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Abstract

Combinatorial library approach has been used to synthesize cationibdipéd
nanoparticles for developing new drug delivery system. Even though it is useful to
identify the synthetic lipids with high efficies, the fundamental mechanism of the

structurefunction correlation of the cationic lipids remains to be illustrated.

In this thesis, | primarily investigated the structure of theasdembled cationic lipids
using a combination of experimental andaifetic approaches, with an attempt to
understand the mechanism of the varied delivery efficacy between lipids with similar
structures. | used the fluorescence spectrometer measured the Critical Micelle
Concentration (CMC) of the lipids from the libraryhe effects of the head group,
disulfide bond and the length of the alkyl chains on theassémbly behavior of the
synthetic lipids were thoroughly investigated. Meanwhile, atomic force microscope
(AFM) is used to study the morphology of the sedenbled lipid system. | also
attempted to study the selfsembly of the lipids using molecular dynamic (MD)
simulation. MD simulations showed that the synthetic lipids could aggregate in solution.
The stability of the bilayer structure in simulation altsdicated that the micelles or

liposomes formed by lipidoids can maintain stability in aqueous solution.

The future work will contain several sections, including: i) to correlate the experimental
study and MD simulation to illustrate the different ssdfembly of various lipids with
similar structures; ii) to generate an approach for rationale design the lipids with efficient

delivery efficacy.
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Chapter lintroduction

1.1.0verview of Nanomedicine Field

Nanomedicines the application of nanotechnology in clinical area such ahérapy,

diagnosis monitoring, and the control of the biological systdine targeted drug

delivery system has especially become a popakearch area in nanomedidnéhe

sizeof these nanomateriais very similar to that obiological moleculesndicatingthat
thesenanomaterialsanbe applied as biological molecules in vitro or in vivo. Usually, in

order to complete the specific function in vitro such as transporting pharmaceutical

molecules, diagnosis of the human beings, the nanomaterials will cowitfirthe

speific molecules through different ways like conjugating the molecules, or surround the

molecules, etc.

The nanomedicine has been widely studiedappuliedin many aspects alinical

research (Se€able 1) such as the DNA manigation, Drug delivery, diagnosis,

biorobotics, eté

Tablel The application of nanomedicrie

A partial nanomedicine technologies taxonomy

Raw nanomaterials

Cell simulations and cell diagnostics

Biological research

Nanoparticle coatings

Cell chips

Nanobiology

Nanocrystalline

Cell simulators

Nanoscience in life

materials sciences
Nanostructured DNA manipulation, sequencing Drug delivery
materials diagnostics

Cyclic peptides

Genetic testing

Drugdiscovery




Dendrimers

DNA microarrays

Biopharmaceutics

Detoxification agents

Ultrafast DNA sequencing

Drug delivery

Fullerenes

DNA manipulation and control

Drug encapsulation

Functional drug
carriers

Smart drugs

MRI scanning
(nanopatrticles)

Tools anddiagnostics

Nanobarcodes Bacterial detection systems Molecular medicine
Nanoemulsions Biochips Genetic therapy
Nanofibers Biomolecular imaging Pharmacogenomics
Nanopatrticles Biosensors and biodetection

Nanoshells Diagnostic and defense applications | Artificial enzymes and

enzyme control

Carbon nanotubes

Endoscopic robots and microscopes

Enzyme manipulation
and control

Noncarbon nanotubes

Fullerenebased sensors

Quantum dots

Imaging (cellulay etc.)

Nanotherapeutics

Lab on a chip Antibacterial ad
antiviral nanoparticles
Atrtificial binding Monitoring Fullerenebased
sites pharmaceuticals
Artificial antibodies Nanosensors Photodynamic therapy

Artificial ezymes

Point of care diagnostics

Radiopharmaceuticals

Artificial receptors

Protein microays

Molecularly imprinted
polymers

Scanning probe microscopy

Synthetic biology and
early nanodevices

Dynamic nanoplatform
inanosomeo

Control of surfaces

Intracellular devices

Tectodendrimers

Avrtificial surface®

Intracellular assay

Avrtifici al cells and

adhesive liposomes

Artificial surface® Intracellular biocomputers Polymeric micelles and
nonadhesive polymersomes
Artificial surface® Intracellular sensors/reporters

regulated

Biocompatible Implants inside cells Biotechnology and
surfaces biorobotics

Biofilm suppression

Biologic viral therapy

Engineered surfaces

BioMEMS

Virus-based hybrids

Pattern surfaces
(contact guidance)

Implantable materials and devices

Stem cells and cloning

Thin-film coatings

Implanted bioMEMS chips and
electrodes

Tissue engineering

MEMS/Nanomateriakbased prosthetics

Artificial organs

Sensory aids (artificial retinzetc.)

Nanobiotechnology




Nanopores Microarrays Biorobotics and biobots

Immunoisolation Microcantileverbased sensors

Molecular sieves and | Microfluidics Nanorobotics

channés

Nanofiltration Microneedles DNA-based devices and

membranes nanorobots

Nanopores Medical MEMS Diamondbased
nanorobots

Separations MEMS surgical devices Cell repair devices

1.2.Approach of Nanomedicine: Drug Delivery

SystemDDS)

1.2.1. Overview

As one of the most critical aspsat nanomedicinethedrug delivery system (DDS) ba
multiple advantagecompaedto conventional therapies such as decreasing the side

effects when curing cancérs

Sincethedrug deliverysystem (DDS)s a mettod of transporting the pharmaceutical

molecules through different membranes likeltteod-brain barrier, cell membrane to

achieve the therapeutic effects, it is more convenient than conventional drug thérapies.

may involve the sitéargetingwith n t he pati ent s body or the s
pharmacokinetics. Sindhis method can improve the drug release systentland

transportation system, the pharmaceutical compoca®e better distributed and last

longer in the human body



Targeted drug deliveng an improved approach of drug delivery which can transport the
pharmaceutical to the targeted site within human body and release the drug under control.
Through targeted drug delivery, the dose of the drug can be reduced and the therapy can
be more effetive and specificas in some cases targeted drug delivery is also known as

the smart drug delivery

1.2.2. Delivery Vehicles

Accordingto the biomaterials applied in DDS, drug delivery system can be categorized
into several classes, such as the Hpaded druglelivery, polymetbased drug delivery,

etc.

1.2.2.1. Lipid

With the development opharmaceutical research, more drhgse showpoor

solubility in water, which has restricted the clinical application. In order to improve the
solubility of the drugs, especialfgr oral drugs, the lipibased drug delivery system
(LBDDS) was developéd’. For examplePrabhuet al found thawith the combination

of the lipid-based vehicle, polyethylene glycol (PEG 4600) &/2dimyristoylsn
glycero3-phosphatidylcholine (DMPQ)hospholipid the effects of the piroxicam

(PXCM) thathad poor solubility in waterould be improved significantfy



1.2.2.2. Polymer

Another widely used materials for drug delivery is polyn@mparedo other methods,

the advantages of polymeric micelles tensummarized as several different aspects.
First, through supramolecular assembly, they can form the environmesephyated
microcontainer of the drugs. Second, the stability of the delivery system is controllable.
Third, the delivery system can cogpate the anchoring moiety on its surfadsccording

to the specific technigues used in the polymbesed drug delivery system, they can be
categorized as several different types: diffustontrolled system, solvesactivated

system, chemically contr@t! (bioreducible) system, and the responsive system

1.2.2.3. Inorganic nanoparticles

Inorganic nanoparticles are potential vehicles considering their physicochemical
propertiesSincethesizeof the inorganic materiais very small the ratio of surface ame

to volume is very high. As a resullheir physical properties, such as optical and magnetic
propertieswill be very different and their affinity to targeted molecules will be improved
with the ligand&’. For example, ifFigure 1, Liong et alincorporate the magnetic iron
oxide nanocrystals in the silica nanoparticles. Then the anticancer drugs werensmlded
the pores of the nanoparticles. The surface of the nanoparticles are coated with
phosphonate and targeting ligands. Thioagch modification, the nanoparticles have

multiple functiors during the cancer therapy. They can be used to release the anticancer
5



drugs at the specific sites according to the recognition capability of the ligands and the

iron oxide magnetic nanocrystaiiay the critical rolen MR imaging™.

WL

@ @
oie 2 ‘\;J‘r . Iron oxide nanocrystal

' ST . PO I oo Anticancer drugs
i . : VWV Phosphonate coating
1’\'\,.. /ﬂ—} Targeting ligand

l‘z

Figurel The composition of the multifunctional nanoparticles

The iron oxide nanocrystal is incorporated in the silica nanoparticles which is yellow
point in the figure. The iron oxide nanocrystal is magnetic and can be utilized in MR
imaging. Then the anticancer drugs are also distributed into pores of the nanoparticles.
The phosphonate coating can improve the stability of the dispersion of the
nanopartcles in solution. The targeting ligand is used for specific recognition for
targeted drug delivery.

1.3.Combinatorial Library of Lipidoids

1.3.1. Previous Research



Lipidoids are a class of lipttlke molecules which can be used as the delivery vehicles
for genesard proteins. Akin et al developed the chemical methodsatizethe rapid
synthesis of a large library of different types of lipidéfd3 hey utilizel the Michael
addition to conjugate the aliphatic aresrand different types of lipophilic chains to form
the doublechain lipiclike molecule$? 1314 These lipidoids have been proved to be able
to achieve the high level of silencing of the specific gene expression with the small
interfering RNA (siRNAY? 13, Sun et al indicatkthat some of them kisbetter

transfection efficiency of DNA delivery than thatlapofectamine 2000, which is a

widely used standard for the in vitro gene delivery

Initialized thraugh conjugating the amine groups with three types of alkyl chains
(acrylamide, acrylate, and epoxide) (Fégure 2). Sun et al synthesized a refined library

of lipidoids whicharepurified for DNA delivery®.
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Figure2 The scheme of the combinatorial library of the lipidoids for DNA delitery
There are two different amine groups and three different alkyl chainassembly

Inspired ly the initial research of Sun et al, Wang et al discovered the lipidoids which
wasmodified from the combinatorial library of lipidoids from Sun et al. He synthesized

the |ipidoids with unsaturated al ky chains
of gene deliverdf (SeeFigure 3). Then he and his colleagues synthesized the lipidoids

with disulfide bond and also indicated that these bioreducible lipidoids could complete

the gene transfectidh(SeeFigure 4).
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Figure3 The combinatorial library of unsaturated lipidoitfs
There are 16 kinds of different amine groups and 2 different types of alkyl chai@ss(o
saturated and the other is unsaturated.)
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Figure4 The combinatorial library of bioreducible lipidofds



There argwo different types of amine groups and six different types of alkylnshai
(three chains have disulfide bonds and the others have no disulfide boreeTh
lipidoids are the samples we are going to measure in the thesis.

1.3.2.  Application

Il n order to test the delivery effects of the
al and Ming et al conducted the gene delivery and protein delivery by these lipidoids and
the results indicated that these lipidoids could show good property for transporting the

genesand proteins into ceftg 14161718

1.3.2.1. Nucleic acid delivery

As previous description, since these lipidoids could be divided into three categories
according to the alkyl chains in the lipidoids: saturated lipidoids, unsatuiitoids,
and bioreducible lijgloids. The effects of the nigic acid delivery of these ligoids were

compared from these three different aspects.

At first, the transfection efficiency of DNA delivery by the lipidoids in the initial

combinatorial libary varies according to different types of amines or alkyl chains. For

example, according to the previous research Fsgpae 5), the lipidoid named 1487

which is composed of t hacrylandde bas dogehrehtphegr oup and

transfection efficiency than that of the Lipofectamine2000, whildipiaoid named 60

1C



86 which is composed of -adiyltefieS8reearlyroead gr oup

transfection effects comparing to Lipofectamine2000
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Figure5 TK S-gdl expression by DNA delivery through different lipidbids

¢ KNRdzZaAK RSt AGSNR Yy 3-gdlintd cilg, xhR debvery efii@eicy 8fR A y 3
lipidoids and Lipofeetmine 2000 were tested. The result indicated that some of the
lipidoids have better capability for drug delivery comparing to Lipofectamine 2000,
GKAES a2YS R2y Qi@

Then considering the effects of the saturation of the alkyl chains on the delivery
efficiency, Wang et al synthesized the unsaturéifgdoids (SeeFigure 3). The GFP
expression by DNA delivery or mRNA delivery through these lipidoids were also tested
(SeeFigure 6). From this figure, it wasisible that some of the lipidoids had very strong
capability for delivering DNA or mRNA into cells. In fact, some of the lipidoids even
had better delivery efficiency than Lipofectamine 200Qas alsalear that the
unsaturated lipidoids have much betelivery capability than that of the saturated
lipidoidst®.

11
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Figure6 The efficiency of DNA and mRNA by different lipidtids

(A) The GFP positive with DNA dety by lipidoids (B) the GFP positive with mRNA
delivery by lipidoids.-1L6: DNA or mRNA delivery with the corresponding lipidoids; 17:
DNA or mRNA delivewryith Lipofectamine 20001.8: DNA or mRNA delivery without

carrier

Wang et ablso measured thedfficiency of the bioreducible lipidoids for delivering small
interfering RNA (SiRNA) into cells (Seféigure 7). They synthesized the bioreducible

lipidoids by using disulfide bond to replasedtcarbon atoms on the alkyl chair&eg
12



Figure 4). From the GFP expression, it wasible that the bioreducible lipidoids with
the siRNA could suppress the GFP expression in cells significantly, which indicated that

the disulfide bond in the bioreducible lipidoidsuld improve the efficiency of SiRNA

delivery4,
Il Bicreducible Lipidoid/siRNA
120- 2221 Non-bioreducible lipidoid/siRNA
) = % a
é % 1] ? 1
S 90- "7 ]
s w P
o 1 7
8
5 604
>
L
o
L 30'
U]
0. -
§5 @ @@ & @88
fgs & ¥ & P 9oy
FE 9 0 99 O o4

Figure7 The GFP expression®FPMDAMB-231cels treated with different
methods*.

1.3.2.2. Protein delivery

To investgate the efficiency of protein delivery by the lipidoids, Wang et al synthesized

the lipidoids through conjugation of different amine groups withep@xyhexadecané

(SeeFigure 8). In order todetermine the delivery efficiency, two different cytotoxic

proteins (RNase A and saporin) were utilized. According to the cell viability, it was

visible that the existence of the lipidoids withtqor ot ei ns di dndét affect
indicatingthatthe lipidoids hd no cytotoxicpropertieshemselves. On the othero u | d n 6 t

hand, the naked proteins like RNase A and sapodméarly no effeeon cell viability

13

t



as well, which medrthatthese proteinsnter into cells by themselves. However, after
conjugating withthelipidoids, some of the combinatisshowstrong cytotoxic
properties For example, the combination of EG1&nd saporin and sapoifcto (See
Figure 9) could decrease the cell viability significantly. Theseiltssndicate that the

lipidoids show good efficiency when transporting proteins into cells.
a) o

b)
F H HO R R
Mol N, s, Ho}JN“»' HC MH;

1 2 3 4 5
G o e _U;'_'\ ) ™ MH
"EI"“"NH? MH; 1>'{ -0 MHz BN !
[ T B | 10
CH
HO \N HD
—, NH, Mk "
e WH, e M D} HoM. N
CH
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Figure8 The formulation of the lipidoids for protein delivelry
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Chapter 2 Overall Object

Since many researches have indicated that lipidoids had good efficiency for gene delivery
and protein delivery, itsinecessary to expand the combinatorial library of the synthesized
lipidoids. However, according to the previous description of the application in gene
delivery and protein delivergventhough most of the lipidoids show good capability for
drug ddivery, their efficiency varies significantlynderstanding the reason why these
lipidoids have different efficiency in gene delivery and protein delivery can provide

theoretical support for expanding our combinatorial library in the future.

According to the sidy on the unsaturated lipidoids and bioreducible lipidoids, the
difference in the alkyl chain may affect the delivery efficiency significantly. These
conclusionded us believehat the difference in structure may cause the difference in
function for dry delivery, so we combined the experinramhethodwith molecular
simulation to investigate the effects of #teuctures of the lipidoidsn the seHassembly
behavior in agueous solutionuaderstandhe reason of the difference in delivery

efficiency fom a physical perspective.

2.1.Experimental Study

16



In experimental study, we studied the ssd6embly behavior and the morphology of the

micelles of the lipidoids.

Critical Micelle Concentration (CMC) is one of the critical parameter to indicate the
tencency of seHassembly in aqueous solution and it was measuréoetiy3 ratio
methodwith the fluorescence spectrophotometer. The morphology of the micelles was

observed through AFM.

2.2.Simulation Study

In simulation study, the sefssembly behavior of tHpidoids was investigated by two
different types of simulation. The first one was the aggregation simulation of multiple
molecules distributed at random and the second one was the simulation of bilayer

structure formed by multiple lipidoids.

17



Chapter3 Study of selissembly of lipidoids

by experiment

3.1.Introduction

3.1.1. Measure Critical Micelle Concentration (CMC) of

lipidoids by using fluorescence spectrophotometer

3.1.1.1. Selfassembly behavior of lipidoids in aqueous solution

Surfactant@recomposed of twalifferent components. The firsbomponents the head
group which is hydrophilievhile the other componert the hydrophobic chaifsee

Figure 10). This characteristic of surfactants deterrsiie unique behavior isolution

For example, if thevatersolutionof the surfactanis in contact with oil, the surfactants
usuallytend to distribute at the interface between the oil and water, because the
hydrophilic component of surfactant tends to contact the water molecules vehile th
hydrophobic component of the surfactant tends to contact the oil moléSekfsgure

11). This is the reason why surfactahtssetendency of selassemblyn water. Through
forming micelles, or bilayer structure, the hydrobitoccomponent of the surfactants can
stay in the nonpolar environment and the hydrophilic component of the surfactants can

stay in contact witlthe water molecules which is in the polar environment.
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Figure10 The molecular structure of the lipidoid molecules

(a) The hydrophobic group in the lipidoid molecules. (b) The hydrophiligpgrothe
lipidoid molecules. (cfhecombination of the hydrophobic component and the
hydrophilic component.
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Figurell The distribution of the surfactant molecules (SDS) at the interface between
the oil and watet®.

Considering the structure of lipidoidstime previous description, it is easy to conclude
that these lipidoids are also surfactaifitse amine groups are the hydrophilic groups
while the alkyl chains form the hydrophobic groups in the lipidoid mole¢SlesFigure

10). Thus, these lipidoids will also show sedsemblypehavior. In fact, the TEM

evidence have pred that these lipidoids can form bilayer structure or micelle structure
in aqueous solution (S€egure 12)*°. Thus, investigation of the sedssemblyoehavior

will be a feasible approach to stutle effects of the structure on the physical property of

the lipidoids in solution.
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Figurel2 The negative staining TEM images of sa§emblybehavior of different
lipidoids nanoparticle's.

A and B: 14M87/DNA complex; C and D: E8Z/DNA complexes; E and F: 280DNA
complexes

3.1.1.2. Critical Micelle Concentration (CMC)

CMC (Critical Micelle Concentration) is defined as a specific concentration of the
detergent in the solutiéh When the concentration of the detergent is lower than CMC,
they wonét form micelle in the solution. On

larger than CMC, they will form micelles in the solution
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As one of the critical deliveryehicles inthedrug delivery system (DDS), it is necessary
to make sure that the surfactants can form micelles when preparing the pharmaceutical
device.Thus, through measuag the CMC value of the surfactants, it provides a
convincing method to determiriee concentration of surfactants in the medium for
transportationOn the other hand, the CMC value itself can also profile the tendency of
selfaggregation of the surfactants significantly, through comparing the difference of the
CMC valuss, it is feasibé to indicate whether the lipidoids can form micelles very easily

in the solution.

3.1.1.3. Methods to measure CMC value

3.1.1.3.1. Conventional methods

There are many different ways to measure CMC, such ash$drption Spectroscopy
Method, Electrical Conductivity MethoduSace Tension Method, Light Scattering

Method, eté.

However these conventional methods are restricted by various disadvantages. For
example, light scattering method is not sensitive if the CMC of the surfactant iswery

and it can only provide the CMC value in a very large r&htfeComparing to these
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conventional method, the fluorescent method by pyrene is much more sensitive to the

subtle change of the CMC value even when it iy Vawv?,

3.1.1.3.2. 1:3ratio method

Pyrene has poor solubility in water, thus it viaé distributed in the water solution as
crystal ancexhibits the fine structure when the emission wavelengthitisin the range
of 370-400 nnt? (SeeFigure 15). Theintensity of the peak in the spaatnis dependent
on the polarity of the environment. For example, in the presence of polar sdikents
water, it is observed the enhancement of the intensity of #bé&nd with the decrease of
theotherpaksdé intensity. I n fact, the dipol e
solvent are both important to PyréheAmong these changes of the spectrum of the
pyrene, the variation of the ratio of the first vibronic peak to the third vibronic peak is the
greatest, thus, this ratio (or called 1:3 ratio) has become a widely used approach to
determine the CMC value of the surfactants. When the concentration of the surfactants in
the solution is below the CMC value, they will not form micelle so thapyhenecrystal
is distributed in the solution and surrounded bwitiager molecules which have high
polarity. The 1:3 ratio is high at this moment. When the concentration of the surfactant is
above the CMC value, pyrereystalwill be surrounded by the formexicellesin the
solution whichhas lowerpolaity comparing to thevater moleculesThen, the 1:3 ratio
will decrease at this mome(&eeFigure 13). This changng pattern of the 1:3 ratio with
the increase of the concentratidritee surfactants in the solution can be described by the
Sigmoidal Equatioff (SeeFigure 14):
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In this equation, the variablergpreserdgthe 1:3 ratio of the pyrene. The variadfe and

Az represent the upper and lower constant in the 1:3 ratio curve. The variable x represent

the concentration of the surfactants and the variajdepresents the center of the

sigmoid. Thevaa bl e ®mx represents the dsoftheer ence bet

samples.

Pyrene monomer

Figure13 The molecular structure of the combination of the pyrene crystal and the
micelles distributed in the solutiéh
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Pyrene 1:3 ratio (y)

Surfactant concentration (x)

Figurel4 The fitting curve and the corresponding parameters in the sigmoidal
equatior?*
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Figurel5 The emission spectra of pyrene from 360 nm to 50Hm

3.1.2. Characterize the morphology of micelles of

lipidoids by using Atomic Forces Micopy (AFM)

Atomic Force Microscopy (AFM) is a scanning probe microscopy aitigh resolution
(lateral resolution is around 30and the vertical resolution is less tham)#. It can be
used to distinguish the morphology of the sample within nanometers. The Scanning
Tunneling Microscope (STM) was invented in IBM by Gerd Binning and Heinrich
Rohre, who earned the Nobel Prize for Physics because of this invention i 11986

order to overcome of the disadvantages of STM, Bining invented the Atomic Force
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Microscopy in 1986 and made the first experimental implementation in 1986 as well with
his colleagues, Quate and GerffeFinally, in 1989, they introduced the first

commercially available AFM instrument.

AFM instrument is consisted of several critical components: cantilever, sharp tip,
detector, xyzdrive, controllers and plotter, éic A cantikever is usually in the scale of
micrometers and the sharp tip egiat the end of the cantilever. The radius of the tip is
usually from several nanometers to a few tens of nanometers. During the scditingg
surface of the sample under different modes,cantilever will be deflected because of

the interaction with the surface of the sample. This deflection of the cantilever will cause
a specific changing pattern of the laser beam on the cantilever. Through receiving the
signal of the laser reflected thecantilever, he morphological pattern such as the height

of the samples can be collected.

Since therarethree different modes in AFR it is necessary to select the proper mode

for observing the morphology of micelles through AFM.

3.1.2.1. Contact Mde

There aréwo ways in the contact mode to generate the signal which can profile the
morphology of the surface of the samples. The first way is the deflection of the cantilever

caused by interaction with the samples such as the van der Waals' foiltarydapce,
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electrostatic forces, etc. Another way is to receive the feedback signal which is required
to keepthe position of the cantilever stable. Since the tips are closed to the surface of the
sample, contact mode may cause the damage on the safgpéesesult, it is not

sufficientto utilize the contact mode for some of the samples suttteasft samples.

3.1.2.2. Noncontact Mode

Compaedto the contact modethe non-contact mode can overcome tfisadvantage of

the contact modeFor noncontact modetips will not touch the samplekeading to no

damage to the sampldsastead, the cantilever will be oscillated at the frequency which is
slightly above the resonant frequency. Since the interaction of the tip and the samples like
t he van de wilaWecethe Sréquehcy and the amplitude, it is feasible to

know the change of the distance between the tip and the surface of the sample through

analyzing the changing pattern of the frequency or the amplitude of the cantilever.

3.1.2.3. Tapping Mode

Since amples may have a liquid meniscus layer on the surti@geing mode was
developed in order to avoid the tips sticking to the suffade tapping mode, the
cantilever will move up and down at the frequency whiatiaserto the resonant
frequency and #amplitude will be around 18800 nanometers. Since when the tip on

the cantilever igetting closeto the surface of the sample, the interaction between the tip
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and the sample |ike the van der Waal sdé force
amplitude smaller. On the other hand, the electronic servo will keep the amplitude stable

through adjusting the distance between the tip and the sample. Then, the pattern of the

surface of the sample will be collectédSince the tapping mode will decrease the

damage to the sample and the tip, all the micelle samples prepared here will be measured

by this mode.

3.2.Materials and Methods

3.2.1. Material

3.2.1.1. Chemicals

Pyrene was purchased from Sigiddrich (St. Louis, MO) and used for the preparation

of the pyrene stock solutiadirectly. The sodium acetate buffer solution (3M) was

purchased from Sigmaldrich (St. Louis, MO) and then diluted witlitra-pure water

until the concentratiowas25mM. The ethanol was purchased from Sighfdrich (St.

Louis, MO) and used for the pragtion of the solution directly. All the lipidoids were
provided by Dr. MinginDrXu 6s | ab. For convenience of the
all lipidoids will be named after its head group and the alkyl chainKgese 10). In

Figure 10, the headgrolgd ncl ude t he A800 head .fheoup and t
alkyl chain is named after the acrylate number of the chain and whether the chain

contains aisulfide bond. For example, the lipidoidltesy "800 head group, i
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number of alkyl chain is 16 and it has disulfide baathen this lipidoid is called

800168B.

3.2.1.2. The instrument and its configuration

3.2.1.2.1. 1:3 ratio method for measuring CMC

TheFuorescence SpectrophotometEs4500, HITACH,Japah was usedo measure the
emission spectra and the excitation speétiahe measurements wecenducted at

room temperature with5 mm path length quartz cuvette.

The configuration for the measurement of the emission spectra isHelted

Tale 2 The configuration setting of the fluorimeter

Excitation wavelength 335 nm
Emission wavelength 360 nm ~ 400 nm
Excitation slit 2.5nm
Emission slit 2.5nm
Scannig speed 60 nm/min

3.2.1.2.2. Using AFM to observe the morphology of tiieelles

The mode ofAtom Force Microscope (AFM) (Dimensidt 3100, Veeco, Lowell, MA)

for the measurement is tapping mode and other configurations for the tapguieg
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3.2.2. 1:3ratio method to measure the CMC value

3.2.2.1. Preparation of the lipidoid stock solution

The pure lipidoidsverestocked in the fridge atz4. Before the experimentte lipidoids
were taken out from the fridge and were solvatedetermined amount of the 25 mM
sodium acetate buffer (diluted wititra-purewater from the 3 mM sodium acetate

buffer). The final concentration of the ilgwid sbck solution should be 1 mglnbefore

the experiment.

3.2.2.2. Preparation of the pyrene stock solution

Considering the low solubility of the pyrene in the waiiee, amount of the pure ethanol
was determined beforehanthe final concentration of the pyrene i fhure ethanol

should be 4nM and then stocked in the fridge at 4

To avoid the precipitation of the pyrene in the water, which may eusen the
fluorescent excitation, #pyrene stock solutiowasdilutedonly with ethanol and

distilled water before the measuremétdr the dilution of the pyrene, the pyrenasw
diluted with a determined amount of pure ethanol so that the final concentration of the

pyrene in theethanols ol ut i on s h.dlbeh,dte dileed pyPefe stodid solution
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wasdiluted with distilled water to make the final concentration of thenetht® be

20%wt and the concentration of the pyrene in

3.2.2.3. Preparation of the sample solution for the fluorescence

measurement

Since ethanol will affect the polar environment of the solution and thasstimblyof

the lipidoid it is necessary to make sure that the concentration of the ethanol should be
low enoughfor it to be negligibleduring the experiment. Here, the concentration of the
ethanol in the sample solutiovasdiluted to 0.5%wt whiclis considered to be small
enaugh to have no effects on the measurefiefthusthe concentration of the pyrene in

the sample solution should Be € M.

Theprocedure to prepare the sample soluti@s First, add the determined amount of
sodium acetate buffer25mMM i nt o t he tube.py¥hene addbubDoanl
into the acetate buffer solution. Finally, add the determined amourg bpidhoid stock

solutions into mixture to make the final volume of the sample solution to ke 2 m

After preparation of the mixture solution, in order to make sure that the pyrene molecules
and the lipidoid moleculesereall well-distributed in the sanig solution, the mixture

wassonicated for 5 minutes before the measurement. After the sonichBsample
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solution was transferradto the quartz cuvette artde sample waseasured with the

fluorescence spectrophotometer

3.2.3. Characterize the morpholog§y micelles by AFM

3.2.3.1. Preparation of the sample for AFM

The sample solution of the lipidoids was prepaatetie specific concentratiod (
mg/mL). Since the goal of utilizing AFM for the measurem&asto observe the
morphology of the micelle formed by thpidoid molecules, the concentration of the

lipidoids in the sample solution should be larger than the CMC value.

The Bpe was usetb clean the surface of the mica @hdn one to two drops of the
sample solution were dropped on the mica, which waslfon the glass slid&éhe

sample was left out for approximately two hours and the sample solution on the mica
should have evaporatetihe mica was washealith the distilled wategentlyand

removeal the remainingvater on the mica with tissue. Then the pharior AFM

measu rmentwasprepared .

3.2.3.2. Steps for initializing the AFM instrument for tapping

mode
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1)

2)

3)

4)

5)

6)

7)

Click the software named Nanoscope and the AFM instrument will be turned on
automatically.

Mount the support with the cantilever and the tip onto the AFMunsnt.

Adjust the position of the camera so that the tip is in the middle of the camera.
Adjust theorientationof the laser to get the diffraction of the laser at the tip of the
cantilever.

Move the position of the red dt the middle of the cross the meter window.
Place the sample on the stage. Then, locate the tip and the surface of the
instrument and then complete the cantilever autotune.

After the cantilever autotune, check the configuration in the parameter list. Set
scanning mode as tapping neod hen adjust other parameters according to the

situation.

3.3.Results and Discussion

3.3.1. 1:3ratio method to measure CMC of lipidoids

3.3.1.1. Validate the 1:3 ratio method by measuring SDS

Though the 1:3 ratio method to measure CMC is relatively accurate and sensitive
according to the previous resedlit is still necessary to set up accurate experiment

protocol for the measurement of CMC dogrove its accuracy in our labhus, the
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emission spectrum and the excitation spectofithe sodiundodecyl sulfatevas

measured at first.

3.3.1.1.1. The emission spectra and the excitation spectra
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Figurel6 The emission spectrum and the excitation spectrum of SDS at different
concentration

(a)emissionspectra (b) excitation spectra
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According to the referené® there are two characteristics for the emission spectra and the
excitation spectra. First, there are four peaks in the region where the emission wavelength
is from 350 nm to 400 nniSeeFigure 15). This conclusion is the same as the emission
spectra of SDS ifigure 16. Second, with the increase of the concentration of the
surfactant in the solution, the intensitytbé spectrum should increase, which is also the
same according to the emission spattand the excitation speain. These results

indicate that the fluorescent method for measuring the emission spectra of pyrene in SDS

solution is feasible.

3.3.1.1.2. The CMC vaduof SDS

According to the previous description of the 1:3 ratio methods, the 1:3 ratio at all
different concentration of the surfactants should meet the Sigmoidal Equation, so we
couldutilize Mathematica to find the fitting result of the equation withXf8ratio at

different concentration. The fitting result is below:
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Figurel7 The fitting result of 1:3 ratio of SDS
The fitting equation is the sigmoidal equation (Equation 1), and the calculation of fitting
is completed by Mdtematica.

FromFigure 17, it is visible that nearly all the 1:3 ratio points are fitting the Sigmoidal
Equation, which indicates that the CMC value calculated here is correct according to the
principle of the 1:3 ratio methods &ddition, according to the calculation result, the

CMC value of SDS here is 8.03 mM and the CMC value of SDS is 8.2 mM according to
the referencé. Since these two value of CMCdbosg it is concluded that the 1:3 rati

method utilized here is feasible for future experiment

3.3.1.2. The effects of time after sonication on emission spectra

and the 1:3 ratio
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According to the methods of measuring the 1:3 ratio for the specific lipidoid solution, it is
necessary to sonicate trengple solution for 5 minutes before the measurement. Since
the fluorescent property of pyrene is affected by the surrounded environment
significantly, errors will be introduced if the samaolution is not in equilibriupreven

after sonicationThus it is necessary to investigate the emission spectra and the 1:3 ratio

at different timsfor the same sample solutiafter sonicating the sample solution
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Figurel8 The emission spectrum of lipido(@0016B) solutioat different times.
(a)The concentration of lipidoid is O; (b) the concentration of lipidoid is 0.05 g/m

FromFigure 18, it is visible thatas time increaseghe emission spectrum is increasing,
but the position of the peakstnh e spectrum dondét change. The

intensity of the first peak iRigure 19 also profiles this.

@) Intensity of the first peak: Omg/mL 80016B
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b
(®) Intensity of the first peak: 0.05mg/mL 80016B

Intnesity (a.u.)
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Figurel9 The change of the intensity of the first peak at different tsne
(a)The concentration of the ligoid (80016B)s O; (b)The concentration of the lipidoid
(80016B)s 0.05 mg/nh

Although the intensity of the emission spectrum will increase with the increase of time
after sonication, the 1:3 ratio chastable duringhe time period (Sekigure 20),
indicatingthat thestability of thel:3 ratio can be maintained after sonicatids a

result, therelative errorcan be ignored when measwythe CMC value of the lipidoids

by 1:3 ratio method
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Figure20 The change of 1:3 ratio of lipidoid at different concentratsamith the
increase of time

3.3.1.3. The effects of concentration of lipidoids

3.3.1.3.1. The effects of the concentration of the lipidoids on the emission

spectra

According to themeasuremeraf SDS and the reference, the intensity of the emission
spectra of the surfactantsll become largewith the increase of the concentration of the
surfactant in the solutidA The intensity othe emission spectrum at the concentration
above CMC valuavill be much larger than that of teenission spectrurat the
concentration below the CMC vaftteHowever, according to the analysis of the
emission spectrum of the lipidoid solutidhe result$ in contras{SeeFigure 21).
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Figure21 The effeds of concentration of lipidoid (80016Bi the spectrum.

(@) Emission spectrum (b) excitation spectrum (c) the intensity of teegdeak with the
increase of the concentration
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Wilhelm et albelievesthat the changing pattern of the intensity of the peak at different
concentratiosis caused by the shift of the excitation and absorption spettrum
However,Figure 21 (b) has the same red shift pattern of the excitation spectrum as the
reference, but the intensity in both of the emission spectrum and the excitation spectrum
still decrease with the increase of the concentration of the lipi@®et=igure 21 (c)),
which indicates that the red shift of the excitation spectrum is not the reasba

changng patterrof the intensity in emission spectrum. However, previous research
which focugdon the fluorescent quenching on pyréee us taanother possible
explanation for the changing pattern of the intedity Considering thelectric charge

of thenitrogen atoms in thamine groups, @ think one possible reason for the decrease
of the intensity in both of the emission and tReigtion spectrum is that treamine

groups in theipidoid molecule can cause thituorescenceuenching of the pyrene in

the solution.

3.3.1.3.2. The effects of the concentration of the lipidoids on the 1:3 ratio

According to the previous description of the methim of the 1:3 ratio method, it is
expected that the 1:3 ratio will decrease with the increase of the concentration of the
lipidoid during the measurement. The changing pattern of all the lipidoid molecules is

expected to have thaslar result(SeeFigure 22).
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(@) 1:3 ratio vs Concentration
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Figure22 The 1:3 ratio of the lipidoids at different concentration
(a) The 1:3 ratio of 80018B; (b) The 1:3 ratio of 87016B

The changing pattern @oseto the Sigmoidal Equatig so we can utilize the

Mathematica to calculate the fitting result to the equation and get the CMC value of the

specific molecule.

3.3.1.4. The effects of the structure of the lipidoids
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3.3.1.4.1. The effects of the structure of the lipidoids on the 1:3 ratio

(@) Fitting result of the 1:3 ratio
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(c) Fitting result of the 1:3 ratio

\ — 870168
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Figure23 The fitting result of the 1:3 ratio for different lipidoids

(a)compare the lipidoids with different length of alkyl chain (b)compare the lipidoids
with different head groups (c)compare the lipidoMgh disulfide bond and the lipidoids
without disulfide bond

Since the 1:3 ratio of the pyrene can indicate the polarity of the surrounding environment,
which leads us to believihat the 1:3 ratio of the pyrene in the micelles cairy in
different lipidoid solution. In order to investigate the hypothesis, we compared the fitting

equation of different lipidoids (Sdggure 23).

According toFigure 23, it is observed that the length of the chain haslyeareffects

on the 1:3 ratio. However, the head group and the disulfide bond can affect the 1:3 ratio

especially after micellization in the solution. To be specific, the existence of the disulfide

bond will decrease the 1:3 ratio of the pyreneinthenmid es and the | i pidoi
head group will also have lower 1:3 ratio in the micelle comparing to the lipidoids with

i 800 h e dhisindicateauthmt the polarity of the micelles formed by the lipidoids
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with disul fide b o nsdowerthantthatefthe &icelles forenaddoy gr o u p

other lipidoids.

3.3.1.4.2. The effects of the structure of the lipidoids on the CMC value

According to the previous analysis, we utilize Mathematica to calculate the CMC value
for all lipidoids and all the results arstied in the table and figure below (Sexble 3

andFigure 24):

Table3 The CMC value of different lipidoids

CMC M ¢
80 head group 87 head group
80B 87B 87
length of the with disulfide with disulfide without disulfide

chain bond bond bond

12 119 77.6

14 96.7 69.6

16 887 69.6 114

18 65.1 67.2 894
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The CMC value of lipidoids
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Figure24 The comparson of CMC value of different lipidoids

Figure 24 indicates that there are three characteristics of the CMC value of lipidoids.

First, with the increase of the concentration, the CMC value of the lipidoid will decrease.
Secondt he | i pidoids with A8706 head group have
|l i pidoids with A800 head group. Third, the
CMC value comparing to the lipidoids without disulfide bond. According to these

observations, & hypothesize that the CMC value can be affected by the structure of the

lipidoid significantly.Since CMC value represents the tendency of surfactants in agueous
solutior?®, it is concluded that the structure of the lipidoids can affect the capability of

self-assemblyof lipidoids in solution.
3.3.1.5. Summary

According to the analysis of the fluorescent results of the pyrene, it is concluded that:
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1) 1:3ratio method is a feasible method for measuring the CMC value of the
lipidoids synthesized in our lab.

2) The length 6the alkyl chain in the lipidoid can affect teelfassemblyf the
lipidoids, but not very significantly.

3) The head group and the disulfide bond can affecteth@ency of selassembly
significantly according to the comparison of the CMC value at tlcelhzation
stage.

4) According to the comparison of 1:3 ratio and the previous conclusion, we can find
that the tendency of sedissembly is related to the polarity of the inner space of
the micelles. If the inner space of the micélies lower polaritflow 1:3 ratio),

the corresponding lipidoids will have stronger tenddocgelf-assembly

3.3.2. Characterization of morphology of micelles of
lipidoids by using AFM

As a microscopy technique with high resolution, AFM can provide direct observation on
the morpholgy of the micellesThus AFM has been widely used in the research of
micelles formed by different surfactants such as polymeric mié&lledk casein

micelleg®, etc.With thecomparison of the morphology between different lipidoids by
AFM, it can be helful to investigate the relationship between the micellization behavior
of the lipidoids and their structurBigure 25indicates the micelles formed by two

different lipidoids at the same concentration (1 mgym
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(a) (b)

Hgure 25 The height image of different lipidoids through AFM
(a) 87016B (b) 80016

In Figure 25, the shape of the micelles can be obsenveticatingthat both of these two
lipidoids have formed sphieal micelles at 1 mg/in. In other words, the CMC value of
the lipidoids should be lower than 1 md/ which has been proved by the 1:3 ratio
method.Theradiusof these micelles were calculated for further calculation [Séxée

4),

Table4 The radiusof the micelles of different lipidoids

Lipidoid 87016B 80016
Average Radisi(hm) 80.86 67.6
Standard Deviation (nm) 20.09 13.97
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According toTable 4, it is concluded that the radiwf the micelle formed by 87016B is
much larger than that of the 80016. Considering the difference of the CMC value and the
1:3 ratio caused by the structure of these two lipiddudther investigatiorof the

relationship between the radius of the mesknd the corresponding CMC value and the

1:3 ratiois required which will be emphasized in the future direction section.
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Chapter 4 Study of sefsembly of lipidoids

by molecular simulation

4.1.Introduction

41.1. Background

Molecular Modeling rpresents several different methods which can calculate and mimic
the behavior of the molecules in different ssalethe systerawith the assistance of
computer sciencéVith the development of computer engineericgnputer

performance has become moreveoful than in the pasEven a personal laptop can
complete some simple molecular simulation. On the other hand, the research of the
molecular behavior has become more difficult with the restriction of modern techniques.
The role of molecular modeling modern molecular research area has become more
important.According to the basigrincipleutilized during the simulation, molecular
modeling can be divided into two different classes: molecular dynamics (MD) and Monte
Carlo (MCY. There are also many hythtechniques which combine the features of

these two methods together.

The process of Molecular Dynamics (MD) is very similar to the real experiment.

Researchers prepare the files that include the coordinates and the force fields of the
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sample before thexperiment T h e n Newt onbés equation of
whole system with the increase of timeaking itconvenient to observe the motion of all
the molecules from the beginning of the simulation to the equilibrium state of the

systen.

Monte Carlo (MC) has a very different principle cormgzitio MD. For example, the

algorithm of Metropolis method which is widely used in MC is stated as following: First,
select the particle from the system at random arulitzde its energy. Then, give this

particle a random displacement and calculate its energy &gadally, according to its

new energy and the previous energy, there is a probability to determine whether to accept

this displacemefit.

With the description of these two methods, it can be concluded thdtdd an advantage
over MC, becauskID can profile the property of the system in a dynamical way and

researchersan observe the state of the system at the specifi¢’tiffteiswe selected to

mo t

utilize MD methodf or si mul ating the | ipidoidsd behavi

4.1.2. Introduction of software

The software we used for the molecular dynamic simulation includes: NAMD, VMD,

Spartan, and packmol.
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NAnoscale Molecular Dynamics (NAMD) program is adrsoftware for molecular

dynamic simulation based on Charm++ parallel programming language. It was invented
by Nelson in 1996t theUniversity of lllinois as an objeairiented, peallel MD

progrant?. It has several advantagesaasolecular dynamics sintation program. First,

it is free and its source code is also free for-oommercial use, which will decrease the
cost for molecular simulation. Second, as a parallel program, NAMD can run the
simulation on multiple processorsarparallel way, which wlldecrease theimulation

time. Finally, thelatestversion of NAMDhas been able mulate a very large system.

For example, Villa et al have completed a simulation system which is multiscale Lacl

DNA complex with 314,000 atoms for more than 10 ns ardneds of processdfs

Visual Molecular Dynamics (VMD) is a visualization software for molecular simulation.

It has several functions for simulation. First, it can be used to observe the static structure
of the molecules visually and analyze the relataid with different plugins. Second, it

can also read the trajectory file of the simulation system and analyze the trajectory of the
molecules, including the RMSD calculation, energy calculation, tempedisirdéution

etc. Third, through IMD connectfiction with NAMD during simulation, users can
complete the interactive molecular dynamic simulation such as applying forces to the

system in a specific directih?®.
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Figure26 NAMD can be utilized for Interactive Molecular Dyna®imulatioA®

Spartan is a molecular simulation software from Wavefuncion. Its primary function is to
build the molecule according to its structural formula and export the files with the
coordinates of all atoms in timolecules which can be utilized in the simulatitbis

necessary to minimize the energy of the molecule before exporting the coordinate files

which is called mol2 file.

Packmol is utilized for preparing the coordinate files before the simulation. ¢reate

the initial position for multiple molecules in the determined space and make sure that the
short range repulsive will not cause the disruption of the simufatiom the other hand,

we needto investigate the interaction among multiple moleculesuigh molecular

dynamics (MD), but Spartan can only provide the coordinate file of a single molecule. As
a result, it is necessary to find a way to arrange the multiple molecules in the determined
area and add water molecules and ions into the systeng stlized packmol to

replicate the lipidoid molecule and arradgleem at random in the determine space such
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as a box. According teach modelve used for simulation, wesepackmol to add water

molecules and ions into the system as well.

4.1.3. Simulation detd

4.1.3.1. Simulation models

4.1.3.1.1. Implicit Solvent Model

General Born Implicit Solvent (GBIS) model is a relatively faster model for simulation,
because it allows the simulatitmwork without explicit solvent water molecules in the

system, which can decreabe number of atoms in the syst®m

Sincethe GBIS model can accelerate the speed of the simulation, we utilize GBIS model

at first for our simulation.

4.1.3.1.2. Explicit Solvent Model

In contrast to the GBIS model which has only implicit solvent moleculesasialater
molecules in the system, another way to complete the simulation on NAMD is adding
explicit water molecules and iots surroundhe lipidoid molecules to make them

solvated in the system like a large water box.
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4.1.3.2. Periodic Boundary Condition

Since he scale of the real system is usually much larger than that of the simulation
system, it is necessary to use a small and finite system to replace the real system in
simulation. However, the atoms near the boundary of the simulation system will be
affectedby the surface effects, which will cause the failure of the simulation. In order to

avoid the surface effects, periodic boundary condition (PBC) is utilized.

In periodic boundary condition, all the atoms in the system are thought to have many
images arond the simulation system. The distance between the image and the original
atoms are always the same, and this distanequal tahe length of the simulation

system in that direction. These images have the same motion as the original atoms, so
when theoriginal atons move to the surface of the simulation system, there must be
another image of #seatons moving closeto the surface of the simulation system at the
opposite direction. Whemé¢se atons move to the outside of the simulation system, there
must be an imagas theymove into the simulation system at the opposite side with the
same velocity and orientation (Sieigure 27). In this way, the surface effects can be

avoidedand the infinite simulation system can be repddlog a finite simulation system.
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Figure27 The Periodic Boundary Condition (Source:
http://isaacs.sourceforge.net/phys/pbc.html)

4.1.3.3. Analysis of the equilibrium state of the system

4.1.3.3.1. RMSD data

Root Mean Square Deviation (R3D) is a method to measure the difference between

different frames of the same residue in the molecules. It is defined as:

2-3%

Ci|o

Where U is the distance between t hie same ato
andN is the number of atoms selected for calculating the RMSD data. In ordelidate

the equilibrium state of the system, RMSD data represents the difference between the

atoms in the specific frame and the initial statethe beginning of the simulation, this

RMSD will increase because of the motion of the atoms in the simulbtawever, with
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the increase of the time, when the system is in equilibrium state, the RMSD data will
keep stable. Thatodos how RMSD can be used to

simulation.

4.1.3.3.2. Total Energy

The total energy here is the sum of differentigmtial energies and the kinetic energy in
the simulation. The total energy is recorded in the log file during the simulation and can

be used to indicate the equilibrium state of the systemKigeee 28).

ETITLE: T= BOND ANCLE DIHED IMPRF
ELECT wow BOTNDAET MI=C ETNETIC

TOTAL TEMF TOTALZ TOTALZ TEMPALY

FEEZSUEE GPEESSTRE VOLIME FEESS4VG GFRESSLWE
ENERGY: 1000 0.0000 0. 0000 0. 0000 0. 0oaa
—OT0Z2. 1548 9595, 3175 0. 0000 0. 0000 14319, 5263
—T3107. 3405 300, 2464 —T3076. 6148 —T30584. 1411 297, 7593
—G26, 5205 —636. 6638 240716, 1374 -6 16, 5673 —-G16, 6619

Figure28 The dataformat including energy of the system at the specific timestep in the
log file?®

4.1.3.3.3. Temperature Fluctuation

Since the temperature withaintain stabilityat the equilibrium state, it is necessary to
check the distribution of the tempgure in the system during the simulation. If the
distribution of the temperature at the equilibrium state is nearly a normal distribution,

then we can conclude that the system in the equilibrium state.
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4.2 .Software and Methods

42.1. Software and simulation files

4.2.1.1. The simulation files

As previous description of the Molecular Dynamics (MD) simulation, users have to

=]

prepare all the necessary files before the simulation like performing a real experiment. |
order to conduct the simulation through NAMD, several filegegeired: pdb file, psf

file, parameter files and a configuration e

4.2.1.1.1. Protein Data Bank (pdb) file

The Protein Data Bank is a worldwide archive of the structural information for the
biological macromolecule3.he uniform format includes the information of the atomic
coordinates for the specific molecule and will mark the different residue of this molecule
with labels for farther computatieh®!. Here we utilize the software Spartan 10 to export
the mol2 file diectly, then VMD can be used for exporting the pdb file from the mol2

file.
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LTOM 1 0 MET 1 avT. 340 24,430 2614 1.00 BS.67 ImeBa 71
ATOM 2 4 MET 1 26, 266 25,413 2,842 1,00 10,38 1mBg T2
A TOM 3 C  MET 1 26.912 26,639 3631 1.00 9.482 1meg 73
LTOM 4 0 MET 1 27.836 26463 4,263 1.00 O.62 1mBq 74
LTOM 5 CB MET 1 2. 112 24,880 3649 1.00 1377 1mBq 75
LTOM 6 O MET 1 26,353 24,860 H.134 1.00 16.29 1ImBq 76
LTOM T 3 MET 1 23.930 23,959  h. 504 1.00 1717 1mBq 7Y
LTOM a8 CE MET 1 24,447 23,984 T.620 1.00 16.11 1mBa 78
LTOM 9 N GLH 2 af. 3386 2TTT0 3258 1,00 B.27 1mBg 78
ATOM 0 Ca GLH 2 26,850 28,021 3893 1,00 9,07 1UBG &0
A TOM 11 ¢ GLY 2 26,100 28,283 R202 1.00 B.7T2 1eG 81
LTOM 12 0 CGLH 2 24.866 20,024 R 330 1.00 B.22 1ImBq 82
LTOM 13 CB CGLN 2 26,732 300143 2,005 1.00 14. 46 1mBq 83
LTOM 14 Oz CGLN 2 26,832 31.546 3,409 1.00 17.01 1TBq 84
LTOM 15 D GLNE 2 26,786 32,862 L ZY0 1.00 Z0.10 1TBq 85
LTOM 16 CEl GLN 2 27.783 33,160 1.8Y0 1.00 Z1.89 1TBa 86
LTOM 17 HEZ GLN 2 2h. B2 3&. 733 1.806 1.00 19.49 1TBg 87

Figure29 The format of PDB fif€. This pdb file include the number of the atom, the
residue name, the number of the alm, the coordinates, etc.

4.2.1.1.2. Protein Structure File (psf)

The Protein Structure File (pdfle contains the structural information of the
macromoleculsuch aghe bonding interaction. With the help of the plugin (psfgen) in
the VMD, the psf file can be ewrted according to the specific pdb file and the parameter

files.

4.2.1.1.3. Parameter file

The parameter files usually store the force field according to the system experience. It
can be utilized to calculate the potential of the specific atom during the sonefati
What we used here is the CHARMM force field and the most of the related parameter

files can be downloaded from the websligd://mackerell.umaryland.edu/index.shfml
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However, we still neetb generate a parameter §ileccording to the mol2 file for the
specific molecule. This file is called str file which contains the information of the
topology of the specific molecule and it can be exported on the website of ParamChem

(https://cgenff.paramchem.o)g/

4.2.1.1.4. Configuration file

The configuration file contains all the options such as the selection of the parameter files,
the type of the model, and the size of the periodic boundary condition for NAMD wh

running the simulation.

4.2.1.2. The necessary software

42.1.2.1. Spartan 10

Spartan 10 is utilized for construgg the coordinates file of the specific lipidoid and

minimizing the energy of the molecule before exporting the coordinate file.

42.1.2.2. VMD

VMD is utilized fortwo functions:

First, observe the trajectory of the molecules of the simulation.
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Second, export the pdb file and psf file with the specific plugin.

4.2.1.2.3. NAMD

NAMD is the simulation program. It will read the configuration file and complete the

simulation

4.2.1.2.4. ParamChem

PaamChem is utilized to export the specific parameter file according todi2file

exported from Spartan 10.

4.2.1.2.5. Packmol

Packmol is utilized to replicate the molecules and distribute the molecules according to

the requirement of the simulatio

4.2.1.2.6. Tufts Research Cluster

Tufts Research Cluster is a high performance computing server and was peddrta

the simulation with the NAMD installed on it.
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42.2. Method

4.2.2.1. The simulation model for theggregatiorof the lipidoid

molecules

In thissimulationmocel, we will arrange the molecules in a determined region at random

and check thaggregatiorof them.

1) Prepare the pdb file and the parameter files including the str file for the single
lipidoid as previous description.

2) Replicate the single molecules andtdbute them in a determined region at
random through Packmol. Add the water molecules and the ions if the model
includes the explicit solvent molecules. Then export the pdb file for the system of
the multiple molecules.

3) Read the pdb file with multiple ntecules into VMD and generate the
corresponding psf file with the psfgen plugin.

4) Write the configuration file for the simulation system.

5) Upload the simulation files onto Cluster and run the simulation. Then analyze the

trajectory and log file after the sutation.

4.2.2.2. The simulation model for the bilayer structure of lipidoid

molecules
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In this simulation model, we will arrange the molecules to form a bilayer structure and

check stability of the bilayer structure.

1) Prepare the pdb file and the parameter fibetuiding the str file for the single
lipidoid as previous description.

2) Replicate the single molecules and arrange these molecules to form a bilayer
structure through Packmol. Add the water molecules and ions if the simulation
model includes the explicit k@nt molecules. Then export the pdb file for the
system of the bilayer structure.

3) Read the pdb file with multiple molecules into VMD and generate the
corresponding psf file with the psfgen plugin.

4) Write the configuration file for the simulation system.

5) Upload the simulation files onto Cluster and run the simulation. Then analyze the

trajectory and log file after the simulation.

4.3.Results and Discussion

4.3.1. Results

4.3.1.1. The simulation model for theggregatiorof the lipidoids
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In order to conduct the simulation et aggregation of the lipidoids in the solvemé
utilized the simulation model with implicit solvent molecules (GBIS model) at first, then

adcedexplicit water molecules and the ions in the system

4.3.1.1.1. The implicit solvent model

The simulation staedwith 30 molecules whickweredistributed at random in a periodic
boundary conditionyf t ¢ 1t @ 1t ) and enddafter 4 ns. The initial distribution and

the final distribution of one lipidoid 87018B is as following:

(@) (b)

Figure30 The initial state and the final state of theggregatiorsimulation by implicit
solvent mode(87018B)
(a) initial state (b) final state
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Figure 30indicates that the molecules can aggregate together after 4ns in tetisim
system. However, it is clear that thggregatiorof the lipidoids is not very close afioat

thesemolecules havéormedseveral clusters in the system.

The RMSD data of the system indicates that they have been in equilibrium state (See
Figure 31), which means that the aggregation state of the molecules will not change

much with the increase of time.
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Figure31 The RMSD data of the whole lipido{@¥O18BJor the simulationof the
implicit solveat model

4.3.1.1.2. The explicit solvent model

The simulation with explicit solvent molecules stavith 30 molecules whickvere
distributed with water molecules and ions at random in a determined regrony( 1t

Y 1) and the simulation lastifor 4 ns.With the canparison between the initial state
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and the final state of 87018B (Seigure 32), it is concluded that the molecules can

aggregate in the solution.

() (b)

Figure32 The initial state and the finalstate of the aggregation simulatiasf lipidoids
(87018B)y explicit solvent model
(a) initial state (b) final state

Though both of these two simulationavethe aggregation of 30 same lipidoids in 4 ns,
their behaviors are not the same. It can bdyeaesncluded that the aggregation of
lipidoids in the system with explicit water molecules is much better than that of the
system with implicit water molecules, which indicatieatthere exist differences

between these two different models during the &iman.

In addition, according to the RMSD data, the total energy and the temperature fluctuation

of the system (Sdeigure 33), it is clearthat the system has been in equilibrium state.
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Figure33 The equilibrium state of the syste87018B)
(a) RMSD data (b) Total energy (c) Temperature fluctuation
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4.3.1.2. The simulation model for the bilayer structure of the
lipidoids

In order to conduct the simulation of the bilayer structure of thedigs in the solvent.
We utilized the simulation model with implicit solvent molecules (GBIS model) at first,
then adddexplicit water molecules and the ions in the system to simulate the real

aggregation system.

4.3.1.2.1. The implicit solvent model

Thebilayer structurevascomposed of 40 lipidoids and each sidd 2@ lipidoids. The
area of the bilayewvast 1 1 1 and the depth of the whole bilaygastwice of the
length of the lipidoid. The simulation lasted for 4 ns in GBIS model and the result is as

following:
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() (b)

Figure34 The initial state and the final state of the simulation of 80018B by an implicit
model
(a) initial state (b) final state

FromFigure 34, it is visible that the structee of the bilayer has been disrupted
completelyafter the simulation of 4 ns. Considering the RMSD data, total energy and the

temperature fluctuation of the systentigure 35, this system has been in equilibrium

statejndicatigt hat t he bil ayer structure wonot
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Figure35 The equilibrium state of the systef80018B)
(a) RMSD data (b) Total energy (c) Temperature fluctuation

4.3.1.2.2. The explicit soknt model

In the explicit solvent model of the bilayer structure, the water molecules and the ions
were added on each side of the bilayer to simulate the bilayer structure in the buffer

solution. The simulation lasted for 4 ns as well and the resulffidl@asing:

() (b)

72







































