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How nanomaterials interact with biological systems is of fundamental interest to a wide
range of applications, including drug delivery, therapeutics, bioimaging, nanotoxicity and
regulation.

In this thesis, we first show a unique mechanism of hexagonal boron nitride (hBN) induced
cytotoxicity: a sharp hBN flake could penetrate a lipid bilayer and form a cross-membrane water
channel along its exposed polar edges, leading to lysosomal membrane permeabilization (LMP),
whereas a round hBN flake could not penetrate a lipid bilayer due to high energy barrier and a lack
of long enough polar edges. Our in vitro studies confirm the water channel mechanism.

Next, we focus on how biosurfactant molecules assist liquid-phase exfoliation (LPE) of hBN.
With molecular dynamics (MD) simulations and free energy calculations (FEC), we pinpoint the
driving forces and identify the underlying molecular mechanisms for two processes that assist LPE:
biosurfactant deposition and self-assembly on the exfoliated surface of hBN. A general guideline
is provided to the design of novel surfactant molecules for more efficient LPE of 2D materials.

Finally, we investigate coacervation and encapsulation of a designed peptide, WA30.
Tryptophan (W) residues drive neighboring WA30 peptides together due to hydrophobic
interactions, and intermolecular hydrogen bonds (H-bonds) form between the neighboring
peptides stabilize the coacervate. A rapid change in the composition of solution near the coacervate
might lead to peptide encapsulation.

Overall, this thesis is aimed to provide some of the required theoretical insights towards
understanding bio-nano-interactions, specifically, in cell-nanomaterial interactions, biosurfactant

assisted liquid-phase exfoliation, as well as peptide coacervation and encapsulation.
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single-letter codes as in Figure 36. Water molecules are not displayed for clarity. ......... 82
Figure 4. 12. The final configuration of 100-ns-long simulation shows directional self-
assembly of WAS30 peptides into an octamer. Top left corner shows the location of the
octamer (circled in purple) in the simulation cell. Secondary structures are indicated by the
same color and single-letter codes as in Figure 4.9. Water molecules are not displayed for
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Figure 4. 13. a, Evolution of the secondary structures for all eight WA30 peptides. Note
that the horizontal axis stands for the frame number, which is equal to 2 times the simulated
time. The vertical axis stands for the number and name of amino acids (first two columns),
as well as the name of the peptide chain (the last column). b, The MD snapshot of WA30
peptides self-assembled into an octamer, taken at 100 ns. Secondary structures are
indicated by the same color and single-letter codes as in Figure 4.7. Water molecules are
NOt diSPlayed fOr CIANILY.......ccuieieecie et 84
Figure 4. 14. Zoom-in view of chain G and chain F showing the representative snapshots
of an isolated B-bridge. Residues in the isolated -bridge, residue 3 Alanine on chain G and
residue 15 Proline on chain F, are depicted as dark yellow, thickened licorices. Secondary
structures are indicated by the same color and single-letter codes as in Figure 4.9. Water
molecules are not displayed for CIarity. ........c.ooveeveeciieceeceee e 85
Figure 4. 15. Zoom-in view of chain C and chain G showing the representative snapshots
of an isolated B-bridge. Residues in the isolated B-bridge, residue 2 Asparagine on chain G
and residue 28 Alanine on chain G, are depicted as dark yellow, thickened licorices. At
87.5 ns, residue 3 Alanine on chain C and residue 27 Alanine on chain G joined in with the
existing B-bridge to form an extended B-sheet, depicted as bright yellow, thickened
licorices. Secondary structures are indicated by the same color and single-letter codes as in
Figure 4.9. Water molecules are not displayed for clarity. .........ccccoevieviiiiienieeieeee, 86
Figure 4. 16. Zoom-in view of chain E showing the representative snapshots of an
extended B-sheet. Residues in the extended B-bridge, #4 Alanine, #5 Proline, #27 Alanine

and #28 Alanine, are depicted as bright yellow, thickened licorices. Secondary structures
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are indicated by the same color and single-letter codes as in Figure 4.9. Water molecules
are Not displayed fOr CIAritY. .......c.eooeeeciece e e 87
Figure 4. 17. a, Evolution of total potential energy for the eight WA30 peptides system
showing negligible changes during peptide coacervation; b, Evolution of Solvent
Accessible Surface Area (SASA) for the eight WA30 peptides system showing significant
decrease until fully COACEIVALEA. .........ceeivieiiieeiecee e e 88
Figure 4. 18. Zoom-in view of the representative snapshots showing the coacervation of a
trimer (chain A, B, E, top left) and a pentamer (chain H, D, C, G, F, bottom right).
Tryptophan (W) residues are depicted as thickened licorices, the colors of W residues
suggest the peptide chains they are located on. The insets, circled in blue and red on the
top right corner of snapshot 52, 52.5, 55, 75 and 100 ns, show the magnified view of W-W
interaction between chain A (light green) and chain H (blue). After 55 ns, the trimer and
the pentamer coacervate into a stable OCtaAMEr............ccvevvieciieceece e 90
Figure 4. 19. a-g, Evolution of the number of H-bonds for each pair of neighboring
peptides in the coacervate. Detailed information of the top two most frequent pairs of H-
bonds and their percentage of occurrence are listed in the charts underneath the number of
H-bonds graphs. Note that in each chart, the first column stands for the donor of an H-bond,
the second column stands for the acceptor of an H-bond, and the third column stand for the
occupancy of this H-bond in the 100-ns-long simulation; h, Evolution of the number of H-
bonds between all WA30 peptides and water. An illustration showing the organization of

peptides in the coacervate, and the self-assembly direction is placed underneath the graph.
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Figure 4. 20. Evolution of root-mean-square-deviation (RMSD) for each WA30 peptide in
the 100-ns-long simulation. Focal changes of RMSD with magnitude up to 8 nm can be
seen in chain A, B, C, D, E, and H. Chain F and G show minor changes of RMSD........ 93
Figure 4. 21. a-h, The root-mean-square-fluctuation (RMSF) of C-alpha atoms located on
the backbone of each WA30 peptide chain; i, the average RMSF of all peptide chains from

the MD simulation (black) is consistent with the RMSF calculated from NMR B-factor

Figure 4. 22. a, The initial configuration for biphasic mixing MD simulation; b, the
molecular configuration at the end of the 30-ns-long simulation. The reaction coordinate is
indicated with a purple arrow. Atoms of acetone and water molecules are depicted as large
spheres, and are colored as follows: hydrogen, white; carbon, cyan; oxygen, red. .......... 96
Figure 4. 23. a, Evolution of total potential energy for the biphasic mixing system showing

a decrease in the first 5 ns; b, Evolution of total density showing an increase in the first 6

Figure 4. 24. a-c, The evolution of partial density for acetone (a), water (b), and the system

(c) along the reaction coordinate. Partial densities were calculated based on 2 ns intervals.

Figure 4. 25. The evolution of mean square displacement (MSD) for water, acetone, and
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Chapter 1

Introduction

1.1. Brief overview of bio-nano-interactions

Over the past decade, the interactions between nanomaterials and biological systems
have become a hot topic for applications in drug delivery, therapeutics, bioimaging,
nanotoxicity and regulation [1-8], due to their essential importance in the potential toxicity
and health risks. Nanomaterials may interact with plasma membranes prior to cellular
uptake [9-13] and with membranes of intracellular vesicles following uptake [14-17] via a
toolbox of interaction mechanisms including adhesion, deformation, penetration, lipid
extraction, receptor-mediated and frustrated endocytosis, uptake, and cytotoxicity [9, 11,
18-20]. To date, most of the available data for cell-nanomaterial interactions have been
accumulated from studies on graphene-based materials, whilst very little is known about
the biological interaction of emerging 2D materials including hexagonal boron nitride
(hBN). Hence, there is a driving force to study the fundamental biophysical and molecular
mechanisms in how emerging 2D materials such as hBN interact with cell membranes, as
well as the pathological responses both in vitro and in vivo [4, 21-23].

Another problem in bio-nano-interactions is biosurfactant aided liquid-phase
exfoliation (LPE) which is recently emerging as a biocompatible, green, clean, economical,

safe, and efficient approach to fabricating two dimensional (2D) materials for biomedical



applications [24-27]. Among various methods for large-scale fabrication, liquid-phase
exfoliation (LPE) can produce high yield, high quality 2D materials in agqueous phase [27-
29]. Our recent study reported Sodium Cholate (SC) aided liquid-phase exfoliated round
hBN (r-nBN) to be safe for human lung epithelial cells [5]. Ruiz and co-works reported
that FMN dispersed graphene has very low cytotoxicity [30]. A vast amount of research
efforts have been devoted to carbon-based low dimensional materials, and the molecular
mechanism of biosurfactant assisted LPE of emerging 2D materials such as hBN remain
largely unexplored. It is worthwhile to explore the molecular mechanism of biosurfactant
interacting with graphene and other emerging 2D materials, so as to facilitate the design of
novel surfactant molecules for more efficient LPE of 2D materials, and potentially, aiding
the development of safe, novel, effective nanomedicines.

Delivery of nano-sized particles or capsules to biological cells is of growing interest
in the scientific community. In the era of COVID-19, we are witnessing the massive use of
lipid-nanoparticle (LNP) based mRNA vaccines [31]. Nano-sized particles hold great
promises for applications as vaccine delivery systems with potent adjuvant activities [32].
An unprecedented growth of interests have been devoted to the development and
applications of nano-scale delivery systems, with broad applications also in, e.g., the food,
agriculture, drug-delivery and renewable energies [33-36]. In particular, micro/nano-
encapsulation, a process that involves spontaneous self-assembly of biomolecules on the
chemical or biological interfaces into enclosed "capsules™ with the size of micrometers or
even nanometers, has emerged as a unique and novel field of research. Several compounds
have been reported to encapsulate with the formation of a membrane, mostly naturally

occurred molecules, including lipids or fatty acids, amphiphilic proteins or peptides, block



copolymers and inorganic colloidal particles [37]. There is a driving force to unravel the
molecular mechanism for encapsulation, to expand the study from naturally occurred
molecules to the synthetic systems, and to enable de novo design with a focus to achieve

enhanced functionality and precise control of coacervation and encapsulation [38].

1.2. Outline of the thesis

This thesis is outlined around three problems/projects. Chapter 2 described our
discovery of a novel cell-nanomaterial interacting mechanism: hydrophilic channel,
induced by the polar edges on hBN nanosheets, can damage lipid membranes albeit leading
to lysosomal membrane permeabilization (LMP) and eventually cell apoptosis
(cytotoxicity). We then investigated the self-assembly process of biomolecules, ranging
from small biomolecules (Sodium Cholate and Flavin Mononucleotide) to de novo peptides,
on the chemical interfaces: In Chapter 3 we address the problem of biosurfactant self-
assembly on 2D material substrates. Chapter 4 demonstrates our recent progress in
understanding the molecular mechanism of coacervation and encapsulation of a de novo
peptide with repetitive sequence of amino acids. We close in Chapter 5 with the major

scientific findings and future perspective.



Chapter 2

Boron nitride nanosheets can induce water
channels across lipid bilayers leading to

lysosomal permeabilization

The work described below is in collaboration with the experimental groups of Dr.
Alberto Bianco, Prof. Paolo Samori and Prof. Annette von dem Bussche. Dr. Matteo
Andrea Lucherelli and Dr. Alberto Bianco prepared the hBN samples; Dr. Matteo Andrea
Lucherelli, Dr. Matilde Eredia, Prof. Paolo Samori and Dr. Alberto Bianco performed the
characterization of hBN; Ms. Paula Weston and Prof. Annette von dem Bussche performed
the cytotoxicity studies on the round and cornered hBN. This work is published on

Advanced Materials. (DOI: https://doi.org/10.1002/adma.202103137).

2.1. Introduction

Understanding the interactions between nanomaterials and biological systems, in
particular cellular membranes, is fundamental to address important challenges such as the
safe design and regulation of novel engineered nanomaterials [6-8], development of drug
delivery systems [1], and membrane active nanomedicines [2, 3]. Nanomaterials may

interact with plasma membranes prior to cellular uptake [9-13] and with membranes of
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intracellular vesicles following uptake [14-17]. The interaction mechanisms include
adhesion, deformation, penetration, lipid extraction, receptor-mediated and frustrated
endocytosis, uptake, and cytotoxicity [9, 11, 18-20]. In this context, pathological responses
to cell interactions with 2D geometries have attracted special attention [10, 39, 40]. To date,
most of the available data have been accumulated from studies on graphene-based
materials. These studies have shown that material geometries such as shape and size can
influence how 2D materials interact with cell membranes. For example, graphene nano-
and micro-sheets with atomically sharp edges can spontaneously penetrate cell membranes,
leading to lipid extraction and membrane damage [10, 12, 41-44].

In spite of the progress in this realm of research, very little is known about the
biological interaction of many emerging 2D materials, in particular hexagonal boron nitride
(hBN), which has gained a great interest as substrates for electronic and optoelectronic
devices [45-47], and as components in engineered composites due to its excellent chemical
and thermal stability [48-50]. In addition, water dispersible hBN nanoplatelets were
explored as protein carriers. Bovine serum albumin cross-linked to hBN surface was used
as immunostimulant adjuvant following the immunization of mice, leading to higher
antibody titers compared to the treatment with the protein alone [51]. Alternatively, hBN
exfoliated by a poly(propylene) glycol chain terminated by two adenine molecules allowed
the encapsulation of hydrophobic anticancer drugs and their subsequent controlled release
triggered either by temperature increase or pH change [52]. In other recent studies, hBN
sheets doped with zirconium or grafted onto the surface of cellulose fibers were exploited
as new antibacterial complexes [53, 54]. Hitherto, only a few in vitro and in vivo toxicity

studies have been performed using hBN, often with conflicting results. For example, sheet-



like BN materials were reported to produce multiple adverse effects on human hepatoma
HepG2 cells, such as decreasing cell viability, enhancing intracellular ROS production,
causing mitochondrial depolarization, and inducing damage to membrane integrity [55].
By contrast, another study showed hBN nanosheets functionalized with hydroxyl groups
were non-cytotoxic to insect hemocytes, L929 mouse cells, and human erythrocytes [56].
In silico studies have also been conducted to investigate the interaction between BN-based
materials and cell membranes. For instance, hBN nanotubes were observed to be
spontaneously attracted by lipid bilayers and form stable lipid insertion [57], while hBN
nanosheets were found only interacting with the polar head groups of lipid molecules, but
not passively crossing the lipid bilayer [21]. In addition, lipid extraction of hBN nanosheets
was noticed to be temperature-dependent.[58] At this point, a fundamental biophysical
understanding of how hBN interacts with cell membranes remains largely unexplored [4,
21-23].

In this context, we have studied how hBN, obtained by liquid-phase exfoliation,
interacts with cell membranes by combining molecular dynamics simulations and in vitro
imaging. First, we performed molecular dynamics (MD) simulations to identify potential
atomic mechanisms of hBN interacting with a lipid bilayer. The simulations show that a
sharp hBN wedge with exposed polar edges can induce the formation of water channels
along these edges, and such water channels in turn facilitate cell penetration by hBN. In
comparison, a round hBN sheet with no or little exposed polar edges does not induce the
formation of water channels, while encountering a very high energy barrier against
membrane penetration. This discovery led to hypothesize that water channels play essential

roles in how hBN interacts with cell membrane. One of the most prominent consequences



is that the hydrophilic water channels along hBN could facilitate cross-membrane transport,
leading to lysosomal membrane permeabilization (LMP), which has recently been
identified as a possible mechanism of cytotoxicity involving release of cathepsin B and
generation of radical oxygen species followed by cell apoptosis. We then focused on
validating this hypothesis by preparing two types of hBN nanosheets, one with a
rhomboidal, cornered morphology and the other with a round morphology, and proving
evidence through in vitro imaging methods that the former displayed cytotoxicity through

LMP, while the latter provoked no response.

2.2. Atomistic simulations

2.2.1. Simulation model and methodology

2.2.1.1. All-atom Molecular Dynamics (MD) simulations

All-atom MD simulations based on GROMACS package (version 2018.2) were
performed to investigate the interactions between hBN and lipid membrane [59, 60]. An
empirical force field was adopted for hBN nanosheets [61-63]. Since the major
glycerophospholipids assembled in cell membranes, lysosomes and endosomes are
phosphatidylcholine  (PtdCho; PC)  [64], 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) was chosen in our all-atom simulations to construct a pure lipid
bilayer with dimensions of 12.1x<12.0 nm (with 494 POPC lipids). POPC lipids were
modelled by Berger’s lipid force field [65], which is a widely used all-atom lipid model for
membrane-protein simulations [12, 66-69]. For high computational efficiency, water

molecules were represented by a simple point-charge SPC/E model with polarization



correction [70]. The geometric combining rule in Lennard-Jones (LJ) potential was
employed for non-bonded interactions of hBN with POPC lipids and water. The smooth
particle-mesh Ewald (SPME) method was used to calculate the long-rang electrostatic
interactions with a cutoff of 1.2 nm [71]. The simulations were performed with NPT
ensembles and periodical boundary conditions in all directions, under constant pressure of
P =1 atm and constant temperature of T = 300 K, which is higher than the phase transition
temperature (270 K) of POPC lipids [72, 73]. The simulation box had an initial height of
19.1 nm, which was large enough to prevent the membrane and hBN from interacting with
their periodic images. The time step was set at 2 fs. After a 100 ns initial equilibration of
solvated lipid systems, r-hBN with radius of 3.2 nm and c-hBN with edge length of 5.4 nm
were introduced in the box by replacing some overlapping water molecules. r-hBN was
placed at a starting distance of 4 nm above and orthogonal to the lipid bilayer. c-hBN was
placed 2 nm above the lipid surface with one of its edge orthogonal to the lipid bilayer. The
rationale behind such configuration is that orthogonal orientation of nanosheets exerts
weakest confinement on the bilayer, thereby maximizing the entropy and minimizing the
free energy of the system [10]. After 10 ns of re-equilibration, the hBN flakes were pulled
under constant forces for 40 ns across the bilayer (Figure 2.1). The pulling forces were
applied between the centers of mass (COM) of the hBN flakes and the bilayer. The value
of the pulling force was selected based on a previous study to accelerate the piercing
process within computational capacity [21]. Four atoms on each corner of a rhomboidal
hBN and three atoms on a circular hBN were set free to move only in the direction
orthogonal to the bilayer (Figure 2.2). The simulations showed that for a relatively small

pulling force, 200 kJ/mol/nm, c-hBN can fully penetrate the membrane, whereas r-hBN is



incapable. We increased the pulling force stepwise and found that r-hBN still cannot fully
penetrate the membrane under 400 kJ/mol/nm pulling force. Only when the pulling force
reached 800 kJ/mol/nm was r-hBN able to fully penetrate the membrane, indicating the
difficulty for r-hBN to disrupt the membrane. VMD was used to visualize the simulation

results. Analyses were carried out using GROMACS and VMD [74].

Figure 2. 1. Time evolution of r-hBN (a) and c-hBN (b) piercing lipid bilayer under a
pulling force of 200 kJ/mol/nm, and (c) a snapshot showing lipid extraction on the concave
surface of r-hBN.

Figure 2. 2. Position restrained atoms on (a) r-hBN and (b) c-hBN flakes.
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2.2.1.2. Umbrella Sampling

The pulling simulations helped us calculate the free energy evolution with the
umbrella sampling (US) method. Trajectories from the pulling simulations were collected
and stratified into an array of windows. One configuration is extracted from each window.
For the rhomboidal hBN system, 56 configurations were extracted, with the interval
distance taken to be 0.15 nm, whereas for the circular hBN system, 50 configurations were

extracted with an interval distance of 0.10 nm (Figure 2.3).
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Figure 2. 3. Stratification of reaction coordinates for umbrella sampling.

An open-source python script was modified to automate the stratification process

(http://www.mdtutorials.com/gmx/umbrella/Files/setup-umbrella-script.tar.gz).
11
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Restraining by a harmonic potential, each configuration was relaxed for 20 ns
independently within its defined US window. After all US simulations were completed, the
weighted histogram analysis method (WHAM) was used to calculate the potential of mean

force (PMF) [75, 76]. Errors were obtained from the bootstrap method (Bayesian

Histograms) using 200 bootstraps. The thermal energy k,7" was used as the unit of energy

in the simulations with T corresponding to 300 K. At equilibrium, the probability of a

E
system in a state of energy E is proportional to e **" . In this way, the system stability could

be explicitly compared at different equilibrium states.

The interaction energies between hBN and lipid bilayer were obtained using
GROMACS rerun energy evaluation (Figure 2.4). All energies increase monotonically
with respect to pulling, while r-hBN energy profile exhibits a larger slope. This suggests

that r-hBN encounters larger resistance than c-hBN when piercing the lipid bilayer.
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Figure 2. 4. Interaction energies of round/cornered hBN flakes penetrating a lipid bilayer.

2.2.1.3.Free Energy Perturbation
Free Energy Perturbation (FEP) method was used to calculate the binding affinities
associated with the hydrophilic channel formation. Configurations of FEP simulations are

extracted from MD simulations (Figure 2.5).
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Figure 2. 5. The configurations for FEP simulations are extracted from MD simulations.
The selected POPC molecules located at the competition spots with water molecules. In
both BArm and NArm cases, the selected lipid molecules block the hydrophilic channel,
whereas in BZig or NZig cases, the selected lipid molecules cannot block the channel.

To compute accurate free energy differences by FEP, multiple “alchemical” rather

than physical intermediate states were used to minimize the perturbation to the system [77].

The procedure for the computing binding affinities is illustrated in Figure 2.6. D C—

is the binding affinity of a lipid to the site of interest on hBN. DG, is the binding

affinity of water molecules to the corresponding site on hBN. To calculate DG, and DG,,

one lipid on hBN and another lipid in vacuum are annihilated, respectively. In practice,
multiple intermediate stages (denoted by A) are inserted, enabling a gradual annihilation; A
ranges from 0 to 1, with /=0 corresponding to the initial state (lipid not annihilated from
the system) and /=1 to the final state (lipid annihilated from the system). Similar
procedure could be found in a previous study [78]. After some trial-and-error, we chose 41
intermediate states to balance the accuracy and computational cost. The Multistate Bennett
Acceptance Ratio (MBAR) method was used to calculate free energy difference associated

with the annihilation process and to estimate the error [79]. The same protocols were

applied to calculate DG,, DG, and DG

Water-hBN *
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2.2.2. Energetics of round and sharp hBN piercing a lipid membrane.

We initially conducted all-atom MD simulations to unravel the mechanism on the
atomic scale of interaction between hBN and a model lipid bilayer. Two different shapes
of hBN flakes were considered: a round hBN (r-hBN) with radius of 3.2 nm and a cornered
hBN (c-hBN) with edge length of 5.4 nm. Details of simulation steps can be found in
section 2.2.1.1. To determine the free energy evolution associated with hBN piercing, we

conducted umbrella sampling (US) simulations.
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Figure 2. 7. a, PMF profile of hBN piercing the membrane as a function of the distance
between the lower tip of hBN and COM of bilayer. Inset: zoom-in view of the PMF profile
for c-hBN within the area selected by the dash-line box; representative configurations of r-
hBN (upper right) and c-hBN (lower left) piercing lipid bilayer under a pulling force of
200 kJ/mol/nm. b,c, Simulation snapshots of the hydrophilic channel (b) formed along an
hBN Zigzag edge (in this case, Nitrogen-dominated Zigzag, or NZig). Fast transportation
of water molecules across the lipid bilayer is expected in such channel. Colors for the atoms:
orange, boron; red, nitrogen; peacock blue, oxygen; and chartreuse yellow, hydrogen. The
water channel is outlined by a transparent blue-grey contour surface in (c), remote water
and lipid molecules are hidden for clarity. d, Atomic configurations, and cross-membrane
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water distribution of four c-hBN systems after piercing (“BArm” stands for an Armchair
edge, which is neighbored by a Boron-dominated Zigzag edge; “NArm” stands for an
Armchair edge, which is neighbored by a Nitrogen-dominated Zigzag edge; “BZig” stands
for a Boron-dominated Zigzag edge; “NZig ” stands for a Nitrogen-dominated Zigzag edge).
Insets: zoom-in snapshots of water molecules (marked peacock and yellow) near hBN in
each system, colors for the atoms are the same as (b) and (c), lipid bilayers are represented
with transparent blue-grey contour surfaces, remote water molecules are hidden for clarity.
e, Table of binding free energies per contact area between a water molecule or a 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine molecule and hBN at different binding
sites.

Figure 2.7a shows the calculated potential of mean force (PMF) plot, with reaction
coordinate selected to be the distance between the bottommaost atom of the hBN flake and
the center-of-mass (COM) of the membrane. A drastic difference was immediately
observed in the behavior of PMF for round and cornered hBN upon piercing into the bilayer.

Namely, the PMF for r-hBN piercing keeps increasing and exhibits an energy barrier as

high as 135 k,T as it pierces across the hydrophobic core of the lipid bilayer. By contrast,
the PMF for c-hBN exhibits an energy barrier only around 8 kT as it pierces into the

bilayer, before heading down to an energy minimum around —27 kT . Further simulations,

in which the hBN flakes are pulled orthogonally across a lipid bilayer with constant forces
(Figure 2.7a insets), confirm that r-hBN encounters stronger resistance than c-hBN during
piercing, supporting the observations from PMF. Movies S1-S4 in our published work
show the dynamic processes for such piercing [5].

The PMF for r-hBN is consistent with our intuition that the total free energy should
increase monotonically with increasing area of contact between hBN and lipid tail region
as well as decreasing interactions between hBN and water, but the behavior for c-hBN is

unexpected and suggests an unknown mechanism might be in operation. To shed light on
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the underlying mechanism, we investigated the molecular structure at the PMF energy
minimum of c-hBN. Interestingly, we discovered a type of cross-membrane hydrophilic
channel constituted of water molecules along the pierced zigzag edge of c-hBN (Figure
2.7b,c). A detailed examination of the evolution of this structure revealed that as the lower
tip of c-hBN flake approached the bilayer, it brought along water molecules adhering to
the hBN surface. During piercing, most water molecules remained at the hydrophilic lipid
head region, while those in the vicinity of the zigzag edge managed to enter the
hydrophobic lipid tail region by aggregating around the pierced zigzag edge, eventually
coalescing into a water channel across the bilayer.

The radius of this water channel was measured to be 1 nm for the single layered hBN.
The measurement was done by counting the number of water molecules within specified
radii around a zigzag edge within the membrane core (hydrophobic lipid tail region), as

illustrated in the Figure 2.8a. A plot of the number of water molecules versus a specified

radius can be found in Figure 2.8b. The effective radius 7, of the channel is defined as the

turning point beyond which the number of water molecules starts to saturate as the radius
increases further. By this definition, the effective radius of an NZig hydrophilic channel of

monolayer hBN was indeed 1 nm for the single layered hBN case.
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Figure 2. 8. a, lllustration of counting the number of water molecules within certain radius
from the Zigzag edge; b, Number of water molecules versus specified radius plot shows
saturation as the radius increases beyond 1 nm, which is the effective radius of the channel.

2.2.3. Discovery of a cross-membrane water channel induced by the

exposed, polar zigzag edge on sharp hBN

To elucidate the mechanism of water channel formation, MD simulations were
carried out with one edge of c-hBN positioned orthogonal to the lipid bilayer. The edges
of interest included two types of zigzag edges, namely, boron-dominated zigzag (BZig)
and nitrogen-dominated zigzag (NZig), and two types of armchair edges, namely, BArm
(adjacent to a BZig edge) and NArm (adjacent to an NZig edge), within the bilayer. Note
that the hBN armchair edges and basal planes in our simulations are neutral charged and
less polarized. The hBN zigzag edges, however, are highly polarized as partial charges on
the outermost array of atoms establish electric dipoles with those on the covalent bonded
second array of atoms from the edge. The edge normal components of the electric dipole

moments are nonzero in the case of zigzag edges, leading to strong polarity. Simulation
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snapshots confirm the formation of water channel in all four cases (Figure 2.7d). While a
few water molecules were distributed on the basal plane of hBN within the lipid bilayer,
no water channels were observed. Closer examinations confirm that the water channel is
always associated with a pierced zigzag edge (Figure 2.7d, insets). Detailed MD
trajectories leading to the assembly of water channel, and a smaller scale simulation reveals
how a water channel was assembled from scratch can be seen in Movies S5-S9 in the
published version [5]. In all cases, the water channel is formed spontaneously and remains

stable once formed, at least within the simulation time scale (10*-10 ns).

2.2.4. Driving force for the formation of water channel

To pinpoint the driving force behind the water channel formation, the binding free
energies between a molecule of interest (lipid or water molecule) on hBN at a site of interest
(four types of edges and basal plane) were evaluated using free energy perturbation (FEP)
method. The calculations were based on simplified models consisting of a lipid or water
molecule adsorbed to one of the following sites: a BArm edge, an NArm edge, a BZig edge,
an NZig edge, or a basal plane. The normalized binding affinities of lipid or water

molecules to different sites on c-hBN are summarized in the table of Figure 2.7e. These

results show that:
(1) Competition between lipid and water molecule on hBN is the driving force for
water channel formation,
(2) Armchair edges favor the adsorption of lipid molecules, whereas both zigzag

edges and basal plane favor adsorption of water molecules,

20



(3) Water molecules exhibit stronger binding affinity to zigzag edges than to the
basal plane,

(4) Water molecules aggregating around a zigzag edge of c-hBN reduces the total
free energy throughout the piercing/assembly process—the longer the channel,
the lower the free energy.

These findings provide clear explanations of why the water channel form only along
zigzag edges, how their formation facilitates membrane penetration of hBN as well as the
PMF behaviors in Figure 2.7a. r-hBN lacking polar edges cannot induce the formation of
water channel and, as a result, the total free energy for r-hBN piercing keeps increasing. c-
hBN with polar zigzag edges, on the other hand, spontaneously induces water channel
formation, leading to the reduction of total free energy and associated energy barrier for
membrane piercing.

The water channels discussed above could play essential roles in cell-hBN
interaction by facilitating cross-membrane transport. In the following sections, we proved
with experiments that the c-hBN induced water channels and resulting cross-membrane

transport can induce LMP leading to cathepsin B release and cell death.
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2.3. Experimental studies

2.3.1. Preparation and characterization of cornered and round hBN

To prove the water channel hypothesis, two types of hBN particles were designed
and synthesized: one with a cornered morphology and the other with a round morphology,
consistent with MD simulation. Through a combination of exfoliation and size selection

techniques, we prepared c-hBN particles with a graphene-like shape and sharp asperities
and r-hBN particles with a curved shape and round edges (Figure 2.9a—d). Exfoliation of

hBN in water was achieved using sodium cholate (SC), an efficient dispersant for a wide
range of 2D materials [80, 81]. As an exfoliation molecule, SC can effectively disperse
hBN flakes from bulk material and stabilize them against reaggregation. The dispersions

were stable in water up to a concentration of 1 mg mL* for more than 24 h.
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Figure 2. 9. a,b, TEM images of c-hBN (a) and r-hBN (b). ¢,d, AFM images of c-hBN (c)
and r-hBN (d), e,f, Lateral size distribution of c-hBN (e) and r-hBN (f) calculated from
TEM images.

The characterization of the two hBN particles was performed by using various
complementary techniques. Transmission electron microscopy (TEM) images indicated
that c-hBN is composed of small sheets with an averaged lateral dimension centered at 342
nm (Figure 2.9a,c,e) and with a thickness of 4.69 +0.05 nm corresponding to about six
layers (Figure 2.10a,b). The shape of the edges and the thickness of the sheets make the
morphology of this material very similar to that of few-layer graphene. A statistical
analysis comprising hundreds of flakes performed by means of TEM and AFM imaging
made it possible to identify the presence of at least one acute angle in the circumference of
each flake. Electronic diffraction evidenced the typical hexagonal crystallinity of graphene-
like materials (Figure 2.11c), as expected for hBN sheets [82]. These data are in agreement
with previous studies on 2D materials and confirm the few-layer nature of hBN dispersions
[83]. The r-hBN has instead different shape and sizes (Figure 2.9b,d). The lateral dimension
of the round flakes was smaller (average centered at 156 nm) and characterized also by
narrower distribution (Figure 2.9f). From HR-TEM images, it was possible to better
understand the morphology of this material (Figure 2.12). Most of the particles appear
round from above, while from the side, the form is rather ovoid with decreasing thickness
in correspondence of the edges, with sharp round periphery and no evidence of clear layers
(Figure 2.12a). The morphology of the material resembles to the geometric form of an
ellipsoid, with reduced thickness and very thin edges, closed to 2D sheets. The electronic

diffraction measurements confirmed a perfect hexagonal crystallinity of these particles, as

23



in the case of c-hBN (Figure 2.12b). These observations led us to conclude that the shape
of this material corresponds to an ovoid compact structure, with flat and hexagonal
crystalline edges, and a thickness between 6 and 35 nm (Figure 2.13c,d). Additional
features of these two types of hBN have been obtained using scanning electron microscopy
(SEM) and X-ray diffraction (XRD). While SEM confirmed the presence of cornered and
round nano-objects (Figure 2.14), XRD showed the typical reflection peak located around
20 ~26.72(Figure 2.15), according to the phase identification using Crystallography Open

Database [80, 84].
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Figure 2. 10. a, Distribution of the thickness of c-hBN sheets from AFM analysis; b,
Distribution of the number of layers of c-hBN from the analysis of HR-TEM images.
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Figure 2. 11. a, AFM image of c-hBN; b, HR-TEM image of c-hBN; c, Electronic
diffraction analysis of c-hBN; d-f, Additional TEM images of c-hBN.
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Figure 2. 12. a, Lateral side of a r-hBN particle observed by HR-TEM; b, Electronic
diffraction of r-hBN particles; c-d, Additional TEM images of r-hBN.
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Figure 2. 13. a, AFM image of r-hBN; b, Thickness distribution of r-hBN; c-d, AFM
topographical profile of r-hBN, the blue and red curves correspond to the particles in Figure
2.12.
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Figure 2. 14. a-b, SEM images of c-hBN; c-d, SEM images of r-nBN.
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Figure 2. 15. a) XRD image of c-hBN; b) XRD image of r-hBN. The reflection peaks at
26.7 <correspond to hkl 002, a distance of 3.330 A. The peak at 41.6 <in panel b corresponds
to hkl 100, a distance of 2.168 A (according to the phase identification in Crystallography
Open Database) [80, 84].
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2.3.2. Cytotoxicity of hBN to human lung epithelial cells

To verify our hypothesis that only c-hBN would lead to LMP, a series of cellular
experiments with bioimaging modalities were conducted. Similar to our previous study
[69], we used lung epithelial cells (H460) to determine possible cytotoxic effects caused
by hBN. H460 cells are known to internalize nanoparticles by active cellular uptake via
endocytosis [85]. Using TEM, we demonstrated that r-hBN mainly localized in lysosomes
of the exposed H460 cells (Figure 2.16a), whereas c-hBN is also localized in the cytoplasm
(Figure 2.16b), suggesting c-hBN can pierce across the lysosomal membrane. LMP was
assessed using a fluorescence assay for one of the lysosomal proteases, cathepsin B, which
is activated after releasing into cytoplasm [86]. H460 cells were incubated with different
concentrations of c-hBN and r-hBN. Confocal fluorescence imaging showed that cells
treated with c-hBN exhibit high level of cathepsin B release into the cytoplasm, suggesting
lysosomal permeabilization (Figure 2.16e). Unexposed cells or cells exposed to r-hBN did
not reveal significant cathepsin B release into the cytoplasm, revealing no significant
lysosomal permeabilization (Figure 2.16¢,d). The release of cathepsin B triggered a
proteolytic cascade resulting in the activation of caspases, leading to cell death by apoptosis
[87]. To investigate further if lysosomal permeabilization results indeed in apoptosis, the
generation of superoxide anions in lung epithelial cells was determined. After exposure of
cells to different concentration of c-hBN or r-hBN, fluorescence imaging was used to
quantify the superoxide anion positive cells. High content imaging revealed that the
treatment of c-hBN resulted in a significant higher percent of superoxide anion positive
cells in comparison to untreated or r-hBN exposed cells, in a concentration dependent
manner (Figure 2.16f-).
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Figure 2. 16. a,b, Transmission electron micrographs of lung epithelial cells exposed to
r-hBN and c-HBN. Round hBN is mainly localized within the lysosomes (a), whereas sharp
cornered hBN (b) is also localized within the cytoplasm (as indicated by the yellow arrows).
c,d,e, Lysosomal membrane permeabilization was assessed using a fluorescence assay for
a lysosomal protease, cathepsin B, which retains activity following release into the
cytoplasm. Confocal fluorescence imaging revealed that unexposed cells (c) or cells
exposed to 80 g mL? of r-hBN (d) do not lead to a significant release of cathepsin B as
demonstrated by punctate red fluorescent cytoplasmic vesicles. Exposure to 80 pg mL™ of
c-hBN (e) induced less intense, focal, diffuse fluorescence reflecting release of cathepsin
B into the cytoplasm (yellow arrow). f,g,h,i, Quantification and imaging of superoxide
anion positive cells after exposure of H460 lung epithelial cells to sharp and round hBN.
Exposure of H460 cells to 80 pg mL™ of r-hBN (g) and 80 g mL™* of c-hBN (h) revealed
that c-hBN generated a significant increase of superoxide anion positive cells (yellow) in
comparison to the untreated control (f) or r-hBN (g). Hoechst staining (blue) was used to
visualize the nucleus; (i) Percentage of Mitosox positive cells showing dose-dependent
superoxide anion production by r-nBN and c-hBN (*p<0.05).

To further investigate if cell viability was affected, the cells were exposed to different
concentrations of c-hBN and r-hBN. The cell viability was quantified by employing a
fluorescent nucleic acid stain. Cells treated with r-hBN are insensitive to hBN

concentration and shows negligible decrease in cell viability, whereas the c-hBN treated
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cells shows a significant decrease in cell viability in a concentration dependent manner; the
higher the concentration, the more significant the loss of cell viability (Figure 2.17a—€). To
verify if the observed reduced cell viability due to c-hBN was caused by apoptosis, a
TUNEL assay was employed. As expected, c-hBN exposed cells presented an increased
number of apoptotic cells, in comparison to the control or r-hBN, in a concentration
dependent manner (Figure 2.17f). These results indicate that higher concentration of c-hBN
induces lysosomal permeabilization resulting in cell death. By contrast, r-hBN does not

induce LMP, confirming our hypothesis.
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Figure 2. 17. a,b,c, Visualization of cell death in human epithelial cells after exposure to
r-hBN or c-hBN for 24 h. Dead H460 cells are visualized in red. Hoechst staining (blue)
was used to visualize the nucleus. (a) Control cells; (b) cells treated with 40 g mL™ of r-
hBN; (c) Cells treated with 40 g mL™ of c-hBN. Cells exposed to c-hBN (c) showed a
significant cell loss and red fluorescence, whereas unexposed cells (a) or cells exposed to
r-hBN (b) did not exhibit a significant increase of toxicity. d, Cell death using ethidium
homodimer/Hoechst fluorescence was determined using single cell quantitative high
content imaging. After exposure of lung epithelial cells to r-hnBN or c-hBN for 24 h, only
c-hBN induced a significant, dose dependent increase of toxicity (*p < 0.05). e, Cell
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viability was confirmed using Quant-iT™ PicoGreen dsDNA Assay Kit that quantitates
DNA content. Following exposure of H460 cell with different concentrations of r-hnBN and
c-hBN for 24 h, viability was assessed. Concentrations above 20 g mL™* c-hBN caused a
significant decrease in viability (*p < 0.05). f, TUNEL assay was performed to determine
the induction of apoptosis. Apoptotic cells were assessed using single cell quantitative high
content imaging. H460 cells were exposed to different concentrations of r-hBN and c-hBN
for 24 h. Concentrations above 20 g mL* c-hBN caused a significant increase of apoptotic
cells (*p < 0.05).
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2.4. Summary

In this work, we discovered for the first time a unique interaction mechanism
between hBN flakes and lipid membrane: a sharp hBN could penetrate a lipid bilayer and
form a cross-membrane water channel along its exposed polar edges, leading to lysosomal
permeabilization. In contrast, a round hBN sheet could not penetrate a lipid bilayer due to
high energy barrier and a lack of long enough polar edges. This mechanism is
fundamentally different from several known membrane damaging mechanisms of

graphene-based materials, including disruptive interactions with the plasma membrane [12,

41, 43, 44, 88, 89], and interruption of the mitochondrial function [44, 89, 90], resulting in
oxidative stress responses [89-92], impairment of proteins [93], and DNA/RNA [94], and
necrotic or apoptotic cell death [95]. Previous cellular studies and computer simulations

suggest that stiffness and hydrophobicity of carbon-based nanomaterials are important

factors that can impact lysosomal membrane integrity and trigger an increase in membrane
permeability via lipid extraction [10, 12, 17], which consequently causes the release of cell
death inducing enzymes (proapoptotic factors) [40, 44, 69]. In this study, we have also
examined lipid extraction as a possible mechanism of membrane damaging. In our
simulation, shortly after the hBN piercing into lipid bilayer, the system was relaxed for 40

ns without any pulling force. No significant lipid extraction was observed on c-hBN, but
limited amount of lipid extraction was observed on r-hBN. Unlike lipid extraction induced

by carbon nanomaterials, which takes place on both sides of a nanosheet [40, 78], lipid

extraction induced by r-hBN was observed only on one side of an r-hBN sheet (Movies

S10 and S11 in the published version [5]). Li et al. have demonstrated that convex, flat,
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and concave BN surfaces exhibit different binding affinity to lipid molecules [58]. In our

simulation, the r-hBN is slightly curved (Movie S12, in the published version [5]),

resulting in selective lipid extraction on the concave side of hBN. Since r-hBN piercing the
bilayer is hindered by a high energy barrier, whereas c-hBN cannot induce observable lipid
extraction, even after successful piercing, and that r-hBN did not induce LMP in
experiments, we can exclude lipid extraction as a significant membrane damaging
mechanism of hBN. A recent study of commercial hBN samples (hBN nanopowder and
hBN nanoplatelets) with round shapes shows low toxicity and no reduction in cellular
viability in adenocarcinoma human alveolar basal epithelial cells (A549 cells), further
supporting our hypothesis [4]. Therefore, water channel appears to be a unique cell
interaction mechanism for hBN.

Apart from LMP, hydrophilic channels may have further implications, for example,
in the rupture of lysosomes leading to a catastrophic release of hydrolytic enzymes to the
cytoplasm, consequently causing disruption to the plasma membrane [96]. Other
consequences include enabling fast proton transportation, which affects several biological
processes and functions [97], and may cause leakage of other important biomolecules, e.g.,
DNA [98]. In our experimental part of this study, we have found that similar to other
nanomaterials, cornered hBN can induce LMP leading to the liberation of cathepsin B in
the cytoplasm (Figure 2.16e) and formation of superoxide anions (Figure 2.16i),
accounting for a certain degree of toxicity on epithelial lung cells. The combination of
enzyme release and ROS formation eventually led to cell dependent apoptosis. Although
similar responses can be induced by other types of 2D materials including graphene and
graphene oxide (e.g., graphene nanosheets enhanced LMP [99], and graphene oxide
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affected lysosomal functions of astroglioblastoma derived cells [100]) we emphasize that
the underlying mechanism via hBN induced water channel reported here is unique. Beyond
cytotoxicity, our findings may have general implications and similar hydrophilic channels
may exist in all binary or multielement 2D materials if they have polar edges. Such water
channels can also be designed for a wide range of applications. For example, by
functionalizing the hBN (or other binary/multielement 2D materials) and controlling its
size and shape, the resulting water channel can be controllably opened or closed, or
designed to open to a certain degree, thus achieving tunable permeability of the target

membrane. In a biomedical context, hBN-induced water channels can be useful in treating

human diseases involving lysosomal dysfunction [101] and ion channel defects [102]. It
may also find applications in the treatment of cancer, and in targeted/smart drug delivery
systems [103].

It is fair to point out that our FEP calculations of binding affinities between
water/lipid and hBN were performed in vacuum condition to reduce the computational
burden. In reality, the value of binding affinity in solution may change due to the addition
of solvation free energy (the free energy change associated with the transfer of a molecule
between ideal gas and solvent at a certain temperature and pressure) [104], which may
become even more complicated for multicomponent lipid membrane [58], as each
component's interaction with hBN needs to be specified. At this stage, we have not taken
all such complications into consideration. In addition, we would like to clarify that it is
beyond current experimental capabilities to directly visualize the hBN induced water
channel in vitro, due in part to the lack of high-resolution in situ imaging methods and the

close-to-transparent appearance of hBN under TEM. Nevertheless, we believe that the
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combination of MD simulations, material preparation, in vitro imaging, along with physical
reasoning, has provided sufficient evidence for the proposed water channel mechanism,
which may prove to be generic for all binary/multielement 2D materials. This discovery
may open a range of opportunities for further research, which, for instance, include
strategies to functionalize hBN to achieve tunable channels and membrane permeability,
thermodynamic and Kkinetic studies of ion/molecular transport along the channels,
developments of drug delivery systems based on polar edges of 2D materials, and 2D

material-based anticancer therapy.
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Chapter 3

Mechanics of biosurfactant self-assembly
on the interface of liquid-phase exfoliation

of hexagonal boron nitride

The work described below is in collaboration with the experimental group of Dr.
Alberto Bianco. Dr. Matteo Andrea Lucherelli and Dr. Alberto Bianco performed the
liquid-phase exfoliation (LPE) experiments and characterized the exfoliated hBN samples.
A part of this work on the interaction between Sodium Cholate (SC) and hBN was

published on Advanced Materials (DOI: https://doi.org/10.1002/adma.202103137). A new

paper on Flavin mononucleotide (FMN) assisted LPE of hBN is in preparation.

3.1. Introduction

Biosurfactant aided liquid-phase exfoliation (LPE) is emerging as a biocompatible,
green, clean, economical, safe, and efficient approach to fabricating two dimensional (2D)
materials for biomedical applications [24-27]. However, relatively little is known about
the underlying molecular mechanisms for this process [105, 106]. Here, we present the first
simulation study of how Flavin mononucleotide (FMN) and Sodium Cholate (SC) interact

with hexagonal boron nitride (hBN) nanosheets in the context of LPE.
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Flavin mononucleotide (FMN) is a phosphorylated derivative of vitamin B2.
Consisting of an aromatic isoalloxazine ring and a phosphate moiety, FMN catalyzes
important redox reactions in biological systems and serves as coenzymes and
photoreceptors [107-109].

Experiments and theoretical studies have reported self-assembly of FMNSs on single
walled carbon nanotubes (SWCNTSs) via n-m interactions and intermolecular hydrogen
bonds (H-bonds) between the isoalloxazine moieties [110, 111]. FMN can induce graphene
unzipping into nanoribbons ~10 nm in width via self-assembly [112], and is also an
efficient surfactant to achieve stable dispersion of highly concentrated, defect-free, few-
layer graphene flakes in water [113]. Recently, Ruiz and co-works reported that FMN
dispersed graphene has very low cytotoxicity [30].

Despite a vast amount of research on carbon-based low dimensional materials,
relatively less has been dedicated to boron nitride nanomaterials. Over the past decade,
hexagonal boron nitride (hBN) has gained broad interests for potential applications as drug
delivery systems, substrates for electronic and optoelectronic devices, and components in
engineered composites due to its excellent chemical and thermal stability. However, many
such applications rely on large-scale fabrication of the material [114]. Among various
methods, liquid-phase exfoliation (LPE) can produce high yield, high quality 2D materials
in water [27-29]. In particular, LPE aided by certain surfactant molecules has become an
emerging topic of research [115]. For example, it has been shown that Sodium Cholate (SC)
can help exfoliate and stabilize hBN nanosheets in an aqueous phase [116]. Gao and co-
workers reported that FMN can disperse boron nitride nanotubes (BNNTS) in water via

strong n-w interaction between FMN and BNNT [117, 118]. More recently, an experimental
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work systematically studied nine surfactants for LPE of hBN in water, concluding that
ionic surfactants are suitable for efficient exfoliation of hBN and can be optimized to
increase the dispersion yield [119]. While no studies have reported the interaction between
FMN and hBN, and the molecular mechanism of FMN assisted LPE remain largely
unexplored, it can still be hypothesized that FMN molecules could interact with the basal
plane of hBN in a similar way as in the case of Graphene.

In this section, we explored the molecular mechanism of FMN interacting with hBN
in an aqueous phase via molecular dynamics (MD) simulations and free energy calculations.
First, we studied the spontaneous deposition of a single FMN molecule onto hBN, focusing
on the strong n-m interaction between FMN isoalloxazine moiety and the basal plane of
hBN. Then, the interaction of two FMN molecules on hBN was investigated. The
simulations demonstrated a self-assembly of FMNs on hBN via two persistent
intermolecular H-bonds between the isoalloxazine moieties. We also studied the
interaction of two FMN molecules in water without hBN, where the FMNs self-assemble
via isoalloxazine stacking and intermolecular H-bonds between the ribityl phosphate
moieties. The driving force for FMNs deposition and self-assembly was examined by
analyzing the binding free energy at each binding site. These simulations indicated FMN
to be a superb candidate as surfactant for LPE of biocompatible/non-toxic hBN in water.
Although not covered in this thesis, pilot experiments from our collaborators have shown
evidence of FMN being an efficient surfactant for exfoliation of hBN. Systematic LPE
experiments and characterization of the exfoliated hBN are still on-going. A new paper on

FMN assisted LPE of hBN is in preparation.
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Another biosurfactant molecule we studied, Sodium cholate (SC), is a bile acid
surfactant which has been widely used in assisting the LPE of Graphene and hBN in water
[28, 105, 119]. It has been hypothesized that the hydrophobic moieties of SC can interact
with the basal plane of hBN, while the negative charges of SC can stabilize the SC-coated
hBN dispersion via electrostatic repulsion [116]. Although the hypothesis is plausible, no
experimental or theoretical study had yet able to prove it. Like the study of FMN, we
combined MD simulation, material fabrication, and characterization to unravel the
molecular mechanism of SC in assisting the LPE of hBN. A part of this section was
published on Advanced Materials.

We concluded this chapter by providing a guideline to the design of novel surfactant
molecules for more efficient LPE of 2D materials, and potentially, aiding the delivery of

novel nanomedicines.

3.2. Atomistic simulations

3.2.1. Simulation model and methodology

3.2.1.1. All-atom Molecular Dynamics (MD)

MD simulations based on the GROMACS package (version 2018.2) were performed
to investigate the molecular deposition and self-assembly [59, 60]. FMN and SC molecules
were modelled to be dissociated into sodium cations and anions in solution. Automated
Topology Builder [120] was employed to generate the topologies and parameters of FMN
and SC that were compatible with the GROMOS54a7 force field [121]. All the topologies

and parameters can be downloaded freely from the website https://atb.ug.edu.au/index.py.

41


https://atb.uq.edu.au/index.py

An empirical force field was adopted for hexagonal boron nitride (hnBN) nanosheets [5, 61-
63]. Simulation protocols were the same as described in section 2.2.1. The simulation box
had an initial height ranging from 7.9 nm to 8.5 nm, with length and width both set to 6.0
nm. The values were large enough to prevent a surfactant molecule from interacting with
its periodic images. The time step was set at 2 fs. After 50 ns initial equilibrium of a
solvated hBN system, a surfactant molecule (FMN or SC) was introduced into the box by
replacing some of the overlapping water molecules. The surfactant molecule, initially fixed
in position, was released after 10 ns of re-equilibration for the actual/production simulation,
and its interaction with the system was monitored. For the deposition simulation, the initial
vertical center-of-mass (COM) distance between surfactant molecule and hBN was set to
be 2 nm; For two surfactant molecules' self-assembly on hBN, one surfactant molecule was
preloaded on hBN while another was placed 2 nm above hBN basal plane; for two
surfactant molecules' self-assembly in water, the initial COM distance between two target
molecules were set to be 4 nm. VMD was used to visualize the molecular deposition and
self-assembly processes [74]. hBN and surfactant molecules were depicted as large spheres
in Figure 3.2 and 3.6, and thickened tubes in Figure 3.3, 3.5 and 3.8. The atoms were
colored as follows: hydrogen, white; boron, pink; carbon, cyan; nitrogen, blue; oxygen, red;

phosphorus, tan.

3.2.1.2.Free Energy Perturbation (FEP)
FEP method was used to calculate the binding free energies associated with
molecular deposition and self-assembly in solution and on hBN. Configurations for FEP

calculations were extracted from the corresponding MD simulations. The protocol was
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similar to described in section 2.2.1.3. A total of 26 intermediate states were used for FEP.
The Multistate Bennett Acceptance Ratio (MBAR) method was used to calculate the
change of free energy associated with the annihilation process [79]. Figure 3.1 shows the
calculated binding free energies between SC and hBN, corresponding to forward and
reverse sampling with a list of sampling length: 2 ns, 4 ns, 8 ns and 16 ns. The calculated
binding free energies converged when the sampling length was equal to or greater than 4
ns. Hence, for all FEP simulations, each intermediate state was sampled for 4 ns to balance

the accuracy and computational cost. At least three repetitions were conducted.
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Figure 3. 1. The binding free energies between SC and hBN from the forward and
reverse sampling of various sampling lengths. Details of FEC with each sampling length
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are listed next to the corresponding final binding free energies. The 4-ns-long sampling is
the sweet spot to balance the accuracy and computational costs.

3.2.2. Atomistic modeling and analysis of Flavin Mononucleotide (FMN)

3.2.2.1. Spontaneous deposition of FMN onto hBN

We simulated the interaction between an FMN molecule and a sheet of hBN.
Representative simulation snapshots are shown in Figure 3.2b. At 5 ns, the FMN
established initial contact with hBN via an oxygen atom (C4=0) on isoalloxazine moiety.
At 5.1 ns, the isoalloxazine moiety of FMN deposited parallelly onto the hBN basal plane.
The ribityl-phosphate moiety of FMN remained in aqueous phase until 5.2 ns. After 5.2 ns,
the FMN becomes fully deposited onto hBN, and its molecular structure no longer changed.
No water molecules were trapped between the deposited FMN and hBN, and no H-bonds

were formed between the two.
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Figure 3. 2. a, Vertical center-of-mass distance (Z_dist) and Surface Accessible Surface
Area (SASA) plot against simulation time for a Flavin Mononucleotide (FMN) to interact
with hBN; b, Simulated trajectory of FMN interacting with hBN. The FMN established
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initial contact with hBN at 5 ns and fully deposited onto hBN after 5.2 ns. Water molecules
and sodium ion are not displayed for clarity. Inset: Chemical structure of FMN.

To quantify FMN deposition, we evaluated the vertical component of the center-of-
mass distance (Z, ) between FMN and hBN basal plane (Figure 3.2a, upper panel). Z

first increased to 3.27 nm at 1.7 ns, then gradually decreased to 2.41 ns at 3.9 ns, followed

by a quick descent from 1.1 nm at 4.9 ns down to 0.32 nm at 5.2 ns. After 5.2 ns, Z

flattened out, with an average of 0.34 nm. A center-of-mass distance between FMN and
hBN basal plane as small as 0.34 nm was clear evidence of strong n-n interaction [122].
Previous studies have also reported m-w interaction between FMN isoalloxazine moiety and
SWCNT, Graphene, and BNNT [110-112, 117, 118].

To further understand FMN deposition, we calculated the solvent accessible surface
area (SASA) for the complex of FMN and hBN (FMN+hBN). In principle, SASA gives
the surface area of a molecule (or a group of molecules) which is accessible to a solvent
[123], and can serve as a key indicator for molecular interaction with the surrounding
solvents, as in self-assembly [124] and protein folding [125]. In the lower panel of Figure
3.2a, SASA first fluctuated near an initial value of 92.7 nm? until 4.9 ns; after 4.9 ns, it
quickly dropped from 92.7 nm? to 87.2 nm? at 5.3 ns. After 5.3 ns, it plateaued to an average

of 87.7 nmZ.

Both SASAand Z,  captured the crucial events in the FMN deposition process. The
timing of each turning point in SASA plot overlapped perfectly with Z . Between 0 and

4.9 ns, the fluctuations of Z  and SASA near their initial values suggested FMN

remaining in the aqueous phase, i.e., pre-deposition state; Between 4.9 and 5.2 ns, the steep

45



descentin Z  and SASA indicated a strong driving force for the FMN deposition; From
5.2 ns onwards, the plateaus in Z, and SASA plots demonstrated that the fully-deposited

FMN is stable (Z  did not change) and its interaction with surrounding solvents robust

(SASA did not change). Hence, the simulation and analysis unveiled that:
(1) FMN could spontaneously deposit from the aqueous phase to the hBN basal plane,
(2) The deposition was initiated by the attachment of isoalloxazine moiety on the
hBN basal plane, due to n-m interaction,

(3) The driving force for FMN deposition was strong, but no H-bonds were involved.

3.2.2.2. Spontaneous self-assembly of FMN molecules on hBN

We further simulated interaction of multiple FMNs with hBN in water. Particularly,
the interaction between two FMN molecules as well as between FMN and hBN were
studied. Such interactions were the basis for more complicated, higher-order assembly (i.e.,
supramolecular assembly). Prior to simulation, one FMN molecule, FMNZ2, was pre-
attached on hBN (configuration was taken from the deposition simulation), while another

FMN molecule, FMN1, was placed 2 nm above hBN basal plane and released. Molecular

interactions between FMNs and hBN were monitored by Z and SASA. 32.1 ns after

release, FMN1 deposited from the aqueous phase onto FMNZ2, as indicated by the dashed
box in Figure 3.3a. A stacking between isoalloxazine moieties of FMN1 and FMN2 was
observed, as shown in Figure 3.3c. No H-bonds were found between FMN1 and FMNZ2
during isoalloxazine stacking. The ribityl-phosphate moiety of FMN1 was pushed away

from FMN2 due to electrostatic repulsion. The isoalloxazine moiety of FMN2 remained
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parallel to hBN during isoalloxazine stacking. Similar isoalloxazine stacking configuration
was reported in experiments [126, 127]. Between 32.1 and 34.5 ns, Z between FMN1
and FMN2 fluctuated around 0.5 nm, indicating n-n interaction between isoalloxazine
moieties of FMN.

The isoalloxazine stacking configuration, however, did not survive long. 2.4 ns after
its formation (34.5 ns), FMN1 detached from FMNZ2. At 35.1 ns, FMNL1 directly deposited

onto the hBN basal plane, suggesting a stronger driving force for deposition than for

isoalloxazine stacking on hBN. After 35.1ns, Z  between FMN1 and hBN leveled off to
an average of 0.34 nm. Z  between FMN2 and hBN plateaued for the entire simulation,

with the same average value of 0.34 nm. Once again, the average Z of 0.34 nm and the

stacking configuration indicated -7 interaction between isoalloxazine moieties and the

basal plane of hBN.
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Figure 3. 3. a, Evolution of vertical center-of-mass distance (Z_dist) in the 2FMN-hBN
simulation. The dashed box indicates the onset of FMN-FMN stacking on hBN. b, Total
number of H-Bonds between FMN molecules and water (2FMN-SOL: magenta), as well
as between two FMN molecules (FMN-FMN: blue). The dashed box highlights the period
of FMN self-assembly on hBN via 2 H-Bonds, between 70 ns and 80 ns. ¢, Simulation
snapshot of FMN1 stacking on the isoalloxazine moieties of pre-loaded FMN2 before
depositing onto hBN basal plane. d, Simulation snapshot of FMN self-assembly on hBN.
The assembly is stabilized by two inter-isoalloxazine H-bonds, as highlighted by the yellow
arrows. The H-bonds are found between Ns3-H and Cs=0O atoms on the isoalloxazine
moieties of FM1 and FM2. Water molecules and sodium ions are not displayed for clarity.

Between 70.5 and 79.7 ns, the two FMN molecules were found to undergo self-
assembly on hBN, as highlighted by the dashed box in Figure 3.3b. Two persistent H-bonds
were observed between a donor N3-H, and an acceptor C4=0 on the isoalloxazine moieties
of FM1 and FM2, respectively. Similar patterns of self-assembly had been reported in

experiments [110, 112, 128]. Figure 3.3d is a magnified MD snapshot showing the
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intermolecular H-bonds between isoalloxazine moieties, which stabilized the FMN self-

assembly on hBN. At 79.7 ns, the self-assembly disintegrated due to H-bond disruption.
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Isolated FMNs on hBN FMN self-assembly on hBN

Figure 3. 4. a, Evolution of the absolute center-of-mass distance (Abs_dist) between the
two FMN molecules in the 2FMN-hBN simulation. b-c, Evolution of the solvent accessible
surface area (SASA) for the complex of two FMN molecules, i.e., FMN+FMN (b), as well
as the complex of two FMN and hBN, i.e., 2FMN+hBN (c). Color palettes in each graph
implies different stages of interaction, cyan: FMNL1 in the aqueous phase, yellow: FMN-
FMN stacking on hBN, grey: both FMNs deposited on hBN basal plane but isolated from
each other, green: FMN self-assembly on hBN basal plane.

To better understand the process of FMN self-assembly on hBN, three indicators

were evaluated:

(1) The absolute COM distance ( 4bs , ) between FMN1 and FMNZ,

(2) SASA for a complex of 2 FMNs (FMN-FMN),

(3) SASA for a complex of 2 FMNs and hBN (2FMN+hBN).

As shown in Figure 3.4, four stages of simulation were highlighted by corresponding
colors in the background of each graph. During FMN-FMN stacking and FMN self-
assembly, all three indicators showed local minimum behaviors. We noticed another period

of FMN self-assembly between 50.3 and 54.4 ns. The simulation trajectory revealed such
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self-assembly was due to non-covalent, hydrophobic interaction between the methyl
groups on the isoalloxazine moieties of FM1 and FM2, and no H-bonds were formed
between FM1 and FM2 in this assembly. At 54.4 ns, the hydrophobicity-driven self-
assembly disintegrated due to a shift in relative position of the FMNs, breaking the
hydrophobic interaction between methyl groups.

For FMN deposition on hydrophobic substrates such as CNT, it was reported that the
ribityl phosphate moiety of FMN always remained in the aqueous phase, providing an
anionic repulsion between nanotubes [129]. However, our study showed that the ribityl
phosphate moieties would deposit onto hBN basal plane. Upon deposition, the ribityl-
phosphate moiety oriented almost perpendicular to the isoalloxazine moiety, increasing the
total occupied area per FMN molecule on hBN, thereby negatively affecting the maximal
areal density of FMN deposited on hBN. On the other hand, our simulation showed that
the overall structure of deposited FMN was stable and robust. With the FMN molecules
undergoing self-assembly along the direction of isoalloxazine moieties, while the deposited
ribityl phosphate moieties acted as spacers/interfaces between FMN directional self-
assemblies, it suggests a new, non-covalent, chemical pathway of functionalizing hBN with

one-dimensional / directional FMN self-assembly, similar to the case of Graphene [112].

Apart from stacking and self-assembly, we also observed large fluctuations of 4bs

in FMN pre-deposition (cyan color) and isolation on hBN (grey color). Although restricted
to move only in-plane, the simulation trajectory revealed that a deposited FMN could still
move freely on the basal plane of hBN. Hence, the FMN remained highly mobile after
deposition onto hBN basal plane. Similar phenomenon had been reported in simulation and
experiment, where a deposited planar molecule exhibits unimpeded mobility on 2D
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material surface, due to low energy barriers comparable to the thermal energy at room

temperature for rotation and displacement on the basal plane of 2D materials [130, 131].

3.2.2.3. Self-assembly of FMN molecules in solution

It has been reported that FMNs could self-assemble in water via isoalloxazine
stacking into dimers [126, 127, 132]. To test the validity of our model, we simulated the
interaction of two FMN molecules in water (without hBN). The equivalent concentration
of FMN was 11 mM, a value known for its self-assembly [133]. The critical events of FMN
self-assembly in water in Figure 3.5¢ suggest three stages of interaction: (1) Pre-assembly
stage (0 - 35 ns), (2) Initiation stage (35 - 60 ns), and (3) Stabilization stage (60 - 100 ns).
Prior to 35 ns, the two FMNSs were essentially isolated, as indicated by the large fluctuation

of Abs, (Figure 3.53). At 35 ns, Isoalloxazine stacking was observed to initiate FMN self-

assembly. After this, the ribityl-phosphate moieties experienced reorientation until two
intermolecular H-bonds were formed between ribityl phosphate moieties of FMN1 and
FMNZ2, at 60 ns. The molecular structure of FMN self-assembly remained unchanged until
78 ns, when a “ratcheting” movement shifted the relative position of ribityl phosphate
moieties on FMN1 and FMN2, breaking an H-bond. From 91 ns onwards, the broken H-
bond was restored, and the structure of the assembly no longer changed. Despite the
changes in H-bonds, the isoalloxazine stacking seemed robust following the onset of self-

assembly (35 ns).
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Figure 3. 5. (a) Evolution of the absolute center-of-mass (COM) distance (Abs_dist)
between two FMN molecules in solution. (b) Total number of hydrogen bonds (H-Bonds)
between the FMN molecules and water (2FMN-SOL.: magenta), as well as between the two
FMN molecules (FMN-FMN: blue). The self-assembly of FMNs saturates at 2 inter-FMN
H-Bonds. (¢) Simulation snapshots showing the critical steps of FMN self-assembly in
solution. The self-assembly process is initiated by isoalloxazine stacking (35 ns) and
stabilized by inter-FMN H-bonds (from 60 ns onwards). Water molecules and sodium ions
are not displayed for clarity.

To quantify FMN self-assembly in water, the absolute center-of-mass distance

between FMNs and the number of H-bonds were monitored (Figure 3.5a-b). In the

approaching stage, the 4bs_ first fluctuated near its initial value of 4 nm until 33.3 ns,
then quickly decreased to 0.68 nm at 35 ns. In the assembly stage, 4bs . reached the first

plateau at an average value of 0.67 nm. In the post-assembly stage, A4bs,  decreased to

0.483 nm at 60ns, then reached the second plateau with an average value of 0.52 nm,

indicating ©-n interaction between the isoalloxazine moieties of FMN.

In general, the Abs,  indicator accurately described the approaching stage (0~35 ns).

However, the change of absolute COM distance was barely noticeable (~0.1 nm) after the
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approaching. Fortunately, the number of H-bonds between FMN molecules (N, . .. )

could probe the later stages with high accuracy. As shown in Figure 2¢, N, .

increased from 0 to 2 at 59.4 ns, then plateaued until 78.1 ns. Between 78.1 ns and 90.6 ns,

N gy E€Mporarily dropped to 1, before regaining N=2 from 90.6 ns onwards. We also

calculated the number of H-bonds between FMN and solvent (water) molecules, N .

An interesting trend was observed: the timing of adecreasein N overlapped perfectly

with the increase of N, .,

and vice versa for the increase of N . This is because
the maximum number of H-bonds in a FMN with external environment is determined by
its H-bond donors and acceptors. To establish or break an H-bond with another FMN

molecule, the number of donors and acceptors available for solvent molecules would

decrease or increase, correspondingly. The evolution of N ~—and of N

suggested that FMN self-assembly in water saturated at two persistent intermolecular H-
bonds (between ribityl phosphate moieties). Thus, our simulation and analysis agreed well
with existing literature in that FMNs in solution could spontaneously self-assemble into
dimers via m-m interaction between the isoalloxazine moieties and two intermolecular H-

bonds between ribityl-phosphate moieties.

3.2.3. Atomistic modeling and analysis of Sodium Cholate (SC)

To investigate the interactions between SC molecules and hBN, all-atom MD
simulations were performed. The simulation box had an initial height ranging from 7.9 nm
to 8.5 nm, with length and width both set to 6.0 nm. The values were large enough to

prevent a SC molecule from interacting with its periodic images. After a 50 ns initial
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equilibration of a solvated hBN system, a SC molecule was introduced at the center of the
simulation box to replace some of the overlapping water molecules. The SC molecule,
initially fixed in position, was released after 10 ns of re-equilibration for the actual
simulation. Figure 3.6a shows the trajectory of the SC molecule interacting with hBN. At
3.1ns after releasing, it moved to the vicinity of the hBN and established a loose attachment
with hBN via its polar carboxylate group; between 3.1 ns and 3.9 ns, the SC molecule
underwent some orientational alignments and became firmly attached to hBN, as evidenced
by a decrease in SC-hBN interaction energy (Figure 3.6d); from 4.1 ns to 20 ns, the SC
molecule migrated on hBN while remaining firmly attached to it (Figure 3.6d, inset) with
negligible change in the interaction energy.

We have also simulated multiple SC molecules interacting with hBN. In the case of
two SCs (Figure 3.6b), the initial configuration consisted of one SC firmly attached on
hBN (pre-coated SC) and the other initially introduced at the center of the simulation box
before setting free (free SC). The free SC established loose attachment with hBN at 17.9
ns, followed by firm attachment at 18.4 ns. At 45 ns, the two SCs self-assembled into a
dimer via hydrophobic interactions. The self- assembled SC-SC dimer remained stable for
the entire duration of the 50 ns simulation period; further simulation for another 50 ns
confirmed its stability. In the case of 14 SCs (Figure 3.6¢, Movies S13, S14 in the Sl of the
published work[5]), with 13 pre-coated on hBN and one free, the free SC became attached
on top of the pre-coated SCs at 2.6 ns and then slid down to establish direct contact with
hBN at 7.6 ns. From 7.6 ns to 20 ns the initially free SC became incorporated into the
existing SCs to form a slightly larger monolayer coating on hBN. A top view of the final

snapshot taken at 20 ns is shown in Figure 3.6e.
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Figure 3. 6. Time evolution of SC molecules interacting with an hBN sheet: a, a single,
initially free, SC molecule landing and attaching to the hBN; b, an initially free SC
attaching and self-assembling with another SC pre-coated on hBN; c, an initially free SC
depositing and incorporating into a monolayer of 13 SCs pre-coated on hBN; d, interaction
energy between SC and hBN; inset: configuration of an SC after its firm attachment on
hBN; e, top view of the configuration shown in (c) at 20 ns; inset: magnified view of a self-
assembled SC aggregate within the area marked with yellow dashed box.

FEP method was used to calculate binding affinities associated with the interaction
between SC molecules and hBN. The processes used to calculate the binding affinities are
illustrated in Figure 3.7. In Figure 3.7a, we first determined the energy difference AG 45
between a monolayer hBN (marked with letter "Q") in water (state A) and in vacuum (state
B), and then the energy difference AGg. between a monolayer hBN in vacuum (state B)
and when it is in a bilayer hBN (state C). The hBN-hBN binding affinity is calculated as:
AGPEN = AG,c = AG,p + AGyc. Similarly, in Figure 3.7b, we determined the energy
difference AGpg between a single SC molecule in water (state D) and in vacuum (state E),

and then the energy difference AGgr between the SC in vacuum (state E) and when it is
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firmly attached on hBN (state F). The SC-hBN binding affinity is calculated as:

AGSSPBN = AGpr = AGpy + AGgr. In Figure 3.7c, we determined the energy difference

AGy between a SC pre-coated on hBN (state G) and in vacuum (state H), and then the

energy difference AGy,; between a SC in vacuum (state H) and when it is in a self-

assembled SC-SC dimer on hBN (state 1). The SC-SC binding affinity on hBN is:

AGES—SCBN) — G, = AGgy + AGy, . The calculated binding affinities were

summarized in Table 3.1, with all values normalized by the contact area. The negative
Sc-sc (hBN)

values of AGpe."EN and AG, suggest both SC-hBN binding and SC-SC self-

assembly are energetically favorable.
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Figure 3. 7. Computational processes for calculating free energy differences AG between
the following states: a, a monolayered hBN in water, in vacuum, and when it is in a bilayer
hBN; b, an initially free SC in water, in vacuum, and when it is firmly attached on hBN;
and c, a SC pre-coated on hBN, in vacuum, and when it is in a self-assembled SC-SC dimer

on hBN.

Table 3. 1. Normalized binding free energies in SC-hBN interaction.

~ ~SC— =SC—-SC (hN
Name AGHEN, AGSS-hBN AGH 3¢V
(kJ/mol nm?) —630.51 + 0.27 —104.30 + 2.29 —25.28 4+ 3.70

57



3.2.4. Driving force of biosurfactant deposition and self-assembly on hBN

The molecular self-assembly from solution to substrate is usually governed by the
balance between molecule—substrate, molecule-molecule, solvent-substrate and
molecule—solvent interactions [134]. To understand these interactions in FMN deposition
and self-assembly, binding energies DG were calculated at three different sites, FMN-hBN,
FMN-FMN in solution and FMN-FMN on hBN. Molecular configurations for the
calculation were taken from the MD simulations. We compared the results side-by-side
with the binding energies of SC, an efficient biosurfactant molecule that is known to assist

LPE of graphene and hBN [28, 116], as shown in Table 3.2.

Table 3. 2. The binding free energies of FMN and SC molecules at binding sites of interests

Molecule Name Flavin Mononucleotide Sodium Cholate
(FMN) (SC)
AGigoi—nan -141.028 + 0.498 -100.480 + 6.083
AGyo1-mor (in solution) bt -80.330 + 7.127 -46.314 + 1.726
AGpo1—pmor (0N hBN) ©t -95.454 + 6.514 -29.026 + 5.433
(kJ/mol)

Reference state: the target molecule is in solution and infinitely far away from hBN;
Final state: the target molecule is on hBN (the binding site).

b Reference state: both target molecules are in solution and infinitely far away from each other;
Final state: two target molecules self-assemble into a stable aggregate/dimer in solution.

¢ Reference state: both target molecules are on hBN but infinitely far away from each other;
Final state: two target molecules self-assemble into an aggregate/dimer on hBN.

T Abbreviations: Mol-hBN stands for molecular binding between one target molecule and hBN,
Mol-Mol stands for molecular binding between two target molecules, either in solution or on hBN.

Since the calculated DG values are all negative, the corresponding binding process

should be energetically favorable, consistent with MD simulations. For a FMN molecule
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to bind onto hBN basal plane, the free energy would drop by DG =141.028 kJ/mol.

FMN -hBN
In comparison, the adsorption energy of FMN on SWCNT is 2 eV [135, 136], which is

within the same range as our calculation. For two FMNSs preloaded on hBN to self-assemble

via two H-bonds, the total free energy would drop by DGY2Y) = 95454 kJ/mol. In

FMN - FMN

comparison, for two FMNs to form an assembly via isoalloxazine stacking in water, the

total free energy would drop only by DGY*") = 80.330 kJ/mol. Although DG for

FMN - FMN

FMN-FMN stacking on hBN was not calculated, the MD trajectory, Z

. and SASA
already showed FMN-hBN binding to be stronger than FMN-FMN stacking on hBN.
Moreover, FMN-FMN stacking on hBN and in solution are both dominated by n-n
interaction. Hence, if we assume DG in both cases to be identical, we will see a driving

force of 15.124 kJ/mol in favor of FMN-hBN binding than FMN-FMN stacking on hBN.

We also found that SC binding to the sites of interest is weaker than FMN.

Particularly, SC self-assembly on hBN would decrease total free energy by DG, ... =

29.026 kJ/mol, only 1/3 times that in the case of FMN. Contrary to FMN self-assembly on
hBN, SC self-assembly on hBN appeared to be dominated by hydrophobic interaction. No
H-bonds were found in the assembly. SC molecules oriented in a "back-to-back™ fashion
to shield the hydrophobic methyl groups from water, while all hydrophilic groups
(hydroxyl groups and carboxylate group) were facing towards the aqueous phase to reduce
energy penalty (Figure 3.8, 3.9). Based on the energetics, we propose that FMN should be
an efficient surfactant/stabilizer for LPE of hBN, which may stabilize higher concentration

of hBN dispersion in water as compared to the case of SC.
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Figure 3. 8. a, Evolution of vertical center of mass distance (Z_dist) in the 2SC-hBN
simulation. b, Total number of H-Bonds between SC molecules and water (2SC-SOL.:
purple), as well as between two SC molecules (SC-SC: green). No H-bonds are formed
during the self-assembly of two SC molecules on hBN. c-d, Simulation snapshot showing
SC-SC assembly after SC1 fully deposited on hBN. The side view (c) unveils no H-bonds
in the SC self-assembly. Instead, the assembly is held together by the hydrophobic methyl
moieties. The top view (d) reveals that SC molecules orient in a "back-to-back" fashion to
shield the hydrophobic methyl groups from water, while all hydrophilic groups (hydroxyl
groups and carboxylate group) are facing towards the aqueous phase. Water molecules and
sodium ions are hidden for clarity.
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Figure 3. 9. a, Evolution of the average center of mass distance between two SC molecules
in the 2SC-hBN simulation. b-c, Evolution of SASA for complex of two SC molecules,
i.e., SC+SC (b) and complex of two SC and hBN, i.e., 2SC+hBN (c).

3.2.5. Guidelines to the design of novel surfactant molecules for LPE

Finally, we purpose a guideline for the design of future generation biosurfactant
molecules to enhance LPE:
(1) Aromatic/flat molecules (FMN) can be functionalized with donors and accepters,
makes them rich in H-bond donors and accepters, to boost H-bonds formation.
(2) Non-aromatic molecules (SC) can be made amphiphilic with adequate
hydrophobic and hydrophilic functional groups, to enhance hydrophobic

interaction on 2D material substrates.
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3.3. Discussions

3.3.1. Literatures showing the self-assembly of FMN on substrates

i Sonication
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HaC Njfu\NH
.5nm X ,&
|
H-bonded
| ribbon

= 1N %
Hydrophobic
interaction
pepe

Figure 3. 10. a, Top view of FMN wrapped around an 81 SWCNT in helical pattern,
stabilized by H-bonds between adjacent isoalloxazine moieties and hydrophobic
interaction between FMN and the side wall of SWCNT [110]. b, Schematic representation
of the formation process of an FMN/BNNT Nanohybrid, where n-r stacking interactions
between FMN and BNNT play an important role [117]. c, Pictorial illustration of FMN
assembly-assisted unzipping of graphene into graphene nanoribbons (GNR) upon
sonication. Unzipping is propagated along the weak interaction line between dimethyl tail
groups [112].

62



3.3.2. Evaluation of the quantity of SC deposited on c-hBN and r-hBN

The quantity of SC adsorbed onto the surface of c-hBN and r-hBN was evaluated by
X-ray photoelectron spectroscopy (XPS) and elemental analysis methods. The XPS
analysis was carried out on hBN powder deposited on double face Cu scotch tape (Farnell,
19 mm, mod. 1182). The percentage composition of the samples was evaluated through the
deconvolution of survey spectra (Figure 3.11), showing 4.5% w/w and 3.0% w/w (mass

ratio) of SC deposited on c-hBN and r-hBN, respectively.
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Figure 3. 11. XPS survey spectra of the c-hBN and r-hBN powders.

Similar mass ratios of SC deposited on c-hBN and r-hBN were obtained by elemental
analysis (Table 3.3). c-hBN appears to adsorb more SC molecules per unit mass than r-
hBN, probably due to the polar free zigzag edges in the c-hBN flakes. However, in this

chapter, we mainly focus on the interaction between surfactant molecules and the basal
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plane of hBN. We did not study the edge effect in such interactions. Nevertheless, we
confirm experimentally that SC can spontaneously deposit onto the surface of c-hBN and

r-hBN.

Table 3. 3. Quantity of SC adsorbed onto hBN was evaluated using XPS and elemental
analysis (EA), and similar values of weight percentage of carbon and SC/hBN mass ratio
were obtained from both methods.

Weight % C Weight % C w/w % SC/hBN  w/w % SC/hBN

Samples " vpg) (EA) (XPS) (EA)
r-hBN 2.02 1.75 3.0 2.6
c-hBN 2.98 242 4.5 3.6
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3.4. Summary

In this chapter, we have demonstrated that FMN and SC molecules can self-assemble
on hBN via a toolbox of mechanisms including: n-m interactions between the FMN
isoalloxazine moieties and the basal plane of hBN, intermolecular hydrogen bonds (H-
bonds) between the FMN isoalloxazine moieties, and hydrophobic interaction between the
SC methyl moieties. Three MD simulations were setup to analyze the molecule behavior
in FMN deposition and self-assembly. We used the FEP method to pinpoint the driving
force, and proposed FMN to be superior/better than SC in assisting LPE of hBN.
Experimental evidence has confirmed the theoretical/simulation results. Through all our
comprehensive simulations and experiments, we can conclude that both FMN and SC are
both efficient surfactants in assisting LPE of hBN in water. These surfactants might also
be useful in the scalable production of other 2D materials [137]. We concluded by
providing a general guideline for the design of novel surfactant molecules for efficient LPE
of 2D materials: functioning the aromatic/flat molecules (such as FMN) with H-bond
donors and accepters, boosting the formation of H-bonds, and making non-aromatic
molecules (such as SC) amphiphilic to enhance their hydrophobic/hydrophilic interaction
in water and on 2D materials. These findings could aid the design of novel surfactant
molecules for more efficient LPE of 2D materials, and the development of novel

nanomedicine delivery systems.
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Chapter 4

Molecular mechanisms of coacervation

and encapsulation with designed peptides

The work described below is in collaboration with the research groups of Prof. Jing
Yu, Prof. Tian Liu and Prof. Konstantin Pervushin. Prof. Tian Liu's group performed the
transcriptome analysis. Prof. Jing Yu and Prof. Tian Liu's groups performed the selection,
De novo synthesis and characterization of the target peptide molecules. Dr. Harini
Mohanram and Prof. Konstantin Pervushin performed the NMR experiments. Haopeng Li
and Prof. Jing Yu performed the peptide encapsulation experiments. A paper on this project

is currently in preparation.

4.1. Introduction

Today, we are witnessing an unprecedented growth of interests in the development
and applications of nano-scale delivery systems, with broad applications in, e.g., the food,
agriculture, drug-delivery and renewable energies [33-36]. Nano-sized particles also hold
great promises for applications as vaccine delivery systems with potent adjuvant activities
[32].

In particular, micro/nano-encapsulation, a process that involves spontaneous self-

assembly of biomolecules on the chemical or biological interfaces into enclosed "capsules™
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with the size of micrometers or even nanometers, has emerged as a unique and novel field
of research due to its high bioavailability [138], high stability, controlled release of active
compounds [35] (e.g. lipophilic and hydrophilic vitamins [139], vaccine antigens and
adjuvants [140], anti-cancer [141] and anti-microbial drugs [142], etc.), and low
technological barrier for scale-up manufacturing [33-36, 137, 138, 141].

Several compounds have been reported to encapsulate with the formation of a
membrane, including lipids or fatty acids, amphiphilic proteins or peptides, block
copolymers and inorganic colloidal particles [37]. For example, alginate, a natural polymer
extracted from seaweed, has been widely used for cell encapsulation, wound healing, drug
delivery, and tissue engineering applications due to its ability to ionically cross-link in
water [143-145]. Polypeptides between 25 to 40 amino acids were found to assist
encapsulation of bioactive lutein via electrostatic attraction [146]. Moreover,
nanocomplexes of biotinylated peptides can encapsulate DNA via self-assembly, whose
use in gene delivery was being evaluated in preclinical trials [147, 148].

Coacervation is a process to form droplets spontaneously through liquid-liquid phase
separation (LLPS). LLPS results in a dense phase typically rich in macromolecules,
separating from the dilute phase [149-151]. Among various methods, coacervation is an
important route to achieve micro/nano-encapsulation. Coacervation are more likely to
occur with the natural biomolecules, such as chitosan, heparin, and polypeptides [152, 153].
While this method shows promise, the process to achieve efficient coacervation, the control
of size, shape, and biocompatibility are not well studied. Furthermore, a lack of knowledge
to the encapsulation mechanism hindered its application in the real-world scenarios [34,

36]. Hence, there is a driving force to unravel the molecular mechanism for coacervation
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and encapsulation, to expand the study from naturally-occurred molecules to the synthetic
systems, and to enable de novo design with a focus to achieve enhanced functionality and
precise control of coacervation and encapsulation [38].

In this chapter, we investigated the molecular mechanism for coacervation and
encapsulation of a de novo peptide, WA30. This peptide is originated from the Asian corn
borer (Ostrinia furnacalis), a destructive pest of maize. The larvae of Asian corn borer feed
on the tassel and kernel of maize at younger instars (1st to 4th) and bore into the plant by
feeding on stalks at later instars (5th and 6th). (Note that Instar means a stage in the life of
an arthropod between two successive molts). After six instar stages, the larvae transform
into pupae within the stems of host plant, before becoming moths [154-156]. The dark-
colored cuticle of a larva head functions like a "helmet", protecting the larva when it bores
through the plant. A picture of Ostrinia furnacalis and a zoom-in view of the dark-colored

head cuticle is shown in Figure 4.1.

Figure 4. 1. a, Overall view of a Ostrinia furnacalis larva, with its head boxed in yellow;
b, Zoom-in view showing the dark-colored, head cuticle of O. furnacalis larva.
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Curious about the deterministic protein that enables the pressure-sustaining
functionality of the larva’s head cuticle, and the dynamics of its transcriptome in response
to molting, RNA sequencing was conducted, and the expression level was evaluated. A
total of 227 head cuticle proteins were identified. Figure 4.2 shows a heat map for the
expression level of head cuticle proteins, measured between the fourth and fifth instars, the
onset of larvae bore into the stem of the host plant. Due to molting, the highly expressed
proteins at day 1 of the fifth instar are prone to make up the new cuticle layer. Interestingly,
one highly expressed protein was found to possess a repetitive sequence (#114364209).
This repetitive sequence was studied by using de novo synthesis to produce the repetitive

peptide WA30. The sequence of WA30 can be seen in Figure 4.2c.
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Figure 4. 2. a, Flow chart of De novo sequencing and screening for the protein of interest;
b, Heatmap of protein abundance differences in the head cuticle of Ostrinia furnacalis.
Proteins that were significantly altered at g < 0.05 were categorized. A total of 227 head
cuticle proteins were identified. The expression levels of three corn borer larvae before and
after the fourth molting were ranked from high to low using the rainbow color map from
red (9) to blue (N). The protein 114364209 which contain ‘WA30’ was one of the highly
expressed head cuticle protein after molting. ¢, The sequence of WA30 peptide. Note that
the highlighted “WNAAPA’ segments are the repetitive domains.

As the name suggests, WA30 consists of 30 amino acids, including four segments of
repeating amino acids (WNAAPA). Each segment, WNAAPA, consists of both
hydrophobic and hydrophilic amino acids. Three spacers, each with 2 hydrophilic amino
acids, were inserted intentionally between two repeating segments of WNAAPA, with a
focus to enhance the solubility of WAS30 in water. In-solution NMR was then conducted to
determine its molecular structure in solution, prior to encapsulation. Two helical regions
were identified from the NMR measurement. The NMR structure was later used as an input
for MD simulations.

Although solvable in water, WAS30 is insolvable in acetone. Encapsulation of WA30
peptides into hollow spheres was observed by flushing adequate amount of acetone into
WAZ30 water solution. The process to manufacture WA30-based hollow spheres is shown
in Figure 4.3a. The mean diameter of hollow spheres is around 700 nm. The mean thickness
of the sphere membrane is around 70 nm, about 1/10 of the mean diameter. AFM and TEM
images of the encapsulated spheres can be seen in Figure 4.3b,c. Thioflavin T (ThT)
fluorescence of WA30-based hollow spheres indicated the B-sheet has formed during the

process of hollow sphere formation (Figure 4.4).
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Organic phase DI Water

Figure 4. 3. a, Flow chart of preparation peptide-based hollow spheres; After repeated
mixing, the crosslinking agent IPDI and acetone were quickly added to the high
concentration peptide aqueous solution. After 6 hours of standing crosslinking, the organic
solvent was volatilization accelerating by blowing nitrogen to obtain peptide-based hollow
sphere aggregation. The vesicles dispersion could be obtained again by adding water; b,
AFM of WAS30 encapsulated hollow spheres; ¢, TEM of WA30 encapsulated hollow
spheres, inset: zoom-in view showing the cross-section of WA30 encapsulated hollow
sphere.
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Figure 4. 4. a, Thioflavin T (ThT) fluorescence of peptide-based hollow spheres assembled
by WAZ30; b, The dependence of Thioflavin T (ThT) fluorescence intensity with the
formation of the WA30-based vesicles. All samples were excited at 450 nm and the
emission at 482 nm was measured. The addition of peptide-based vesicles to 50mM ThT
solution significantly enhanced the fluorescence intensity. By comparison, the peptide
aqueous solution hardly affected the emission intensity of ThT. The fluorescence signal
caused the increase mainly came from ThT combined with peptide spheres (left), indicated
the B-sheet has formed during the process of forming hollow spheres.

To probe the ideal condition for WA30 encapsulation, a broad range of acetone-water
volume ratios were tested, and a phase diagram was plotted (Figure 4.5a). Typically, WA30
can form hollow spheres when the volume ratio (Acetone/Water) exceeds 7:1. FTIR
experiments was conducted to determine the evolution of peptide secondary structures
corresponding to each volume ratio. We found that the encapsulation of WA30 was
accompanied by a significant increase in the composition of B-sheet and a decrease in the

composition of all other secondary structures (Figure 4.5b).
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Figure 4. 5. a, Phase diagram of peptide in acetone/water mixtures. Peptide is soluble in
blank zone and assemblies into vesicles in the filled zone; b, Change of secondary structure
with increasing acetone proportion. All composition data were obtained by fitting the
attenuated total reflection Fourier transform infrared spectroscopy absorption in the amide
| peak located at 1600 cm™ to 1700 cm™. The peptide concentration was 20 mg mL™, which
has been marked with a horizontal solid red line in (a).

To pinpoint the molecular mechanism for coacervation and encapsulation, we first
performed MD simulation of a single WA30 in water and compared it with the NMR results.
Next, we augmented the simulation system to study the behavior of multi-peptide
interaction. The simulation demonstrated that WA-30 peptides could self-assemble into a
coacervate along a fixed direction. We investigated the underlying molecular mechanisms
and the driving forces for WA30 self-assembly by looking into MD trajectories, secondary
structures, number of H-bonds, RMSD and RMSF. We wrapped up this chapter with a MD
simulation of water-acetone mixing, which is the key to WA30 encapsulation process, and
provided a hypothesis to the encapsulation mechanism. A paper on this project is currently

in preparation.
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4.2. Atomistic simulations

4.2.1. Simulation model and methodology

All-atom MD simulations based on the GROMACS package (version 2018.2) were
performed to investigate peptide coacervation and water-acetone mixing [59, 60]. For
peptide simulations, WA30 peptides were modelled with the AMBER 99SB-ILDN force
field [157]. The pdb2gmx command in GROMACS was used to add hydrogens, cap the
terminal residues, and generate the topology files. TIP3P water model was used to model
water molecules as recommended by the AMBER force field [158, 159]. For single peptide
simulation, an open-source program was used to automatically create a solvation shell of
water molecules with a thickness of 5A around the peptide molecule

(http://www.mpibpc.mpg.de/grubmueller/solvate). 1 nm padding distance was set around

the generated solvation shell to prevent the peptide molecule from interacting with its
periodic images. More water molecules were added randomly to fill the gap. In total, 6411
water molecules were added, and the total number of atoms in the simulation box was
19651. The molar concentration of WA30 in water was 8.53 mmol/L (equivalent to the
mass concentration of 26.78 mg mL™). This is within the same range of concentration as
used in experiments (10~30 mg mL). Basic protocols for simulation were the same as
described in section 2.2.1 and 3.2.1.1. Multi-step energy minimization (EM) and
equilibration was used to minimize disturbance to the peptide structure [160]. A test run of
10 ns was followed by a production simulation of 500 ns. Both were performed in the NPT
ensemble with the Parrinello-Rahman pressure coupling and V-rescale temperature

coupling method [161-163]. For eight-peptides simulation, eight single-peptide simulation
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boxes were stacked into a larger cell, with a total volume of 1588.29 nm?3 and molar
concentration of 8.36 mmol/L. Same EM and equilibration protocols as the single-peptide
simulation were used here. However, due to the limit of computational resources, we could
only conduct a 100-ns-long production simulation at a time. The interactions among
peptide chains and with the system were monitored by root mean square deviation (RMSD),
root mean square fluctuation (RMSF), number of H-bonds and Surfactant Accessible
Surface Area (SASA), etc., using the relevant GROMACS commands. In the water-acetone
mixing simulation, GAFF potential [164] was used to model the acetone molecules, and
water molecules were modelled by a simple point-charge SPC/E model with polarization
correction [70]. VMD was used to visualize the molecular structure of WA30 and the
biphasic mixing system [74]. New cartoon representation was used to visualize the
secondary structures of WA30 peptide. The side chains were depicted as thickened
licorices in Figure 4.14-4.16 and 4.18. The single-letter code and color for corresponding
secondary structures are: T, peacock, hydrogen bonded turn; E, light yellow, extended
strand in parallel and/or anti-parallel B-sheet conformation.; B, dark yellow, residue in
isolated B-bridge (single pair B-sheet hydrogen bond formation); H, magenta, a-helix; G,

blue, 310 helix; 1, red, m-helix; C, white, random coil.

4.2.2. Validify of MD model by comparing with NMR.

Figure 4.2c shows the amino acid sequence of WA30 peptide. In total, there are 4
repeating domains with sequence of WNAAPA. Between them, there are three different
spacers, each consists of two amino acids, to assist the solubility of the peptide in water
while bringing in possibilities of folding into various secondary structures. W, or
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Tryptophan, is a highly hydrophobic amino acid due to its aromatic side chain. However,
the hydrophobicity of WA3O0 is reduced by the neighboring hydrophilic asparagine (N) and
proline (P) amino acids. Overall, WA30 is solvable in water, which enables our

collaborator to conduct in-solution NMR experiments.

—

Figure 4. 6. a, NMR structure of WA30; b, B-factor representation of C-alpha atoms on
the backbone of WA30; ¢, MD simulation setup with a single WA30 in water, the
molecular structure of WA30 was taken from the NMR structure.

Figure 4.6a shows the NMR structure of WA30 in an aqueous solution. Figure 4.6b
shows the representation of B-factor, a.k.a. Debye-Waller factor [165, 166], of WA30
backbone atoms. B-factor is a measure of the vibrational energy of a structure or structure
component. [167] In protein structures obtained by NMR, each atom in the structure has a
recorded B-factor, and (generally) atoms with a low B-factor correspond to relatively rigid
portions of the structure, and vice versa.[168, 169] Generally speaking, the backbone atoms
located near both termini and on the central spacer (PS) are flexible, while the backbone
atoms in helical domains are relatively rigid. We import the NMR measured structure into
a simulation box using the methods as described in 4.2.1, the equilibrated configuration is

shown in Figure 4.6¢. A 500-ns-long simulation was run, and the simulated structure was
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compared with NMR to test the validity of simulation model. Details on the comparison of

results are discussed in the following section.

4.2.2.1.MD configurations of WA30 peptide in the long simulation

To start with, we conducted a 500 ns MD simulation of a single WA30 peptide in
water. Two typical indicators for protein folding/unfolding, the radius of gyration (Rg) and
the solvent accessible surface area (SASA), were evaluated. If a protein is stably folded, it
will likely maintain a steady value of Rg and SASA,; If a protein unfolds, its Rg and SASA
will vary over time. As shown in Figure 4.7, the total radius of gyration for WA30 peptide
fluctuated around the initial value of 9 A, without many changes. Similarly, SASA of

WA30 maintained a steady value around 26.3 nm? (Figure 4.7).
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Figure 4. 7. a, Evolution of total radius of gyration (Rg) for the full-length of WA30
peptide; b, Evolution of solvent accessible surface area (SASA) for the full length of WA30
peptide.

7



a RMSD b RMSF
After Isq fit to WA30-NMR After Isq fit to WA30-NMR
12
E — NMR
] 201 — MD Simulation
10
—~ 81 15+
< <
Q g r
2 "] 2 10
o
o 4] ]
o] —an 57
| — Backbone 1
0 T T T T T T T T T 0 T 1 — 1 — 1 1
0 100 200 300 400 500 0 5 10 15 20 25 30
Time (ns) Residue #

Figure 4. 8. a, Root-mean-square-deviation (RMSD) for all atoms (black) and backbone-
only atoms (blue) of the simulated WAS30, after least-square-fit to the NMR structure; b,
Root-mean-square-fluctuation (RMSF) of WA30 C-alpha atoms for NMR (black) and MD
simulation (blue), after least-square-fit to the NMR structure.

Figure 4.8a showed the root-mean-square-deviation (RMSD) of all atoms and
backbone-only on the simulated WA3O0 peptide, after least-square-fit to the NMR structure.
We found that in all cases, the RMSD were less than 1 nm. Focal increases of RMSD were
observed at 17.5 ns, 82.5 ns and 415.5 ns. The average value of all-atom RMSD was 5.97
A, and the average RMSD for backbone atoms was 4.98 A, suggesting no sign of severe
structural distortion. We also analyzed the root-mean-square-fluctuation (RMSF) of C-
alpha atoms on the backbone of WA30 peptide. As shown in Figure 4.8b, the termini atoms
exhibited relatively large RMSF of up to 8 A. The average RMSF of C-alpha atoms in MD
simulation was 3.15 A, smaller than the RMSF calculated from NMR, which is given by

the following equation:

3B
RMSFNMR = 5
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Where the letter B stands for B-factor. The average RMSF calculated from B factor
is 12.06 A. In the following sections, we found the interaction between different WA30

peptides might explain the deviation here.

4.2.2.2.Evolution of WA30 peptide’s Secondary Structures
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Figure 4. 9. a, Evolution of the secondary structures for WA30 peptide. Note that the
horizontal axis is the frame number, which is equal to 2 times the simulated time. The
single-letter and color codes on the top right corner stand for the corresponding secondary
structures: T, peacock, hydrogen bonded turn; E, light yellow, extended strand in parallel
and/or anti-parallel B-sheet conformation.; B, dark yellow, residue in isolated B-bridge
(single pair B-sheet hydrogen bond formation); H, magenta, a-helix; G, blue, 310 helix; I,
red, n-helix; C, white, random coil. b, RMSD for backbone atoms of the simulated WA30
between residue 18 and 26, after least-square-fit to residue 18 and 26 of the NMR structure.
Inset: the final snapshot taken at 500 ns of MD simulation; the circle indicates residue 18
to 26 of WAS30 peptide.

The evolution of WA30 secondary structures was plotted against the frame number
(simulated time*2) in Figure 4.9a. Its vertical axis corresponds to the residue number of
amino acids, and color blocks represent segments of peptide with same secondary

79



structures. We found that the secondary structure of WA30 underwent negligible changes.
At 329 ns (frame #758), the a-helix between residue 5 and 9 changed into 310 helix and
remained unchanged. We also assessed the RMSD of the a-helix between residue 18 and
26, as shown in Figure 4.9b. The RMSD was measured by least square fitting the MD
trajectory to the backbone atoms between residue 18 and 26 from NMR structure. RMSD
fluctuated near an initial value of 2 A until 100 ns, when it reached a plateau with an
average of 0.5 A. At 355 ns, RMSD increased to 1.5 A but quickly decreased back to 0.51
A. After 375 ns, RMSD maintained a steady value of 0.5 A. Hence, the 500-ns-long
simulation proved that the MD model could accurately reproduced the secondary structures
and dynamic features (fluctuation) of WAS30 peptide in solution, thereby confirming the

validity of the simulation model.

4.2.3. Multiple peptides can coacervate in water.

We augmented the system by stacking the single-peptide simulation box into a 2x2x2
fashion, using the corresponding command in GROMACS (gmx nbox). A total of eight
WA3O0 peptide chains were placed in the augmented simulation box (Figure 4.10). Periodic
boundary conditions in x, y and z directions still applied in the augmented MD simulation

model.
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Figure 4. 10. Illustrations showing the augmentation of MD simulation model, a, eight
simulation cells, each containing a single WA30 peptide, were stacked into a 2x2x2 fashion;
b, The augmented MD model containing eight WA30 peptides, namely, chain A, B, C, D,
E,F, G, and H.

After EM, equilibration, and test run for 10 ns, we found that three peptide chains
(A, B, E) already self-assembled into a trimer, as shown in Figure 4.11. Three peptides
assembled along an assembly direction. It is especially clear when looking at both front
view and side view of the trimer: the assembly appeared to be loose and elongated in the
front view, while being dense and compact in the side view. Moreover, the secondary
structures of peptide chains in the trimer remained unchanged, and that peptide chains
appeared to interact with each other via the flexible secondary structure such as random

coils and hydrogen turns.
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Figure 4. 11. a, MD configuration showing three WA30 peptides, chain A, B and E (circled
in purple), self-assembled into a trimer. b, The front view of the trimer. It appears that
WA3O0 peptides prefer to assemble along the direction as indicated by the purple arrows. c,
The side view of the trimer. Secondary structures are indicated by the same color and
single-letter codes as in Figure 36. Water molecules are not displayed for clarity.

The pre-assembled MD configuration was used as an input for an additional 100-ns-
long MD simulation. Towards the end of 100-ns-long simulation, we found that all eight
peptides self-assembled into a stable, rod-like octamer, 8 nm in length, 4 nm in width, and
3 nm in thickness. A graphic illustration of the final configuration was shown in Figure
4.12. Apparently, the peptides self-assembled along a fixed direction. Although new
secondary structures emerged after self-assembly, we found most helical structures were
well-preserved. The octamer appeared to be stable once formed, at least within the
simulated time scale (10*~10? ns). Similar to what is observed in Figure 4.11, peptides

appeared to interact with their neighboring chains via the flexible coils and turns.
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Figure 4. 12. The final configuration of 100-ns-long simulation shows directional self-
assembly of WAS30 peptides into an octamer. Top left corner shows the location of the
octamer (circled in purple) in the simulation cell. Secondary structures are indicated by the
same color and single-letter codes as in Figure 4.9. Water molecules are not displayed for
clarity.

4.2.3.1.Peptide coacervation with negligible change of secondary structures

We analyzed the evolution of secondary structures for all peptide chains by plotting
them against the frame number (simulated time*2), as shown in Figure 4.13. In the vertical
axis, the first column represents the sequential number of amino acids, the second column
stands for the single-letter-code of amino acids, and the third code represents the name of
peptide chains. We found that chain B, C, D and F had negligible changes to their
secondary structures. Chain G and H lost their a-helix secondary structure between residue
5 and 11, while maintaining the a-helix between residue 18 and 26 intact. Chain A lost its
a-helix secondary structure between residue 18 and 26, while maintaining the a-helix

between residue 5 and 11 intact. Chain E formed B-sheet secondary structure within itself,
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near the flexible C-terminal and N-terminal (residue 4 & 5, residue 27 & 28). While the
simulation and the secondary structures analysis revealed the overall behavior of WA30
peptides’ self-assembly and coacervation in water, detailed analysis on the full structure of
peptides (including the side chains) is crucial to the understanding of molecular

mechanisms for peptide coacervation, and possibly, encapsulation.
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Figure 4. 13. a, Evolution of the secondary structures for all eight WA30 peptides. Note
that the horizontal axis stands for the frame number, which is equal to 2 times the simulated
time. The vertical axis stands for the number and name of amino acids (first two columns),
as well as the name of the peptide chain (the last column). b, The MD snapshot of WA30
peptides self-assembled into an octamer, taken at 100 ns. Secondary structures are
indicated by the same color and single-letter codes as in Figure 4.7. Water molecules are
not displayed for clarity.
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4.2.3.2.Persistent B-sheet formation during peptide coacervation

To understand the molecular mechanisms for peptide coacervation, we studied the
B-sheet formation by extracting the traces of persistent pB-sheet formation from the
secondary structure graph, and pinpointed the relevant molecular configurations from the
MD trajectories. In Figure 4.14, zoom-in view of chain G and chain F showed the formation
of an isolated B-bridge, i.e., single pair of amino acid aligned in a way to form a coupled
‘bridge’. The isolated B-bridge was formed between residue 3 Alanine on chain G and
residue 15 Proline on chain F, from 16 ns till 76.5 ns. Another example of isolated B-bridge,
formed between residue 2 Asparagine on chain C and residue 28 Alanine on chain G, is
shown in Figure 4.15. At 87.5 ns, residue 3 Alanine on chain C and residue 27 Alanine on
chain G joined in with the existing B-bridge to form an extended B-sheet, which required
at least 2 pairs of residues. However, the lifetime was shorter than the isolated p-bridge
between chain G and F. After 88.5 ns, no isolated B-bridge or extended B-sheet was

observed between chain C and G.
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Figure 4. 14. Zoom-in view of chain G and chain F showing the representative snapshots
of an isolated B-bridge. Residues in the isolated -bridge, residue 3 Alanine on chain G and
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residue 15 Proline on chain F, are depicted as dark yellow, thickened licorices. Secondary
structures are indicated by the same color and single-letter codes as in Figure 4.9. Water
molecules are not displayed for clarity.
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Figure 4. 15. Zoom-in view of chain C and chain G showing the representative snapshots
of an isolated B-bridge. Residues in the isolated B-bridge, residue 2 Asparagine on chain G
and residue 28 Alanine on chain G, are depicted as dark yellow, thickened licorices. At
87.5 ns, residue 3 Alanine on chain C and residue 27 Alanine on chain G joined in with the
existing B-bridge to form an extended B-sheet, depicted as bright yellow, thickened
licorices. Secondary structures are indicated by the same color and single-letter codes as in
Figure 4.9. Water molecules are not displayed for clarity.

Apart from intermolecular B-sheet structure, we also observed B-sheet within a
peptide chain itself. Figure 4.16 shows the formation of intramolecular -sheet in chain E,
between residue 4 Alanine & residue 5 Proline, and residue 27 Alanine & residue 28
Alanine. This -sheet appeared to be stable and persistent, initially observed at 67 ns, and
survived till the end of 100-ns-long MD simulation. Although the percentage of B-sheet
among all secondary structures was small, our experimental collaborators were still able to

identify the existence of B-sheet in peptide solution (Figure 4.5) via FTIR experiment.
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Hence, we conclude that the self-assembly of WA30 peptides was accompanied by the
formation of persistent, short B-sheet at the flexible domains (both termini and the central

spacer PS) of WA30 peptide.
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Figure 4. 16. Zoom-in view of chain E showing the representative snapshots of an
extended B-sheet. Residues in the extended B-bridge, #4 Alanine, #5 Proline, #27 Alanine
and #28 Alanine, are depicted as bright yellow, thickened licorices. Secondary structures
are indicated by the same color and single-letter codes as in Figure 4.9. Water molecules
are not displayed for clarity.
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4.2.3.3.Driving force for peptide coacervation

To better understand the driving force for peptide coacervation, two indicators were
evaluated: (1) the total potential energy of eight WA30 system, and (2) SASA for a
complex of 8 WA30 peptide molecules, as shown in Figure 4.17. The total potential energy
did not exhibit any noticeable changes, averaging of -2.07e+6 kJ/mol. SASA for eight
peptide chains, however, exhibited a continuous decrease from 195 nm? at 0 ns to 141.8
nm? at 55 ns. After 55 ns, SASA levelled off with an average of 139.6 nm?. As a result,
SASA decreased by nearly 23% after coacervating into an octamer, suggesting
hydrophobic interaction to be one of the driving forces for peptide coacervation. Moreover,
intermolecular hydrogen bonds (H-bonds) might also facilitate peptide coacervation. We

will investigate these two possible driving forces in the following sections.

a Potential Energy b Solvent Accessible Surface Area
For Eight WA30 System For Eight WA30 Molecules
-2.06e+06 250
— Running Avg.
-2.065e+06 -
o200
= £
2 £
E .2.07e+06 P
=
é B I i e 2
o) 150
-2.075e+06 -
— Total
-2.08e+06 +———————1——1— 100 ————+—F——7——7—
0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)

Figure 4. 17. a, Evolution of total potential energy for the eight WA30 peptides system
showing negligible changes during peptide coacervation; b, Evolution of Solvent
Accessible Surface Area (SASA) for the eight WA30 peptides system showing significant
decrease until fully coacervated.
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4.2.3.3.1. Hydrophobicity driven Tryptophan-stacking facilitates peptide
coacervation

As mentioned in section 4.2.2, WA30 peptide consists of four highly hydrophobic
Tryptophan (W) residues, while the overall hydrophobicity of the peptide is reduced by the
hydrophilic Asparagine (N) and Proline (P) residues. Nevertheless, the hydrophobic side
chain of W could induce high energy penalty when surrounded by water. It is energetically
favorable for Tryptophan's aromatic side chains to stack on one another, so as to reduce the
energy penalty. Figure 4.18 shows the simulation snapshots during the coacervation of a
trimer (chain A, B, E) and a pentamer (chain F, G, C, D, H). Between 50 ns and 51.5 ns,
two clusters of peptides moved towards each other without establishing any contact. At 52
ns, the W residue on chain A (blue) and on chain H (green) established initial contact. At
52.5 ns, the distance between two W residues decreased, forming a W-W stacking
configuration. At 53 ns, two clusters coalesced into an octamer, with the stacking of W
residues serving as docking sites. From 55 ns onwards, we observed more W-W stacking
between chain A and chain H, indicated by the red circles in Figure 4.18. The stacking
between W residues appeared to be stable and robust. In addition, the residues took part in
W-W stacking were located on the a-helix region, which according to our calculation
earlier, exhibits less fluctuation and appeared to be relatively rigid. We believed by
establishing a W-W stacking, it also helped to anchor/dock the rigid a-helix structures. The
flexible structures are not affected by W-W stacking, thus can explore the configurational

space freely.
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Figure 4. 18. Zoom-in view of the representative snapshots showing the coacervation of a
trimer (chain A, B, E, top left) and a pentamer (chain H, D, C, G, F, bottom right).
Tryptophan (W) residues are depicted as thickened licorices, the colors of W residues
suggest the peptide chains they are located on. The insets, circled in blue and red on the
top right corner of snapshot 52, 52.5, 55, 75 and 100 ns, show the magnified view of W-W
interaction between chain A (light green) and chain H (blue). After 55 ns, the trimer and
the pentamer coacervate into a stable octamer.

4.2.3.3.2. H-bond formation stabilize the assembly

Apart from hydrophobicity driven W-W stacking, intermolecular hydrogen bond (H-
bond) is also a potential driving force for peptide coacervation. We calculated the number
of intermolecular H-bonds between the all-peptide chains via proof by exhaustion. H-bonds
were only found between those neighboring peptides in the coacervate/octamer, namely, F
- G,G--C,C-D,D:*H,H--- A/ A---BandB -+ E. Next, we plotted the number of
H-bonds against simulation time (Figure 4.19). The increase of number of H-bonds would
not occur until two peptide chains were brought together by W-W stacking. For instance,
no intermolecular H-bonds were formed between chain H and chain A until 53 ns, when

W-W stacking pulled chain H and chain A together. Details of the most frequent pairs of
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H-bonds were listed underneath each graph, along with their percentage of occurrence. We
noticed that, typically, residues located on the flexible domains (coils and turns) of WA30
tend to form intermolecular H-bonds with other peptides. The number of H-bonds between
WA30 peptides and water kept decreasing during coacervation. This is because the
formation of inter-peptide H-bonds gradually deplete the donors and acceptors available to
form H-bonds with the surrounding water molecules. Therefore, H-bond is important in

facilitating peptide coacervation.

a . Between Chain A and B b N Between Chain B and E c Between Chain Hand A d Between Chain D and H
— Running Avg. — Running Avg. — Running Avg.

6-| 6 6 &
© @ @ a
-] 9 ° 9
4 |4 4 g
o o o o
Dad D4 D Ba
T E T z
: WW\,/\/\ : : :
Y = = =

"] "l /\"Wl“/\/\’“/ 2 2

— Running Avg.
20 40 60 80 100 20 40 60 80 100 20 a0 60 80 100 20 40 80 80 100
Time (ns) Time (ns) Time (ns) Time (ns)
TRP1-Side ASN23-Side  20.40% ASN18-Side PRO29-Main  16.92% ASN7-Side PRO5-Main 19.90% ASN18-Side  ASN23-Side 25.87%
ASN7-Side PRO13-Main  51.74% TRP1-Main ASN26-Side 11.44% ASN18-Side TRPY-Main 19.40% ASN23-Side TRP17-Main 8.46%
e s Between Chain C and D f N Between Chain G and C g Between Chain F and G h“ Between All Chains and Water
— Running Avg. — Running Avg. — Running Avg. — Running Avg.

2 5 2 6 2 6 gmu
= 2 |3 c
S 5 S 3
0, a,] a, D 3504
E z T x
5 s ///\/\4\/*/‘/\\4 s W B
b = a 2

2 M 2 2 320

3 i . ) 100 20 40 ) 80 100 20 a0 0 ) 100 20 a0 0 80 100

4 60
Time (ns) Time (ns) Time (ns) Time (ns)

FeGCe:DHABE

TRP25-Side PRO29-Main  21.39% TRP17-Side  ALA14-Main  52.24% TRP9-Side ~ ASN23-Side  38.31%
o
HIS24-Side ~ TRP25-Main  20.40% TRP1-Main  ASN23-Side  30.85% SER16-Side  ASN2-Side  33.83% Assembly direction

Figure 4. 19. a-g, Evolution of the number of H-bonds for each pair of neighboring
peptides in the coacervate. Detailed information of the top two most frequent pairs of H-
bonds and their percentage of occurrence are listed in the charts underneath the number of
H-bonds graphs. Note that in each chart, the first column stands for the donor of an H-bond,
the second column stands for the acceptor of an H-bond, and the third column stand for the
occupancy of this H-bond in the 100-ns-long simulation; h, Evolution of the number of H-
bonds between all WA30 peptides and water. An illustration showing the organization of
peptides in the coacervate, and the self-assembly direction is placed underneath the graph.

91



4.2.3.4.RMSD and RMSF of WA30 during peptide coacervation

The molecular behaviors of WA30 during peptide coacervation was assessed by root-
mean-square-deviation (RMSD) and root-mean-square-fluctuation (RMSF). Figure 4.20
shows the evolution of RMSD in each peptide chain. Focal increases of RMSD up to 8 nm
were observed. However, these changes were not persistent, usually vanished within 10 ns.
The MD trajectories revealed that such changes were associated with severe distortions on
the flexible domain of WA30 peptide, after W-W stacking and during the intermolecular
H-bonds formation. We also noticed that chain F and G experienced minor changes in
RMSD. This is due to the following reasons: (1) chain F is located at the free end of peptide
coacervate, only interacting with one neighboring peptide chain G. Thus, less distortion on
chain F is expected. (2) chain G formed persistent B-sheet with chain F since the beginning
of the simulation. B-sheet prevents the flexible regions of WA30 peptide from experiencing
severe distortions. We also analyzed the RMSF of C-alpha atoms on the backbone of all
WA30 peptide chains (Figure 4.21). RMSF for each peptide chain was one order of
magnitude larger than the single peptide simulation. Apart from chain C, F, G, all other
peptide chains exhibited relatively large RMSF with an average above 20 A. In addition,
the C-alpha atoms exhibiting large RMSF value are located on the flexible domains, with
a higher chance to form intermolecular H-bonds with other peptides. As shown in Figure
4.21i, the average RMSF from MD simulation is consistent with the RMSF calculated from
NMR B-factor. Hence, the RMSD and RMSF confirmed that the coacervation of WA30
peptides was realized by (1) W-W stacking to anchor two neighboring peptide chains, and
(2) large fluctuations of flexible regions to enhance the formation of H-bonds. B-sheet

formation, however, suppress the magnitude of both RMSD and RMSF.
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Figure 4. 20. Evolution of root-mean-square-deviation (RMSD) for each WA30 peptide in
the 100-ns-long simulation. Focal changes of RMSD with magnitude up to 8 nm can be
seen in chain A, B, C, D, E, and H. Chain F and G show minor changes of RMSD.
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Figure 4. 21. a-h, The root-mean-square-fluctuation (RMSF) of C-alpha atoms located on
the backbone of each WA3O0 peptide chain; i, the average RMSF of all peptide chains from
the MD simulation (black) is consistent with the RMSF calculated from NMR B-factor
(blue).
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4.2.4. Mechanism for peptide encapsulation

Although solvable in water, WA30 is insolvable in acetone. Encapsulation of WA30
peptides into hollow spheres was achieved by flushing acetone into WA30 water solution
(Figure 4.3a). A broad range of acetone-water volume ratios were tested to probe the ideal
condition for WA30 encapsulation, and a phase diagram was plotted (Figure 4.5a).
However, the molecular mechanism for peptide encapsulation is still unclear. As a first
step towards understanding peptide encapsulation, we simulated a classical problem of

biphasic mixing of acetone and water.

4.2.4.1.Biphasic mixing simulation of acetone and water

The acetone-water mixing is crucial to the encapsulation process of WA30 peptides.
Figure 4.22a shows the biphasic mixing setup in MD simulation. The initial size of the
simulation system was 10 nm in length, 5 nm in width and height. Although experiments
proved that WA30 could not encapsulate into hollow spheres unless the volume ratio of
Acetone to Water exceed 7:1, we choose volume ratio of 1:1 for the ease of simulation. In
total, there were 951 acetone molecules and 4032 water molecules. After EM and
equilibrium steps, a 30-ns-long simulation was run, and the simulated trajectory was
analyzed. Figure 4.22b shows the molecular configuration by the end of the 30-ns-long
simulation. Both acetone and water molecules diffused across the whole simulation box.
For detailed analysis on acetone-water mixing, the horizontal axis along the longest box
vector was selected to be the reaction coordinate, perpendicular to the initial acetone-water
interface at t = 0 ns. Two indicators were evaluated: (1) the total potential energy, and (2)
the total density of the biphasic mixing system, as shown in Figure 4.23. The total potential
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energy exhibits a decrease between 0 and 5 ns, then levels off with an average of -4.20e+5
kJ/mol. The total density of the system exhibits a gradual increase between 0 and 6 ns, then
plateaus with an average of -915.4 kg/m®. The evolution of total potential energy and

density suggests that biphasic mixing of acetone and water to be a rapid process.
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Figure 4. 22. a, The initial configuration for biphasic mixing MD simulation; b, the
molecular configuration at the end of the 30-ns-long simulation. The reaction coordinate is
indicated with a purple arrow. Atoms of acetone and water molecules are depicted as large
spheres, and are colored as follows: hydrogen, white; carbon, cyan; oxygen, red.
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Figure 4. 23. a, Evolution of total potential energy for the biphasic mixing system showing
a decrease in the first 5 ns; b, Evolution of total density showing an increase in the first 6

ns.

Next, we calculated the partial density of acetone, water, and the system along the
reaction coordinate. As shown in Figure 4.24a, the partial density of acetone between 0 and
5 nm (the original acetone phase, at t = 0 ns) experiences a rapid decrease between 0 and 8
ns, and increases drastically between 0 and 10 ns in the original water phase between 5 and
10 nm. Similar behavior is observed in the partial density of water and the system (Figure

4.24b,c). Overall, the partial densities reached equilibrium in less than 10 ns, confirming
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the rapid mixing of acetone and water.
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Figure 4. 24. a-c, The evolution of partial density for acetone (a), water (b), and the system
(c) along the reaction coordinate. Partial densities were calculated based on 2 ns intervals.

We also evaluated their mean squared displacements (MSD) using GROMACS
commands (gmx msd)[60, 170]. Figure 4.25 shows the evolution of MSD for water,
acetone, and the system. To determine the diffusion coefficient D of acetone or water, we

used the following equation [171]:

im (|5 ()-x 0)f) =60

ied

Where r, is center of mass positions of the evaluated molecule A, D is the
diffusion coefficient of molecule A. The left-hand side of the equation is the MSD for
molecule A. Table 4.1 gives the calculated diffusion coefficients for acetone, water, and
the system, fitted between t = 3 ns and t= 27 ns of the MSD. The diffusion coefficients

fitted from MD simulation are consistent with previous experiments [172-174].
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Figure 4. 25. The evolution of mean square displacement (MSD) for water, acetone, and
the system.

Table 4. 1. The diffusion constant of water, acetone, and the system in simulation

Molecule Name Diffusion Constant (1e-5 cm?/s)
Water 1.4007 £ 0.0221
Acetone 1.0713 £0.0119
System 1.2583 £0.0074
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4.2.4.2.Possible mechanism for peptide encapsulation

However, a force-field compatibility issue withheld us from simulating a system that
includes water, acetone and WA30 peptides. Nevertheless, based on the simulation
evidence and physical reasoning, we came up with a possible mechanism for peptide
encapsulation: by adding sufficient acetone into peptide solution, it generates a rapid
change of composition near the biphasic interface. This change may drive the pre-
assembled WA30 coacervates into a larger, dense, coacervate phase. Meanwhile, this
process will possibly enhance the 3-sheet formation, leading to a tighter assembly of WA30
in the coacervate phase. Due to WA30's preference to self-assemble orientationally in water,
the resulting WA30 coacervate may take the shape of a membrane instead of a solid bead.
A planar membrane has free edges exposed to the water-acetone mixture, which is
energetically unfavorable. Hence, the coacervate membrane may spontaneously enclose to
form a sealed compartment to reduce free energy, similar to the strategy of a phospholipid
bilayer to form an enclosed vesicle. [175, 176]. Although challenging, we plan to further
study the behavior of WA30 coacervate near the rapid changing water-acetone interface,
with a special focus on the higher-level assembly and the evolution of B-sheet secondary

structures.
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4.3. Summary

In this chapter, we first performed MD simulation of a single WA30 in water and
compared it with the NMR result, confirming the validity of our MD model. Next, we
augmented the simulation system to study the interaction of eight WA30 peptides in water.
We found all eight WA30 peptides self-assembled along a fixed direction into a stable,
rod-like coacervate. Secondary structure of WA-30 peptides shows negligible changes after
self-assembly. Short, persistent, intermolecular, and intramolecular B-sheet secondary
structures were found in the WA30 coacervate, at the flexible domains near the termini of
WAZ30 peptides. ThT and FTIR experiments also confirmed the existence of B-sheet
secondary structure prior to and after encapsulation. We hypothesize that the self-
assembly/coacervation of WA3O0 is driven by the hydrophobic interactions of Tryptophan
(W) residues and intermolecular H-bond formation. More specifically, the hydrophobic
Tryptophan (W) residues drive neighboring WA30 peptides together, until intermolecular
H-bonds form between the donors and acceptors on the flexible domains of each peptide,
further stabilizing the assembly. MD trajectories, RMSD and RMSF measurements all
confirm the above hypothesis. Finally, we wrapped up with a MD simulation of water-
acetone mixing, which is the key to the encapsulation of WA30 peptide. Using a standard
biphasic-mixing setup, we successfully reproduced the diffusion coefficient for acetone in
water at room temperature. However, due to a force-field compatibility issue, we are yet
unable to simulate a system which accommodates water, acetone and WA30 peptides.
Nevertheless, based on the simulation evidence and physical reasoning, we proposed a

possible mechanism for the encapsulation process of WA30 peptides.
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To sum up, a combination of MD simulations, experiments, along with physical
reasoning, has provided sufficient evidence for the proposed mechanisms of peptide
coacervation and encapsulation into hollow spheres. This discovery may shed light on a
broad range of opportunities for further research, i.e., single-point mutation to achieve
hollow sphere formation of difference size and wall-thickness, the drug delivery capability

of assembled hollow spheres, cell uptake and biocompatibility, etc.
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Chapter 5

Conclusions and Perspectives

5.1. Concluding remarks

Using atomistic modeling and simulations, we have investigated the bio-nano-
interaction mechanism in cell-nanomaterial interactions, biosurfactant aided liquid-phase
exfoliation, as well as peptide coacervation and encapsulation. The scientific findings for
each chapter are summarized as follows.

In chapter 2, with the state-of-the-art modeling, we have discovered a unique
interaction mechanism between hBN flakes and lipid membrane: a sharp hBN could
penetrate a lipid bilayer and form a cross-membrane water channel along its exposed polar
edges. In contrast, a round hBN sheet could not penetrate a lipid bilayer due to high energy
barrier and a lack of long enough polar edges. The discovery allows us to hypothesize a
new mechanism of cytotoxicity of hBN: water channels induced lysosomal membrane
permeabilization. The hypothesis was confirmed experimentally. The water channel
mechanism is fundamentally different from all known membrane damaging mechanisms
of 2D materials and may have general implications for all binary or multielement 2D
materials with polar edges.

In chapter 3, our simulations of biosurfactant self-assembly on the interface of liquid-
phase exfoliation (LPE) of hBN demonstrate that two types of biosurfactants, Flavin

mononucleotide (FMN) and Sodium Cholate (SC), could self-assemble on the basal plane
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of hBN via a toolbox of mechanisms including: n-n interactions, intermolecular hydrogen
bonds, and hydrophobic interactions. We have conducted free energy calculations (FEC)
to pinpoint the driving forces for biosurfactant self-assembly. FEC reveal that FMN to be
superior to SC in assisting LPE of hBN. Experimental evidence has confirmed the
theoretical and simulation results. Both surfactant molecules might be useful in the scalable
production of other 2D materials. A general guideline was provided to aid the design of
novel surfactant molecules for more efficient LPE of 2D materials, and the development
of novel nanomedicine delivery systems.

In chapter 4, we have unraveled the molecular mechanisms of coacervation and
encapsulation with a designed peptide, WA30. Our simulations show that WA30 peptides
could self-assemble along a fixed direction into a stable, rod-like coacervate with negligible
changes to the overall secondary structures. Short, persistent, intermolecular, and
intramolecular B-sheet secondary structures were found in the WA30 coacervate, at the
flexible domains near the termini of peptide chains. Two driving forces for peptide
coacervation were identified: (1) the Tryptophan (W) residues drive neighboring WA30
peptides together due to hydrophobic interactions, and (2) intermolecular H-bonds form
between the donors and acceptors on the flexible domains of neighboring peptides (pulled
together by W-W stacking), further stabilizing the assembly. With MD simulation on
biphasic mixing of acetone and water, we successfully reproduced the diffusion coefficient
for acetone in water at room temperature, and discovered a rapid change of concentration
near the biphasic interface. Based on these findings, we proposed a molecular mechanism

to the encapsulation process. A combination of MD simulations, experiments, along with
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physical reasoning, has provided sufficient evidence for the proposed mechanisms of

peptide coacervation and encapsulation into hollow spheres.

5.2. Outlook of future research

It has been demonstrated that a fundamental understanding of bio-nano-interaction
is important to biomedical and pharmaceutical applications, bioimaging, nanotechnology,
safety, and regulation. Underlying mechanics and molecular mechanisms in three case
studies of bio-nano-systems were discussed in this thesis. Knowledge acquired from these
systems may have general implications. However, there are still many open questions and
promising opportunities, a few of which are listed below.

(1) In the study of hBN - lipid membrane interaction, we have discovered cross-
membrane water channels, with diameter of nanometers, in silico; however, it is
beyond current experimental capabilities to directly visualize the water channels in

vitro, due in part to the lack of high-resolution in situ imaging methods and the
close - to - transparent appearance of hBN under TEM. Nevertheless, it will be

significant to come up with a novel method to detect such water channels in
experiment.

(2) The cross-membrane water channels are induced by the polar edges of c-hBN;
however, this may prove to be generic. It will be worthwhile to study if the water
channel mechanism still holds for other emerging, binary or multielement 2D

materials with polar edges.
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(3) Furthermore, the discovery of water channel mechanism may open a range of
opportunities for future research, which, for instance, include strategies to
functionalize hBN to achieve tunable channels and membrane permeability and
cytotoxicity: for biomedical applications (such as drug delivery) which require low
cytotoxicity of the nanomaterials, the polar edges should be shielded to inhibit the
formation of cross-membrane water channels; for anticancer therapy and
antibacterial practices, the polar edges should be exposed to maximize water
channel formation, thereby inducing cytotoxicity to the target cells.

(4) In cell-nanomaterial interactions, size effect is an important factor. It will be
worthwhile to study how the size of c-hBN affect the free energy evolution for hBN
to pierce a lipid membrane. In addition, we only studied monolayer hBN piercing.
It will be interesting to simulate multilayer c-hBN's interaction with lipid
membrane: will it still induce a water channel? If so, is the radius of new water
channel becoming larger?

(5) Apart from the size effect, temperature is also crucial to the water channel
formation. The dynamics of a lipid membrane depend on temperature. In the
simulation of chapter 2, we used POPC lipid molecules to model the lysosomal
membrane. The phase transition temperature of POPC is lower than the room
temperature (300 K, used in our simulation). It will be interesting to learn if the
water channel formation could be enhanced by increasing the simulation
temperature to beyond 300 K (such as the human body temperature) or inhibited by

decreasing temperature to less than the gel point of POPC or other lipid membranes.
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(6) In the study of biosurfactant-hBN interaction, we have demonstrated that FMN and
SC molecules are both efficient in assisting LPE of hBN in water; however, these
surfactants may be also useful in LPE of other 2D materials, which will be
worthwhile to study both experimentally and computationally. It will also be
interesting to explore biosurfactants’ effect in safety, biocompatibility, and
effectiveness of novel delivery systems.

(7) As we demonstrate in chapter 4, the repetitive peptide WAS30 could coacervate and
encapsulate into hollow spheres at room temperature; however, what is the behavior
of WA30 coacervate following the exposure to acetone? Although challenging, a
molecular picture of the WA30 coacervate near the rapid changing water-acetone
interface, especially the higher-level assembly of WA30 coacervates and the
evolution of B-sheet secondary structures, would be our final and crucial piece of
puzzle to the understanding of WA30 peptide encapsulation process.

(8) Concurrently to our study in chapter 4, there has been increasing evidence that
many naturally occurred bio-fabrication processes are enabled by peptide/protein
coacervation [177-180]. What intrinsic properties or governing roles would ensure
the coacervation? These are questions that need to be answered before the artificial
design of peptide coacervation systems.

(9) Nowadays, Artificial Intelligence (Al) has given an enormous rise to applications
in de novo design of peptide, drug discovery and design [181-183]. Is it possible
for Al to aid the modeling of peptide coacervation and encapsulation in chapter 4?

Furthermore, can Al help to screen, design, and optimize de novo peptides with a
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focus to achieve enhanced functionality and precise control of coacervation and

encapsulation?
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