/6-31G*) [144]. All
of the topologies and parameters can be downloaded freely on the website

(https://atb.ug.edu.au/index.py). The plasma membrane of S. aureus was represented by a
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mixed lipid bilayer composed of 88 neutral-charged DOPC and 40 negatively-charged
DOPG lipids (~7:3 ratio) with dimensions of 5.96 nm >x5.96 nm. This mixture of lipids is
widely used to mimic anionic Gram-positive bacterial membranes and to investigate the
mechanisms of action of membrane-active antimicrobials, such as daptomycin and
antimicrobial peptides on S. aureus membranes [24, 25, 146-149]. The mammalian plasma
membrane was made up of POPC lipids with 30 molar-% cholesterol [150, 151] with
dimensions of 551 nm = 551 nm. The POPC lipid bilayers with different molar
percentages of cholesterol (0%, 10%, 20%, and 30%) were also constructed to study the
effects of cholesterol on the membrane selectivity of bithionol. The DOPC, DOPG, POPC
lipids and cholesterol were modeled with Berger’s lipid force field [152], which is an
extensively validated all-atom lipid model for membrane-related simulations [17, 23].
Repetitions of simulations for different membrane compositions were performed to verify
the robustness of results and mechanisms. Sodium ions were added into the simulation
system to neutralize the negative charge of membranes. To visualize membrane attachment
and penetration, nanoagents and sodium ions are depicted as large spheres, phospholipids
are represented as chains, and bonds in cholesterols are highlighted by thickened tubes.
The atoms in nanoagents, phospholipids, cholesterols and sodium ions are colored as
follows: hydrogen, white; oxygen, red; nitrogen, blue; sulfur, yellow; chlorine, green;
carbon, cyan; phosphorus, orange; sodium, purple. Water molecules are not shown for
clarity.

For enhanced computational efficiency, water molecules were represented by a
polarization corrected simple point-charge SPC/E model [153]. A geometric combining

rule of Lennard-Jones potential was adopted for non-bonded interactions of nanoagents
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and its analogs with lipids, ions and water. The fast smooth particle-mesh Ewald [154] was
used to calculate the long-rang electrostatic interactions. The system was modeled as an
NPT ensemble, with periodic boundary conditions in all directions under constant pressure
P (1 atm) and constant temperature T (300 K). The simulation box had an initial height of
12.3 nm, which was large enough to prevent the membrane and antibiotic molecules from
interacting with their periodic images. The time step was fixed at 2 fs. After a 500 ns initial
equilibration of solvated lipid systems, nanoagent was introduced into the water phase
above the membrane. After 100 ns of re-equilibration, the molecules were released and
their interactions with the membrane including attachment, penetration and equilibrium
configurations were further simulated for 500 ns. The free energy profiles for the
translocations of nanoagents were calculated by steered molecular dynamics [155]
umbrella sampling, and the weighted histogram analysis methods [156, 157], with the
output giving the transfer energies and energy barriers that describe the feasibility
(favorability and rate, respectively) of membrane penetration. The energy profile of
penetration is a theoretical representation of an energetic pathway, as nanoagents are
translocated into a membrane, with two independent parameters: transfer energy and
energy barrier. The transfer energy of penetration, which is defined as the energy
conversion from outside solution to the equilibrium state inside membrane, describes the
direction of translocation. The negative value of transfer energy that represents the energy
decrease for penetration indicates that the embedment of nanoagents inside the membrane
is energetically favorable. The energy barrier is calculated as the height of the peak along
the pathway relative to the equilibrium state outside the membrane surface. The energy

barrier is the least energy the nanoagent must possess to cross over the membrane surface,
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which governs the rate of penetration. A lower energy barrier corresponds to a faster and
easier penetration. In equilibrium, the probability of a system being in a state with energy
E is proportional to e~%/¥8T_ By using the kgT as the measurement, the system stability
could be explicitly compared at different equilibrium states. GridMAT-MD [158] was used
to calculate the thickness of bilayer membrane. With a grid of 20>20, thickness
distributions of the bacterial membrane with or without embedment of bithionol were
measured by a time average of 50 ns (500 frames). Configurational and thermodynamic
analyses, including mass density profile of hydrophobic member interior and deuterium
order parameters of lipid acyl chains, were performed to study the effects of the embedment

of cholesterol in lipid bilayers.

5.3 Results

Bithionol shows bactericidal activity against both antibiotic-resistant S. aureus
and S. aureus persister cells. Bithionol (Fig. 5.1a) was previously described as an
antimicrobial agent with a minimal inhibitory concentration (MIC) of approximately 8 to
15 pg/mL against Gram-positive bacteria including S. aureus [159]. We confirmed that
bithionol exhibits antimicrobial activity against a variety of Gram-positive pathogens,
including vancomycin-resistant S. aureus (VRSA) and vancomycin- and daptomycin-
resistant Enterococcal strains. In our hands, however, bithionol was more potent than
previously reported with MICs of 0.5 to 2 pg/mL, comparable to daptomycin. We also
confirmed that bithionol exhibits relatively weak antimicrobial activity against Gram-
negative pathogens (MICs of 16 to >64 g/mL) [160].

In contrast to a previous study that described bithionol as bacteriostatic [161], we
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found that bithionol eradicated ~10” CFU/mL exponential-phase S. aureus strain MW2
within 3 h at 10 pg/mL (10xMIC). The rate of killing was comparable to daptomycin (at
10> MIC) and significantly faster than the killing kinetics of vancomycin (at 10x MIC).
Consistent with its bactericidal activity, 10 pg/mL bithionol caused a time-dependent
decrease in optical density of S. aureus cells comparable to the antiseptic detergent
benzyldimethylhexadecylammonium chloride (16-BAC) [160], indicating that bithionol
has bacteriolytic activity. Indeed, transmission electron micrographs (TEM) showed that
10> MIC bithionol disrupts MRSA membranes, causing the intracellular formation of
mesosome-like structures, abnormal cell divisions, and cell lysis (Fig. 5.1b), which we
previously observed when S. aureus cells were treated with membrane-active
antimicrobials [24].

We also found that bithionol killed stationary-phase MRSA MW?2 planktonic and
biofilm persisters in a dose-dependent manner, and completely eradicated them at 32
pg/mL (32 MIC) within 2 h and 24 h, respectively (Fig. 5.1c,d). In contrast, MW2
persisters displayed a high level of tolerance to 100x MIC of several conventional
antibiotics including daptomycin and linezolid, which were tested for activity against
planktonic persisters. Similarly, bithionol killed vancomycin-resistant S. aureus (VRSA)
strain VRS1 persisters, whereas linezolid and daptomycin exhibited no and nominal

activity, respectively (Fig. 5.1e).
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Figure 5.1. Bithionol exhibits bactericidal activity against S. aureus persisters. (a) Chemical structures
of bithionol. (b) TEM micrographs showing the formation of intracellular mesosome-like structures (red
arrows), an abnormal cell division (brown arrow), or cell lysis (blue arrow) in S. aureus MW?2 treated
with 10xMIC (10 pg/mL) bithionol or 0.1% DMSO (control) for 2 h. Scale bars represent 500 nm. (c,
d) Viability of MRSA MW?2 stationary-phase (c) or biofilm (d) persister cells treated with 100<MIC of
the conventional antibiotics vancomycin (Van), gentamicin (Gm), ciprofloxacin (Cipro), daptomycin
(Dap), linezolid (Lin), or the indicated concentrations of bithionol (BT) for 4 h (c) and 24 h (d),
respectively. (e) The viability of S. aureus VRSL1 persisters treated with 100x MIC (200 pg/mL)
linezolid (Lin), 100xMIC (100 pg/mL) daptomycin (dap), or the indicated concentrations of bithionol
(BT) as a function of time. The data points on the x-axis are below the level of detection (210? CFU/mL,
or 2x10? CFU/membrane). Individual data points (n=3 biologically independent samples) are shown;
error bars represent means =s.d.

Bithionol interacts with and disrupts the bacterial mimetic lipid bilayer. We
performed all-atom MD simulations of bithionol interacting with simulated bacterial
membranes to elucidate a potential mechanism of action. Previously established model of
1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC)/1,2-dioleoyl-sn-glycero-3-phospho-
(1’-rac-glycerol) (DOPG) at a 7:3 ratio [149] was adopted to simulate negatively-charged

S. aureus membranes. The MD modeling showed that bithionol is initially recruited to the
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membrane surface by the binding of polar hydroxyl and chlorine groups to hydrophilic
lipid heads (Fig. 5.2a). After several hundred nanoseconds of sustained attachment,
bithionol penetrates into the membrane interior, maximizing interactions between nonpolar
benzene rings and hydrophobic lipid tails. After penetration, bithionol embeds in the outer
leaflet of the lipid bilayer (Fig. 5.2a). The insertion of even a single bithionol molecule
causes a substantial local increase in lipid bilayer disorder (Fig. 5.3a,c). These MD
simulations demonstrate that the polarity of branch groups and the hydrophobicity of core
rings play important roles in membrane attachment and penetration.

We further investigated the effects of bithionol on lipid bilayers using biomembrane-
mimicking giant unilamellar vesicles (GUVSs) consisting of a single lipid bilayer with a
diameter of 10-100 pm. GUVs were constructed using DOPC/DOPG lipids at a 7:3 ratio
as in the MD simulations. Lipid aggregates formed on the surfaces of the GUVs exposed
to 1 pg/mL bithionol and at 10 pg/mL the GUVs burst (Fig. 5.2¢), indicating that bithionol

interacts with and disrupts a bacterial mimetic lipid bilayer.
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Figure 5.2. Bithionol selectively disrupts bacterial lipid bilayers. (a) Representative configurations of
MD simulations of bithionol from left to right: onset, membrane attachment, membrane penetration,
and equilibrium interacting with 7DOPC/3DOPG or 7POPC/3cholesterol lipid bilayers. (b) The free
energy profiles of bithionol penetrating into the indicated lipid bilayers as a function of the center-of-
mass (COM) distance to the bilayer. The dot-dashed blue and red lines mark the surface of bacterial and
mammalian membranes, respectively, averaged from the COM locations of phosphate groups in the
lipids of the outer leaflets. (c) GUVs consisting of DOPC/DOPG (7:3) or POPC/cholesterol (7:3) labeled
with 0.005% Liss Rhod PE were treated with the indicated concentrations of bithionol or 0.1% DMSO
(control) and were monitored over time using fluorescence microscopy. Scale bars represent 10 pm. (d)
Uptake of SYTOX Green (Ex= 485 nm, Em= 525 nm) by MRSA MW?2 persister cells or human renal

proximal cells (HKC-8) treated with the indicated concentrations of bithionol. Results are shown as
7



means; n=3 biologically independent samples. Error bars not shown for clarity. (e) S. aureus MW2
membrane fluidity treated with the indicated concentrations of bithionol for 1 h was evaluated based on
Laurdan generalized polarization (Laurdan GP). Individual data points (n=3 biologically independent
samples) are shown; error bars represent means = s.d. Statistical differences between control and
antibiotic treatment groups were analyzed by one-way ANOVA and post-hoc Dunnett test (**p = 0.01,
*%41 < 0.0001.)

Bithionol induces rapid membrane permeabilization and an increase in
membrane fluidity. Using a SYTOX Green permeability assay, we found that in contrast
to daptomycin, bithionol induced dose-dependent membrane permeability in both
exponential-phase MRSA MW?2 cells and stationary phase MRSA MW?2 persisters (Fig.
5.2d). The fluorescence intensity peaked at 4 pg/mL and then decreased at higher
concentrations of bithionol (Fig. 5.2d), most likely as a consequence of nucleic acids
released form lysed cells [162], consistent with the observation that 10 pg/ml bithionol
lyses MRSA persisters (Fig. 5.1b). The dose-dependent effects of bithionol on membrane
permeability correlated with its dose-dependent killing kinetics (Figs. 5.1c, 5.2d),
suggesting that the bactericidal activity of bithionol results from its membrane-disrupting
activity.

Insertion of particular membrane disrupting compounds into lipid bilayers is known to
cause dramatic changes in membrane fluidity that disrupts the normal liquid-crystalline
phase of the membrane [163-165]. This results in passive permeabilization, loss of
membrane protein functions, leakage of cellular components, and bacterial death [166]. We
therefore tested whether bithionol alters MRSA MW2 membrane fluidity by utilizing the
membrane fluidity-sensitive dye Laurdan [167], which exhibits a fluorescence emission

wavelength shift dependent on the amount of adjacent water molecules. Because water

molecule penetration into lipid bilayers is in turn determined by lipid packing density and
78



lipid bilayer fluidity, bacterial membrane fluidity can be quantified using the Laurdan
generalized polarization (GP) metric: GP = (laso-l490)/(las0+1200) ranging from -1 (most
fluid and disordered) to +1 (most rigid and ordered) [167]. As shown in Fig. 5.2e, bithionol
at concentrations over 8 pg/mL induced a significant decrease in Laurdan GP in S. aureus
MW?2, similar to 50 mM benzyl alcohol (BA), a known membrane fluidizer. These data are
consistent with our observation that bithionol concentrations greater than 16 pg/mL

exhibited significant killing activity against MRSA MW?2 persisters (Fig. 5.1c).
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Figure 5.3. (a) Detailed configurations of nearest neighboring lipids around an embedded bithionol
molecule. (b) Normalized distances of bithionol from the bilayer centers of the indicated lipid bilayers
versus simulation time. The distances from bilayer centers are normalized by half the thickness of the
indicated lipid bilayers, respectively. (c) Change in lipid bilayer thickness after one bithionol molecule
embeds into the outer leaflet of the bilayer. Bilayer thickness is obtained by time average over 50 ns
simulation trajectory at equilibrium.

Bithionol does not penetrate mammalian membranes. We used MD simulations to
determine whether bithionol specifically penetrates bacterial compared to mammalian
membranes. Mammalian membranes are comprised of phospholipids, sphingolipids, and

cholesterol [168], but can be modeled as a simplified bilayer composed of the zwitterionic
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lipid 1,2-palmitoyl-oleoyl-sn-glycero-3-phosphocholine (POPC) mixed with cholesterol
ranging from 20 to 50 mol % [151, 169]. At a POPC/cholesterol ratio of 7:3, MD
simulations showed that bithionol fails to penetrate the simulated mammalian bilayer (Figs.
5.2a,b and 5.3b). Moreover, the energy barrier and transfer energy for bithionol increases
with increasing percentages of cholesterol (Fig. 5.4a). These results are consistent with our
observation that the presence of cholesterol results in a more ordered alignment of the
membrane lipids (Fig. 5.4d) as well as with configurational and thermodynamic analyses
[170, 171], which demonstrate that cholesterol condenses the hydrophobic region of the
membrane (Fig. 5.4b) and decreases membrane fluidity (Fig. 5.4c).

Consistent with the MD simulations, bithionol did not cause observable effects on
GUVs formed with 7POPC/3cholesterol (Fig. 5.2c). Moreover, bithionol exhibited
relatively little hemolytic activity against human erythrocytes with an HCsg >64 pg/mL
[160] and did not induce SYTOX Green membrane permeabilization of HKC-8 human

renal proximal cells up to 64 pg/mL (Fig. 5.2d).
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Figure 5.4. The effect of cholesterol in simulated mammalian membranes on bithionol penetration. (a)

The free energy profiles of bithionol penetrating into a POPC lipid bilayer with different molar
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percentages of cholesterols as a function of the COM distance to the bilayer. (b) Calculated mass density
profile of the hydrophobic region (acyl chains) of POPC lipid bilayers containing different molar
percentages of cholesterol versus the COM distance to the bilayer. (c) Calculated lateral mean squared
displacements (MSD) of POPC lipids over 100 ns simulations at equilibrium for various molar
percentages of cholesterol. (d) Calculated deuterium order parameters (-Scp) for saturated sn-1 and
unsaturated sn-2 acyl chains in POPC lipids with different molar percentages of cholesterols. The
deuterium order parameter represents the structural orientation or mobility of lipids in a bilayer,
corresponding to the configurational entropy and the physical state (liquid-disordered or solid-ordered
phases) of the membrane system. In general, a higher -Scp indicates a higher ordered structure of lipids

with decreased membrane fluidity and permeability.

Structure-activity relationships. The MD simulations described above predicted that
two key elements for the membrane activity of bithionol are the initial binding to the
membrane surface using phenolic hydroxyl groups and membrane perturbation induced by
chlorinated benzene (Fig. 5.2a). To further test this proposed mechanism and to obtain
additional insights into the effects of functional groups on the potency of bithionol, we
conducted structure-activity relationship (SAR) studies using a commercially available
bithionol analog, bitin-S, as well as with seven newly synthesized analogs (Table 5.1). The
effect of binding affinity on antimicrobial and membrane activity was tested using bitin-S,
a sulfoxide derivative of bithionol [172], and the bithionol methoxy analog, BT-OMe
(Table 5.1). The polar sulfinyl group of bitin-S provides additional hydrophilic interactions
with lipid heads. Bitin-S exhibited decreased antimicrobial activity (MIC 8 pg/mL) and
reduced membrane activity (Table 5.1). Reducing polarity by substituting methoxy groups
for the two hydroxyl groups (BT-OMe, Table 5.1) resulted in complete nullification of both
antimicrobial and membrane activity (Table 5.1), indicating that the phenolic hydroxyl

groups are critical for antimicrobial activity.
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Table 5.1. Structure-activity relationships for antibiotic activity and membrane activity

Ton T TToH R Rt
icl i s i cl | RZ\JT\ R i R?
oo o R3 R3

bithionol

OH Zn dust (10 equlv) OH OH

(o] HO 0
R2 P A\C\g (1 equlv) s R?
h L ClI7 CI g
(1 equiv) 22 C Bh 100 °C,4h
R3 R3

R3

Cmpd R R* R? MIC PKC MP MFI
Bithionol S OH Cl Cl 1 32 Yes Yes
Bitin-S SO OH Cl Cl 8 >64 Yes No
BT-OMe S OMe Cl Cl >64 >64 No No
BT-oF S OH F Cl 2 >64 Yes No
BT-oBr S OH Br Cl 1 32 Yes Yes
BT-pF S OH Cl F 2 >64 Yes No
BT-pBr S OH Cl Br 1 32 Yes Yes
BT-opF S OH F F 8 >64 No No
BT-opBr S OH Br Br 1 32 Yes Yes

MIC: minimum inhibitory concentration (pg/ml), PKC: persister killing concentration (jg/ml) required
to kill 5 x 10" CFU/mL MRSA persister cells below the limit of detection. MP (Membrane
permeabilization): determined based on SYTOX Green fluorescence intensity. MFI (Membrane fluidity

increase): determined based on Laurdan GP measurement.

To test whether the size and polarization of the inserted molecules can affect the extent
of membrane perturbation [24], we substituted alternative halogens for chlorine.
Replacement of chlorine with fluorine resulted in reduced membrane and antimicrobial
activities as seen with compounds BT-oF, BT-pF, and BT-opF, whereas substitution with
bromine showed similar membrane and antimicrobial activities as bithionol as
demonstrated by BT-0Br, BT-pBr, and BT-opBr (Table 5.2). It is likely that the polarity of
the C-F bond in the fluoro derivatives may increase the hydrophilicity of the aryl rings,
thus decreasing membrane permeability. The bromine derivatives showed increased energy
barrier values of 2 — 3 ksT (Table 5.2), indicating that the larger bromine atoms may cause
more membrane perturbation than the smaller chlorine and fluorine atoms, although the

bromines may be slightly disadvantageous for initial binding and penetration.
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Table 5.2. Characteristic parameters derived from the energy profile of interaction between
bithionol or its analogs and the bacterial mimetic lipid bilayer.

Energy barrier?

Compound Transfer energy* (ksT)

(keT)
Bithionol -15.44 ~0
Bitin-S -10.51 ~0
BT-OMe 6.19 13.52
BT-oF -13.44 ~0
BT-oBr -14.76 211
BT-pF -7.38 ~0
BT-pBr -1.27 2.32
BT-opF -12.94 ~0
BT-opBr -10.16 3.07

Transfer energy: the difference between the energies in solution and in the membrane. 2Energy
barrier: the amount of energy required for initial membrane penetration. Transfer energy and
energy barrier values were calculated based on MD simulations between a compound and a
7DOPC/3DOPG lipid bilayer.

In silico evaluation of membrane selectivity. We further tested whether membrane
selectivity evaluated by MD simulations is consistent with the one determined by cell-
based experiments. For compounds to be tested, we chose the membrane active
antimicrobials, NH125, CD437, CD437-analog 2, nTZDpa, and nTZDpa-analog 14 that
we previously identified [24, 25, 140, 141] because they have different chemical structures
and various membrane selectivity (Fig. 5.5). We also added an amphiphilic detergent,
benzyldimethylhexadecylammonium chloride (16-BAC) as a positive control, which has
the low selectivity index (SI, median hemolytic concentration HCso/MIC) of 12.5 [141].
The free energy profiles of the interaction between these 6 compounds and the bacterial
membrane mimetic 7DOPC/3DOPG or the mammalian membrane mimetic
7POPC/3cholesterol lipid bilayers were calculated by all-atom MD simulations. 16-BAC
showed lower a free energy profile when interacting with the mammalian than bacterial

mimetic membranes (Fig. 5.5), indicating 16-BAC has preference to penetrate mammalian
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membrane than bacterial membranes. NH125 and nTZDpa exhibited the similar pattern to
16-BAC, which is consistent with their low selectivity index of 19 and 11.75, respectively
(Fig. 5.5). However, CD437 and CD437-analog 2 show lower energy profiles when they
interacted with bacterial mimetic membrane compared to mammalian membranes which is
consistent with their high SI of >32 (Fig. 5.5). nTZDpa-analog 14 is the most optimized
analog among synthesized nTZDpa analogs showing both improved antimicrobial activity
and membrane selectivity (Fig. 5.5) [24]. The MD simulations also show that unlike
nTZDpa, the penetration of nTZDpa-analog 14 into bacterial membranes is energetically-
favorable while its penetration into mammalian membrane is not energetically spontaneous
(Fig. 5.5). These results indicate that evaluation of membrane selectivity by MD
simulations is strongly consistent with the one by cell-based assays, suggesting MD
simulations could be a promising platform to evaluate membrane selectivity of membrane-

active agents.
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Figure 5.5. The free energy profiles of membrane-active antimicrobials penetrating into the bacterial
(blue line) or mammalian (red line) mimetic lipid bilayers as a function of the center-of-mass (COM)
distance to the bilayer. Sl: selectivity index (HCsp against human red blood cells/MIC against S. aureus
MW?2).

84



5.4 Discussion

Membrane-active agents have attractive properties as antimicrobial agents, including
fast killing rates, anti-persister potency, synergism with other antibiotics, and a low
probability of resistance selection [136]. Unfortunately, most of these agents also
indiscriminately disrupt mammalian membranes. However, bacteria and animals have
different membrane lipid compositions, and evolution has taken advantage of these
differences as reflected in the production of cationic antimicrobial peptides by animals and
plants that specifically target bacterial cells. Gram-positive bacterial membrane lipid
bilayers, including those of S. aureus, contain approximately 25% anionic phospholipids
such as cardiolipin and phosphatidylglycerol. Conversely, mammalian membrane lipid
bilayers are composed of zwitterionic (neutral) phospholipids and 20-50% cholesterol [150,
169]. Cationic antimicrobial peptides show a binding preference to negatively-charged
bacterial membranes compared to neutrally-charged mammalian membranes. In addition,
cholesterol embedded in mammalian membrane lipid bilayers creates a condensing effect
that confers membrane rigidity and prevents the penetration of antimicrobial peptides [150].

Consistent with the different compositions of Gram-positive bacterial membranes and
mammalian membranes, we found that bithionol penetration into negatively-charged
bacterial mimetic lipid bilayers (7DOPC/3DOPG) is energetically favorable, whereas
bithionol penetration into cholesterol-rich mammalian mimetic lipid bilayers
(7POPC/3cholesterol) is energetically unfavorable (Fig. 5.2a,b). Further, as the proportion
of cholesterol increases from 0 to 30%, the penetration of bithionol becomes increasingly
unfavorable (Fig. 5.4a), indicating that cholesterol plays a key role in bithionol’s membrane

selectivity.
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Although the biomimetic lipid bilayers used for the MD simulations in this study are
simplified and do not reflect all features of complex membrane structures, the simulation
model reflect two major factors for the membrane selectivity, such as the presence of
negatively charge phospholipids in bacterial membranes and the presence of cholesterol in
mammalian membranes. Importantly, the antimicrobial potency and membrane selectivity
of various membrane-active agents evaluated by the MD simulations strongly correlate
with the ones determined by cell-based experiments [24, 25, 141] (Figs. 5.1c,d, 5.2b, and
5.5). These results demonstrate that the potential and ability of MD modeling to distinguish
the antimicrobial potency and membrane selectivity could lead to rationalized design and
optimization of membrane-active antibiotics. With the increasing computational capability,
the high-effective tool of MD modeling could also be a promising platform for high-
throughput drug screening as the C. elegans model to accelerate the discovery of a new
generation of membrane-active antibiotics.

Most membrane-active antimicrobials have amphipathic structures, including a
lipophilic side chain and polar head group [173]. Somewhat surprisingly, bithionol does
not share these typical structural characteristics with conventional membrane-active
antimicrobials. Instead, MD modeling suggests that the two polarized phenolic hydroxyl
groups of bithionol play a major role in the presumed initial binding to phospholipid
headgroups via hydrogen bonding. SAR studies showed that a methoxy analog of bithionol
nullified bioactivity supporting this proposed mechanism of interaction (Table 5.1-2).

In addition to providing presumed polar interactions with lipid headgroups, the
bithionol chlorine moieties also appear to play a key role in lipid bilayer perturbation.

Briefly, after attachment, the binding affinity of bithionol is dominated by hydrophobic
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interactions between its aromatic rings and the hydrophobic tails of the membrane lipids,
which drives the penetration of the chlorinated benzene into the outer leaflet of the lipid
bilayer causing lipid bilayer perturbation (Figs. 5.3a,c). Accordingly, the replacement of
chlorine with fluorine resulted in a decrease in antimicrobial potency (Table 5.1).
Replacement of the chlorines with bromines decreased initial binding to the lipid bilayer
(Table 5.2), but increased destabilization of the membrane compared to chlorine and
fluorine after penetration. Collectively, the antimicrobial activity of bithionol can be
modulated by binding affinity to lipid head groups, penetration depth, and molecule size.
Although daptomycin is regarded to be a membrane-active antibiotic, it does not
induce rapid SYTOX Green membrane permeabilization or kill MRSA persisters (Fig.
5.1c), in contrast to bithionol and other membrane-active compounds that we have studied
[24, 25, 140, 141]. Importantly, we discovered that bithionol and its analogs and nTZDpa
and its analogs that exhibit anti-MRSA persister potency, induce both SYTOX Green
membrane permeabilization and an increase in membrane fluidity (Table 5.1). These data
are consistent with previous reports which show that insertion of compounds into
membrane bilayers can increase membrane disorder and fluidity, which subsequently
causes passive membrane permeabilization [163, 164]. Interestingly, we found that the
initiation of SYTOX Green membrane permeabilization occurs at a lower concentration of
the membrane-active compounds than is required to increase membrane fluidity (Fig.
5.2d,e). Furthermore, some membrane-active agents, such as bitin-S, bithionol fluorine
analogs, and nTZDpa-analogs 6 and 11 that induce SYTOX Green membrane
permeabilization, do not cause a change in membrane fluidity and do not kill persisters

[160]. Bacterial membranes consist of lipid rafts organized into microdomains having
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different lipid compositions [174]. Depending on lipid compositions, one domain may be
less ordered and more fluid, while another domain may be more ordered and rigid [174].
Because ordered and rigid domains show more resistance to membrane active agents [174],
up to a certain threshold concentration, only less ordered domains would be affected by
membrane-active compounds, thus making them SYTOX Green permeable. However, this
type of localized membrane damage may not be sufficient to cause an overall increase in
membrane fluidity. Over the threshold concentration, most membrane domains would be
disrupted, and subsequently overall membrane fluidity would increase. It is also possible
that some compounds may attack only less ordered and more fluid areas of membranes,
which causes SYTOX Green membrane permeability, but not an overall increase in
membrane fluidity. In any case, the killing of MRSA persisters is apparently only achieved
when the bacterial membrane is sufficiently damaged to show increased membrane fluidity

as detected by Laurdan GP.

5.5 Conclusions

In conclusion, we report that the clinically approved anthelmintic bithionol is an
effective antimicrobial agent against both multidrug-resistant and -persistent Gram-
positive pathogens. Bithionol kills Gram-positive (but not Gram-negative) bacterial cells
by disrupting lipid bilayers, while maintaining high selectivity for bacterial compared to
mammalian membranes, a consequence of the presence of cholesterol in mammalian
membranes. Our analysis reveals the molecular mechanisms for membrane selectivity and
we also demonstrate the ability and great potential of in silico modeling in aiding the

discovery and development of new antibiotics.
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Chapter 6

Conclusions and Perspectives

6.1 Concluding remarks

Using multiscale modeling and simulations, we have investigated the packing
behaviors of flexible nanomaterials in vesicles and cell membranes. The scientific findings
for each chapter are summarized as follows.

In chapter 2, we find that packing of a flexible nanofiber inside a vesicle is governed
by the interplay between elastic deformations of the nanofiber and vesicle, and we construct
a phase diagram of packing in terms of the normalized nanofiber length and bending
stiffness. We observe three distinct types of morphological packing phases (lemon,
dumpling, and cherry) in simulations. As the nanofiber length or bending stiffness
decreases, the cherry-shaped vesicle tends to transform to an axisymmetric lemon shape or
a protruding non-axisymmetric dumpling shape or a non-protruding non-axisymmetric
dumpling shape. And increasing pressure difference could cause buckling of the nanofiber
within the vesicle.

In chapter 3, our simulations of packing of finite nanorods of four distinct shapes
within vesicles show that as the nanorod length increases, the vesicle encapsulating a
uniform cylindrical nanorod transforms from an initial sphere to a lemon- or conga drum-
like shape with vertical symmetry, and then to a cherry- or bowling pin-like shape with a

single long, tubular membrane protrusion and a bulge. Accompanying the vesicle shape
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transformation, the axial contact force exerted by the confining vesicle gradually increases
to a peak as the nanorod length increases, and then decreases with respect to the nanorod
length upon vesicle tubulation. The thicker the nanorod is, the higher the force peak. In the
case of a cylindrical nanorod with two widened ends, the axial contact force peak becomes
proportional to the size of the nanorod tip and is followed by a sharp, discontinuous drop
to a constant upon a discontinuous vesicle tubulation evolving from a conga drum-like
shape. For a cone-shaped nanorod, vesicle tubulation occurs at the end of the nanorod with
a smaller size. The vesicle encapsulating a screwdriver-shaped nanorod is subjected to two
peaks of axial contact force due to the formation of a tubular membrane protrusion
enclosing the upper and lower nanorod portions of different diameters.

In chapter 4, MD simulations and theoretical analysis have been performed to explore
the packing of flexible sheets in vesicles. We find that the sheet-vesicle size and rigidity
ratios govern the packing morphologies of the vesicle-sheet system. Phase diagrams of the
packing morphology have been established based on the critical conditions for buckling
instability. In comparison to cellular packing of long and stiff one-dimensional materials
with tubular membrane protrusions, no membrane protrusion has been observed for a
vesicle encapsulating a 2D sheet.

In chapter 5, using all-atom MD simulations, we analyze the free energy profiles of
membrane-active antimicrobials penetrating into the bacterial or mammalian mimetic lipid
bilayers, and we find that the selectivity of membrane-active agents correlates with their
ability to penetrate and embed within different cell membranes. Experiments and
simulations show that bithionol kills bacterial cells by disrupting lipid bilayers while

maintaining high selectivity for bacterial membranes compared to mammalian membranes,
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which is due to the presence of cholesterol in mammalian membranes. We also demonstrate
that in silico modeling offers great potential in aiding the discovery and development of

new membrane-active antimicrobial agents.

6.2 Outlook of future research

It has been shown that a fundamental understanding of cell-nanomaterial interactions
is of essential importance to biomedical applications, nanotechnology and drug
development. Studies in the current thesis only concern a limited part of this interaction,
specifically regarding the packing of nanomaterials with different mechanical and
geometrical properties into vesicles and different cell membranes. Knowledge about the
interaction modes found in this thesis is a small but necessary step towards understanding
specific biological problems. Along the lines of this research, there remain many open
questions, a few of which are listed below.

(1) In the study of fiber packing in vesicles, we currently only consider the simplest
contact interaction between the nanofiber and vesicle membrane; however, specific
nanomaterials will introduce additional interactions, which may lead to varied phenomena
and biological implications (i.e., carbon nanotubes cause and silver nanowires [17, 18]).
How does the specific interaction influence the packing behavior?

(2) Packing of fibrous nanomaterials in vesicles and vesicular compartments is
ubiquitous in biology; for now, we limited our study to a single nanofiber with a length
comparable to the size of the vesicles. However, natural cytoskeletal microtubules and actin
filaments could be much longer and form bundles or network. How do they pack inside
vesicles?

(3) For simplicity, the encapsulated two-dimensional nanomaterials in this thesis are
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assumed to have smooth edges; however, previous studies have shown that edge asperities
could significantly influence the manner by which membranes interact with nanosheets
[26], and it will be worthwhile to include the geometrical effects as well as specific
interactions to observe the packing behaviors.

(4) As we demonstrate in chapter 5, bacterial membranes could represent a promising
target to develop novel antibiotics; in the meantime, numerous studies have observed that
cancer cell membranes usually have quite different lipid compositions (see review [175]).
Can we develop or design drugs that selectively target cancer cell membranes?

(5) We investigate nanoagent attachment to and penetration into bacterial mimetic
membranes, which are only the first of the steps necessary for nanoagents to disrupt lipid
bilayers. Following nanoagent penetration, what intrinsic properties or governing roles will
ensure membrane disruption? These are questions that need to be answered for the rational
design of novel antibiotics.

(6) Artificial intelligence (Al) has become increasingly popular in solving
sophisticated scientific problems that involve multiple physics interactions that are
challenging to directly model or require unrealistic computational power. Can Al help
accelerate the modeling in chapter 5 and, as a result, help screen, design or optimize

synthetic membrane-active agents to combat antibiotic resistance?
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