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Abstract

Lipid nanoparticles and their ability to transport drugs into the cell cytosol without
being detected by the immune system can play a meaningful role in inducing apoptosis
in cancer cells. The application of lipid nanoparticles such as the complex of cytochrome
¢ (Cytc) and cardiolipin (CL) to induce apoptosis in cancer cells has been explored in
recent years as a novel therapy for this illness. However, detailed structure of this
nanoparticle complex and the molecular basis for its formation remain elusive. To
understand and optimize the formation of Cytc-CL nanoparticles, we propose to analyze
the assembly of the Cytc-CL complex under different CL compositions and in the
presence of other naturally occurring lipids. In this study we use dynamic light scattering
(DLS), scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), UV-Vis
spectroscopy, and fluorescence spectrophotometry to elucidate which formulation has

more homogenous assembly of protein-lipid conjugates.



Project Aim

Lipid nanoparticles (LNPs) are promising drug delivery systems due to their ability
to transport hydrophilic and hydrophobic molecules through the cell membrane and into
the cytosol.! These nanoparticles can be manufactured in a laboratory and be used to
treat many illnesses, including different types of cancer.? Female breast cancer is the
most common cancer diagnosed worldwide, having surpassed lung cancer as the leading
cause of global cancer incidence.® Most anticancer therapies induce apoptosis, also
known as cell suicide or programmed cell death. Although current treatments have good
success rates, they often have high toxicity and may affect adjacent healthy cell tissue .*
LNPs, on the other hand, present lower toxicity and targeting specificity, which makes
them a promising method to treat breast cancer. However, the mechanism followed by
these nanoparticles to induce apoptosis and their optimal structure remains unknown. In
the development of potentially therapeutic LNPs, structural homogeneity is a matter of
utmost importance and often a prerequisite for further functionalization.

To search for conditions that favor high structural homogeneity, we will prepare a
LNP composed of Cytc and different molar excesses of CL, which has proven to play a
crucial role in the execution of cell death, taking advantage of the natural physical and
chemical properties of these molecules.® We will also prepare nanoparticle formulations
of Cytc with neutral or positively charged lipids, as well as formulations that combine CL
with these other lipids, to uncover ideal conditions for the preparation of Cytc-CL

nanoparticles. Specifically, we aim to:



Aim: Optimize the production of Cytc-CL nanoparticles based on structural
analysis
Hypothesis: The electrostatic interactions that guide native protein-lipid association will
lead to the homogeneous assembly of protein- lipid liposomes.

We will prepare different nanoparticle formulations of Cytc with the following lipids:
(a) CL, (b) phosphatidylcholine (PC), and (c) phosphatidylethanolamine (PE) using
different molar concentrations of these lipids. Particle size and polydispersity index (PDI)
will be measured using a Dynamic Light Scattering (DLS) analysis to determine if we have
a homogenous solution. We expect small sized nanoparticles, so they can make it
through the cell membrane, with a PDI value of 0.30 or less, characteristic for
homogenous nanoparticles. We also expect to see complete coverage of Cytc molecules
by the lipids. The nanoparticles will be analyzed using Scanning Electron Microscopy
(SEM), liquid-state Nuclear Magnetic Resonance (NMR), and UV-Vis and fluorescence
spectrometry to assess this. The obtained measurements will guide the production of
nanoparticles that contain active protein and a more homogenous assembly, which
represents an innovative approach to nanoparticle production guided by protein structure

analysis.

Background and Significance

Lipid nanoparticles (LNPs) are molecules that can deliver both hydrophobic and

hydrophilic drugs inside cells, as well as introduce food additives or cosmetics. Their size

can go from 1 to 1,000 nm, making it easier for them to penetrate cell membranes and



carry different molecules into the cytosol.? They have many advantages over existing
therapies, including improved loading capacity, controlled drug release, and high
biocompatibility and biodegradability.®” In addition, they have low cytotoxicity and can be
easily modified to go undetected by the immune system.?® Moreover, these nanoparticles
can accumulate in different cells, making them potentially useful to treat intracellular
infections such as Salmonella.® Some of the most studied LNPs due to their capacity as
drug delivery systems are solid lipid nanoparticles (SLNs), nanostructured lipid carriers
(NLCs), and liposomes."°

SLNs are colloidal carriers with a mean diameter between 50 and 1,000 nm."" They
are prepared using lipids whose melting points are high so that they have a solid phase
and have mechanical stability."'® Figure 1 (left) shows the structure of an SLN. This kind
of LNP has attracted increasing attention during recent years because of its high
biocompatibility and biodegradability, as well as its low cost of production.® They also have
high oral bioavailability and can be produced on a large scale by high-pressure
homogenization."" Most recently, SLNs are being studied to be administered orally.
However, to be efficient for oral administration, they first have to overcome the absorption
barrier of the intestinal mucosa.' According to Yun et al., one way to do so is to modify
them by adding Polyethylene glycol (PEG), a non-toxic and highly soluble molecule on
water.™

NLCs, contrary to SLNs, combine at least one solid and one liquid phase, as well
as a surfactant.” They can take several forms, including some with shells that can either
be solid or liquid and others which structure intercalates solid and liquid phases.® Figure

1 (right) shows the structure of an NLC. These differences in structure affect the release



of drugs from the nanoparticle core, as NLCs with solid shells display low release and
greater stability. On the other hand, particles with the liquid phase as “shell” will release
the drug faster.? As LNPs, NLCs also have low toxicity and can contribute to the delivery
of drugs inside the cells. For example, Sadegh et al. (2019) determined that these
nanoparticles can help overcome the blood-brain barrier (BBB), a series of endothelial
cells joined together by tight junctions.'? This barrier, although useful for the protection of
the central nervous system from harmful chemicals, limits the entry of drugs used to treat
neurodegenerative diseases like Alzheimer's.'? Therefore, using carriers such as NLCs

can be effective in treating these illnesses.
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Figure 1: Structure of a solid lipid nanoparticle (left) and a nanostructured lipid
carrier (right) 3

Finally, liposomes are spherical vesicles formed by a lipid bilayer of phospholipids
with an aqueous core, and their size ranges from 20 to 1,000 nm."3'4 As SLNs and NLCs,
liposomes are also able to transport hydrophobic and hydrophilic drugs. In their case, this
is possible due to the amphipathic nature of phospholipids.’ Another factor that affects

this transport is the different modifications of the liposomes that give liposomes distinctive



functions.'® Figure 2 shows the structure of some liposomal nanoparticles and the

modifications they may have.

B C D
@ hydrophobic drug Y targeting ligand inert polymer such as PEG
hydrophilic drug

lipid molecule
@- hydrophilic head group
%~ hydrophobic chains

Figure 2: Structure of a liposome (A), a liposome encapsulating hydrophobic and
hydrophilic drugs (B), immunoliposome functionalized with targeting ligands (C), and
sterically stabilized liposome functionalized with inert polymers such as PEG (D)

Another important characteristic of LNPs is that they can transport anticancer
drugs with minimal side effects on healthy cells.’® Vectorization of the nanocarriers can
be achieved through passive or active targeting. The first one occurs when liposomes
enter the tumoral cells by molecular movement through the cellular membrane. Active
targeting, on the other hand, is achieved through structural modifications on the
liposomes (often antibodies that recognize tumor cells). There is a third method, where
the liposomes are prepared to respond to some condition changes that may be modified
for the controlled delivery of the drugs using external triggers.?

A LNP of great interest for the present study is the complex created between
cytochrome c (Cytc) and cardiolipin (CL). Cytc is an electron carrier in the mitochondrial
respiratory chain capable of triggering apoptosis, while CL is a phospholipid found in the
inner mitochondrial membrane that interacts with Cytc.%'” This interaction between Cytc

and CL happens before apoptosis, and it seems to activate the peroxidase activity of



Cytc, therefore leading to apoptosis.® Also known as programmed cell death, apoptosis
is @ mechanism that cells have evolved to commit suicide in dangerous conditions.'®
Through this mechanism, living organisms can remove damaged cells, including cells
transformed to cancer cells.’® There are a few ways in which apoptosis could proceed,
but according to Vladimirov et al. (2011), it always entails the permeabilization of the
mitochondrial membrane and the release of cytochrome c into the cytosol.'®

Studies have shown that the binding of CL to Cytc is what causes this protein to
act as a peroxidase. However, how these two molecules bind and the changes that their
binding produces on the structure of Cytc is undetermined.?’ Something important about
these processes is that most peroxidases exist in a pentacoordinate form that allows H20:2
to bind by the sixth coordination bond.?' These hemoproteins show greater peroxidase
activity than that of Cytc, as the sixth coordination bond in Cytc (Fe?*) is occupied by its
Met80.2" Another important detail is that cardiolipin enhances peroxidase activity,
promotes the oxidation of Cytc, and accelerates oxidation of Cytc (Fe?*) to Cytc (Fe3*) by
breaking the Fe and S (Met80) bond, and the system of conjugated bonds in the heme
porphyrin ring.?! This enhancement of the peroxidase activity, in turn, leads to more
significant apoptotic activity and may challenge anti-apoptotic events.

Researchers have proposed a two-step process for the release of Cytc. The first
step is the disruption of the interaction of Cytc and CL to solubilize the protein. Studies
propose that the interaction of these two molecules happens in two particular regions of
Cytc: the A-site (Lys72, Lys73, Lys86, Lys87, and Arg91) and the L-site (Lys22, Lys, 25,
Lys27, His26, and His33). These interactions are due to electrostatic attractions.?> Two

possible models have been proposed in terms of the structure. The first one proposes



that Cytc is bound to the surface of a cardiolipin-containing membrane due to electrostatic
attraction.?? Figure 3a shows how this possible assembly may look. Opposed to this
model, a second one suggests that Cytc not only binds to the surface of the lipid layer,
but it winds the layer around itself to form the spherical nanosphere.?? Figure 3b shows

this second model of binding.
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Figure 3: (a) Cytochrome c attaches to the membrane containing cardiolipin by
electrostatic attraction. (b) Cytochrome c binds the membrane lipid layer around itself

Lipid bilayer

The second step for the release of Cytc into the cytosol is the permeabilization of
the outer mitochondrial membrane and happens right after the interactions between Cytc
and CL are disrupted. The permeabilization of this membrane is possible thanks to pro-
apoptotic proteins belonging to the family of Bcl-2 proteins, which are involved in the
regulation of the release of mitochondrial factors that result in apoptosis and may be pro-
apoptotic or anti-apoptotic.?* Specifically, the proteins Bax (Bcl-2-associated X protein)

and Bak (Blc-2-antagonistic killer) are the ones that permeabilize the membrane. Bax
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resides in the outer membrane of the mitochondria, while Bak is found in the cytosol.?®
Studies propose that Bax forms large clusters of approximately 250 to 600 nm diameter
and inserts itself into the outer membrane to permeabilize the membrane. Unfortunately,
the specific mechanism of this process is still unknown.?® This process is of great
significance, as the release of Cytc into the extramitochondrial environment will lead to
the interaction between the protein and Apaf-1 and activate pro-caspase-9. This last
molecule will activate pro-caspase 3, which leads to other processes and transformations
that result in the death of the cell.?® The entire two-step process of the release of Cytc

from the mitochondria is shown in figure 4.
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Figure 4: Two-step process of the release of Cytc from mitochondria.?’

In cancer cells, the process of apoptosis does not occur as in healthy cells. Mainly,
this happens because cancer cells overexpress anti-apoptotic proteins, such as the B-

cell/lymphoma 2 (Bcl-2) family that will prevent the permeabilization of the outer



11

mitochondrial membrane and the release of Cytc as a consequence of this.?® Based on
that, new anticancer methods suggest going against these anti-apoptotic proteins by
using Cytc delivery systems such as polymer-based nanoparticles or LNPs to transport
this protein inside the cell. The nanoparticle composed of Cytc and CL, the Cytc-CL
complex, is known to initiate apoptosis following different pathways. One of these possible
courses is the particle's penetration on the cell membrane and into the cytoplasm and the
liberation of Cytc to initiate cell death. On the other hand, the process could also begin
with lipid peroxidation within the cytoplasmic and mitochondrial membranes.?®

In 2020, female breast cancer was denominated the leading cause of global cancer
incidence?®. It is the principal cause of cancer death among Hispanic women, with them
being less likely to be diagnosed at a local stage.?® Some of the most common treatments
for cancer are surgery, radiotherapy, chemotherapy, hormone therapy, immunotherapy,
and targeted therapy.?® However, the effects of these procedures may not only disturb the
tumor tissue, but also normal tissue, leading to systemic toxicity and adverse effects.*
Therefore, innovative alternatives to fight off cancer have been under study during past
years. One of these possible therapies is the use of lipid nanoparticle delivery systems,

which could induce apoptosis and kill cancer cells.*°

Theoretical Frame

Nanoparticle homogeneity

The stability of nanoparticles is defined in terms of aggregation, shape, size,

surface chemistry, among other factors.*' In the process of producing LNPs to use them
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as drug carriers, an important characteristic that may be evaluated is the homogeneity of
the complex is studied through Dynamic Light Scattering (DLS). DLS allows the study of
nanoparticle homogeneity measuring the polydispersity index (PDI) of the sample. The
PDI is a numerical representation of the distribution of size populations.*? The value may
vary from 0.0 (for a perfectly uniform sample in terms of particle size) to 1.0 (for a
polydisperse sample with multiple particle sizes). Generally acceptable values of PDI for
LNPs are 0.3 and below.*? A central hypothesis of this project is that the homogeneity of
Cytc-encapsulating lipid nanoparticles can be modulated by the specific lipid composition.
Furthermore, recapitulating the lipid composition that accompanies native Cytc-CL
interactions in mitochondria may result in optimal nanoparticle assembly.
Characteristics of biological membranes

Cell membranes are a primary component of the cell, as they act as the most
external envelope for the cell, protect the intracellular space from the extracellular
environment, and help compartmentalize organelles.?’:32 One of the most influential
models of cell membranes is the fluid mosaic membrane model, which was presented in
1972. According to this model, the membrane has many proteins within a uniform leaflet
of lipids, however, it is known that a variety of lipids can be found in the leaflets.3 It has
been determined that the lipid composition of the membranes can vary, which implies that
they will have different physical functionalities and lead to a variety of biological
functions.3* In addition, these lipids and their amphipathic nature are what cause the cell
membrane to be arranged as a lipid bilayer.3® The lipid bilayer can incorporate proteins in
both the hydrophilic and hydrophobic parts of the membrane, as well as proteins that

span from one side to the other.3*
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Cell membranes also help control the transport of molecules across cell and

organelle surfaces, something that is essential for cell function and many biological
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Figure 5: Possible routes of entry into the cytosol.3¢

processes. Figure 5 shows some of the possible routes for transport inside the cells. The
most commonly studied are active and passive transport, where active transport requires
an energy input to translocate molecules against their concentration gradients, while
passive transport does not require any additional energy.3¢ Passive transport can happen
through simple lipoidal transport, channel-mediated diffusion, and carrier-mediated
diffusion.3? This type of transport is understood in the context of Overton’s rule, which
states that membrane permeability is proportional to the product of diffusivity and oil/water
partition coefficient (Kow) of a permanent molecule, and it is the most common route for
drugs to enter cells. However, some molecules cannot diffuse passively across the cell
membrane due to their size and polarity. Lipid and polymer-based nanoparticles may
result helpful in these cases, as they can increase the permeability of these molecules

through the bilayer membrane.?3¢



Mitochondrial membranes: Lipid composition

The lipidomic composition of the cell membrane may vary depending on the tissue

or even on intracellular membranes.?' An evident example of this is the mitochondria,

which have two membranes: the outer mitochondrial membrane (OMM) and the inner

mitochondrial membrane (IMM). The IMM is the active site for the electron transport chain

and where ATP production happens.®” It also has a high number of membrane-associated

proteins, with an estimated protein-lipid ratio of 3:1.3” In the mitochondria, we can find a

variety of lipids, although the most abundant ones are PC, PE, and CL. Figure 6 shows

the lipids found in the inner and outer membrane of the mitochondria.
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Figure 6: Lipids found in the outer mitochondrial membrane (OMM) and the inner

mitochondrial membrane (IMM).38

CL is of great importance among these lipids because of its role in programmed

cell death, also known as apoptosis.® CL is an anionic phospholipid with a
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diphosphoglycerol headgroup and four acyl chains (Figure 7). A distinctive feature about
CL is the sharing of the glycerol molecule by two phosphatidate moieties, which reduces
the size of the polar group and promotes greater cohesion between the CL hydrocarbon
chains, and results in a higher melting temperature.3® Some of the main functions of this
lipid are the segregation of membrane domains and the formation of nonlamellar

structures.?0

Figure 7: Structure of cardiolipin

Justification

The most common treatments for breast cancer are surgery, radiotherapy,
chemotherapy, and targeted therapies for some subtypes. These treatments often affect
tumor tissue, as well as healthy tissue, which may lead to systemic toxicity and have
adverse effects.# As this illness becomes one of the most common cancers diagnosed
among women, novel therapies are needed to eradicate cancer cells.’*?° A promising
treatment is the use of LNPs to induce apoptosis in cancer cells, something they cannot
do on their own. Of particular interest for this study is the Cytc-CL complex, which has
proven to induce apoptosis through peroxidase activity.® For proper use of these

nanoparticles as drug delivery systems for cancer treatment, vast knowledge of the
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nanoparticle structure and the process behind its pro-apoptotic behavior is necessary.
However, recent studies performed to understand the cytotoxic character of Cytc-CL
nanoparticles fail to use rigorous characterization methods and provide structural

information about them.

To address this issue, we expect to develop a therapeutic protein delivery system
that takes advantage of the proapoptotic activity of Cytc and CL to treat breast cancer.
Through our innovative approach, we aim to preserve the native interactions between
Cytc and CL in nanoparticle formulations, and to optimize this production of the Cytc-CL
complex through an extensive structural analysis using different characterization methods
and procedures to study nanoparticle morphology. This innovative method for the
preparation of LNPs as drug delivery systems will provide important structural information
about the nanoparticle we are studying. Not only will it allow a better understanding of the
nanoparticle’s structure, but it will also help predict the behavior of the molecule within
determined chemical environments. That is of great importance for the use of
nanoparticles as cancer treatments, as it will allow us to assess its apoptotic action in

cancer cells.

Methodology

Aim: To optimize the production of Cytc-CL nanoparticles based on structural
analysis
Experimental Design: To fulfill our Aim, we used the following experimental design:

1. Preparation of lipid-protein conjugates
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To prepare nanoparticles by complexing Cytc with different molar excesses of
CL (TOCL, CAS 115404-77-8), PC (PC, CAS 26853-31-6), and PE (POPE, CAS
26662-94-2), a phosphate buffer solution was first diluted from a concentration of 1M
to 10mM. After this dilution, using three separate tubes, 1.0mg of Cytc from bovine
heart (Cytc, CAS 9007-43-6) were added and dissolved in 1.9mL of the buffer. Different
molar excesses of the lipids over Cytc were calculated, and the required mass was
weighed and dissolved in methanol, keeping the alcohol concentration at a value lower
than 5%v/v (0.1mL will be used in every tube). Each of these formulations were added
drop-by-drop to each of the three tubes containing Cytc while stirring. This mixture was
subjected to sonication for 4 minutes. A control solution of each lipid particle was
prepared following the same procedure, as well as a control solution for the protein
alone.

Sample preparation methods also included centrifugation and extrusion.
Centrifugation was performed at 12,000 rpm and a temperature of 25 °C for 5 minutes.
Extrusion, on the other hand, was accomplished using an Avanti® Mini-Extruder. For
that method, the nanoparticle solution was passed repeatedly through a polycarbonate
membrane with a pore diameter of 0.2 um. This created liposomes with a diameter

close to the size of the pores.

2. Characterization of CL: Cytc nanoparticles
2.1. Dynamic Light Scattering (DLS). Particle size and polydispersity index (PDI)
were measured using a Nano ZS90 Zetasizer (Malvern Instruments) equipment at

25°C to determine if we had a homogenous population of nanoparticles. DLS samples
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of the nanoparticles were evaluated after sonication, and then after centrifugation and
extrusion were performed. Control solution’s measurements were also taken. Size
distribution by intensity for each sample was obtained, with graphs showing the

results obtained from three measurements of each sample.

2.2. Scanning Electron Microscopy (SEM). Samples for SEM analysis were
prepared and processed as reported by Piroeva et al*3. Following is a brief description
of each step.

Sample fixation and dehydration. A coverslip (18 x 18 mm?) was used as a platform
for nanoparticle fixation. The coverslip was dipped in a 0.8 % agar solution and left
horizontally, allowing the thin agar film to materialize for 30 minutes. Nanoparticles
samples were deposited on the agar film and allowed to settle for 45 minutes. The
samples were then dehydrated in an oven at 37 °C for 12 hours.

Gold coating. Fixed and dehydrated samples were coated with a thin gold film (~10
nm) using a metal sputter system.

SEM analysis. SEM imaging was performed with the high-resolution field emission
scanning electron microscope (JEOL JSM-7500F SEM), using 2 kV (unless otherwise
specified) acceleration voltage for a gentle electron beam. The sample (coverslip)
was mounted on a double-coated conductive carbon tape that holds the sample firmly
to the stage surface and a copper tape was placed as a ground strap from the sample

surface to the SEM sample holder.
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2.3. Liquid-state Nuclear Magnetic Resonance (NMR). Solution NMR spectra were
recorded at 500MHz '"H Larmor frequency in a Bruker Aeon spectrometer equipped
with a HX Double Resonance Prodigy Cryoprobe. The measurements assessed lipid-
protein interactions, as evidenced by shifts in the spectra with respect to lipid-only

formulations.

2.4. Fluorescence and UV-Vis Spectrophotometry. To determine the oxidation
state of the nanoparticle, we measured fluorescence and UV-Vis spectra.
Fluorescence was be measured using a spectrofluorophotometer (Shimadzu RF-
5301PC) and UV-Vis was measured using a NanoDrop™ 2000 Spectrophotometer

(Thermo Scientific™).

Results and Discussion

Dynamic Light Scattering (DLS)
Particle size and Polydispersity Index (PDI)

Following the preparation of the CL: Cytc nanoparticles, the particle size and PDI
of each sample were measured using a Malvern Nano ZS90 Zetasizer. Particle size for
the nanoparticles ranged from 65.9 nm to 209.9 nm, with an average size of 92.36 nm for
CL: Cytc nanoparticles, 116.52 nm for PC: Cytc nanoparticles, and 181 nm for PE: Cytc
nanoparticles. The standard deviation values for these measurements were 64.23 nm,

57.03 nm, and 69.13 nm, respectively. Nevertheless, polydispersity index is the metric



20

typically used in DLS analysis. PDI is defined as the square of the standard deviation

divided by the square of the mean. In terms of PDI, the values ranged from 0.073 to 0.443,

with an average PDI value of 0.294 for CL: Cytc nanoparticles, 0.203 for PC: Cytc

nanoparticles, and 0.138 for PE: Cytc nanoparticles (Table 2). Therefore, CL: Cytc

nanoparticles were the smallest in particle size, but the most polydisperse in comparison

to formulations with PC or PE. Graphs of size distribution by intensity for each

nanoparticles sample and control solution are presented in Appendix A.

Polydispersity
DLS preparation
Control Mean particle size (d. nm) Index value
process

(PDI)

Sonication 5.864 0.361

Cytc Centrifugation N/A N/A
Extrusion 293.9 0.449
Sonication 793.6 0.696
CL Centrifugation 481.9 0.539
Extrusion 145.4 0.142

Sonication N/A N/A

PC Centrifugation 691.8 0.372
Extrusion 246.8 0.374

Sonication 5378 0.346

PE Centrifugation 872.2 0.676
Extrusion 145.2 0.395




21

Table 1: Summary of particle size and polydispersity index values of the control

solutions

Polydispersity
Lipid: Cytc (mole: DLS preparation
Mean particle size (d. nm) Index value
mole) process

(PDI)

Sonication 74.91 0.443

CL: Cytc 25:1 Centrifugation 65.94 0.432
Extrusion 72.97 0.318

Sonication 100.1 0.231

CL: Cytc 35:1 Centrifugation 95.34 0.220
Extrusion 95.34 0.221

Sonication 105.3 0.215

CL: Cytc 45:1 Centrifugation 127.8 0.362
Extrusion 93.52 0.205

Sonication 119.0 0.251

PC: Cytc 25:1 Centrifugation 106.6 0.137
Extrusion 104.7 0.152

Sonication 108.4 0.229

PC: Cytc 35:1 Centrifugation 101.1 0.152
Extrusion 98.16 0.145
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Sonication 145.8 0.328

PC: Cytc 45:1 Centrifugation 139.1 0.248
Extrusion 125.8 0.185

Sonication N/A N/A

PE: Cytc 25:1 Centrifugation 152.8 0.127
Extrusion 152.8 0.127

Sonication N/A N/A

PE: Cytc 35:1 Centrifugation 209.9 0.107
Extrusion 181.0 0.073

Sonication 3.614 0.271

PE: Cytc 45:1 Centrifugation 183.8 0.120
Extrusion 205.7 0.204
PC: CL: Cytc 85:15, Centrifugation 56.64 0.355
45:1 Lipid: Cytc Extrusion 65.31 0.442
PC: PE: CL 55:30:15, Centrifugation 122.1 0.272
45:1 Lipid: Cytc Extrusion 133.2 0.293

Table 2: Summary of particle size and polydispersity index values of the nanoparticles

formulations

Lipid composition (molar fractions)
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To study the effect of different lipid: protein molar fractions in size and
polydispersity, we prepared formulations of 25:1, 35:1 and 45:1 lipid to Cytc ratios. Size
distribution by intensity of the different molar fractions of each lipid type were compared
and we observed that for all the lipids, the molar ratio of 25: 1 had the smallest
nanoparticle sizes (Figures 8, 9 and 10). A trend in terms of PDI with respect to lipid:

protein molar fractions was not observed (Table 2).
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Figure 8: CL: Cytc nanoparticles with different molar fractions of lipid: protein.
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Figure 10: PE: Cytc nanoparticles with different molar fractions of lipid: protein

Lipid composition (lipid identity)

Interactions between CL and Cytc, as well as the other lipids when complexed in

a nanoparticle, were studied to see how these may affect the particle size and

homogeneity of our samples. When comparing the size distribution by intensity of

nanoparticles formulations with different lipids, we observed that nanoparticles with CL

had a smaller size, followed by PC and PE, respectively (Figure 11). PDI values, on the

other hand, were the highest for nanoparticles with CL, followed by PC and PE (Table 2).




CL: Cytc 45:1
145

9.5

4.5

Intensity (Percent)

-0.5

0.1 1 10 100 1000 10000
Size (d.nm)

PC: Cytc 45:1
19.5

14.5
9.5
4.5
-0.5 S

0.1 1 10 100 1000 10000
Size (d.nm)

Intensity (Percent)

PE: Cytc 45:1
19.5

145
9.5
4.5

-0.5

Intensity (Percent)

0.1 1 10 100 1000 10000
Size (d.nm)

Figure 11: 45:1 Lipid: Cytc nanoparticles with different lipids.
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Figure 12: 45:1 Lipid: Cytc nanoparticles with different lipid compositions (PC:CL 85:15 on the left

and PC: PE: CL 55:30:15 on the right)

Sample preparation methods

When preparing our samples, we used three different methods to see which
provided a smaller particle size and a more homogenous sample: sonication,
centrifugation, or extrusion. As observed in the figures below (Figures 13, 14 and 15),
sample homogeneity improves when extrusion is performed. Nanoparticle size is also

decreased in most cases when samples are extruded.
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sonication, centrifugation, and extrusion.

Scanning Electron Microscopy (SEM)

SEM analysis was performed for each nanoparticles samples. Low-resolution
images were obtained; however, an approximately spherical shape was observed for CL:
Cytc nanoparticles. According to the SEM micrograph in Figure 16, the diameter of this

nanoparticle is of around 350 nm.
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Figure 16: Scanning electron micrograph of CL: Cytc 45:1 complex. Scale bar: 500 nm.
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Figure 17: Scanning electron micrograph of CL: Cytc 45:1 complex. Scale bar: 1 um.

Liquid-state Nuclear Magnetic Resonance (NMR)

'"H NMR spectra was recorded for control and nanoparticles solutions at 500MHz
'H Larmor frequency and 25°C. First, we observed that, keeping equal concentrations of
Cytc, the sample with CL: Cytc nanoparticles lacks signals from the protein in solution
NMR spectra, as illustrated in Figure 18. The disappearance of protein signals is
consistent with the incorporation of protein molecules onto the nanoparticle complex,
which exhibits a much higher rotational correlation time that eliminates NMR signals in

solution. However, lipid molecules that form nanoparticles are free to rotate and diffuse
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on the surface, lowering their correlation time and permitting their observation in solution
NMR spectra. In Figure 19, the aliphatic region of '"H NMR spectra showing signals from
CL is shown. Signal assignments derived from Alexandri et al.** A signal displacement
for CL: Cytc assemblies for various molar fractions relative to pure CL is observed. This
may be due to lipid-protein interactions and the presence of an excess of lipids in relation

to Cytc.
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Figure 18: Solution "H NMR spectra of CL: Cytc (top) and Cytc only (bottom) solutions
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Conclusion

Lipid nanoparticles of CL: Cytc, among other formulations, were prepared in-vitro
to test the hypothesis that the electrostatic interactions that guide native protein-lipid
association will lead to the homogeneous assembly of protein-lipid liposomes. After
analyzing these samples by DLS, SEM, and NMR, we conclude that homogenous
samples were achieved. First, through DLS analysis, we established that particle size
ranged from 65.9 nm to 209.9 nm, with the smallest being CL: Cytc nanoparticles. In
terms of PDI, the most effective sample preparation method was extrusion, with PDI
values of 0.318 or less for nanoparticles with CL, PC or PE (Table 2). SEM imaging
facilitated the recognition of nanoparticles shape, which was approximately spherical
(Figures 15 and 16). Finally, solution NMR spectra were recorded for the nanoparticles
and compared to those of lipid-only solutions. In these spectra, the most prominent
signals were from aliphatic sites, due to their inherent flexibility. Aliphatic 1H signals
shifted in the complexes relative to the CL and are attributed to lipid-protein interactions
(Figure 17). In summary, the results obtained through this study help elucidate which
formulations and methods result in more homogenous assembly of nanoparticles that can
later be employed as treatment for breast cancer cells. These are nanoparticles with
molar ratios of lipid: protein of 45:1 and prepared using extrusion method.

Future works include acquiring UV-Vis spectroscopy and fluorescence
spectrophotometry data, which we did not achieve due to equipment malfunctions. We
also plan on studying cytotoxicity levels and cell viability of breast cancer cells after being

treated with CL: Cytc. Further studies involve the identification of the targeting method
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our nanoparticle will use to ensure that it only attacks cancer cells, without affecting
adjacent healthy tissue. Something we are contemplating is the use of antibodies as
ligands on the liposome to target cells transformed to cancer cells. These studies should
contribute important information about the apoptotic ability of CL: Cytc nanoparticles and

their potential as a cancer treatment.
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48

Cytc Control
14.5

9.5

Intensity (Percent)

A\

0.1 1 10 100 1000 10000
Size (d.nm)

Figure S3: Size Distribution by Intensity for Cytc control solution after centrifugation and

extrusion
CL Control
145
o+
=
Q
€ 95
Q
&
Z 45
(7]
[ o=
(]
£ 0.5
0.1 1 10 100 1000 10000
Size (d.nm)

Figure S4: Size Distribution by Intensity for CL control solution
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Figure S11: Size Distribution by Intensity for PE control solution after centrifugation
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Figure S12: Size Distribution by Intensity for PE control solution after centrifugation and

extrusion
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Figure S13: Size Distribution by Intensity for CL: Cytc 25:1 nanoparticle solution
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Figure S14: Size Distribution by Intensity for CL: Cytc 25:1 nanoparticle solution after

centrifugation
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Figure S15: Size Distribution by Intensity for CL: Cytc 25:1 nanoparticle solution after

centrifugation and extrusion
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Figure S16: Size Distribution by Intensity for CL: Cytc 35:1 nanoparticle solution
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Figure S17: Size Distribution by Intensity for CL: Cytc 35:1 nanoparticle solution after

centrifugation
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Figure S18: Size Distribution by Intensity for CL: Cytc 35:1 nanoparticle solution after

centrifugation and extrusion
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Figure S19: Size Distribution by Intensity for CL: Cytc 45:1 nanoparticle solution
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Figure S20: Size Distribution by Intensity for CL: Cytc 45:1 nanoparticle solution after

centrifugation
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Figure S21: Size Distribution by Intensity for CL: Cytc 45:1 nanoparticle solution after

centrifugation and extrusion
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Figure S22: Size Distribution by Intensity for PC: Cytc 25:1 nanoparticle solution
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Figure S23: Size Distribution by Intensity for PC: Cytc 25:1 nanoparticle solution after

centrifugation
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Figure S24: Size Distribution by Intensity for PC: Cytc 25:1 nanoparticle solution after

centrifugation and extrusion
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Figure S25: Size Distribution by Intensity for PC: Cytc 35:1 nanoparticle solution
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Figure S26: Size Distribution by Intensity for PC: Cytc 35:1 nanoparticle solution after

centrifugation
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Figure S27: Size Distribution by Intensity for PC: Cytc 35:1 nanoparticle solution after

centrifugation and extrusion
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Figure S28: Size Distribution by Intensity for PC: Cytc 45:1 nanoparticle solution
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Figure S29: Size Distribution by Intensity for PC: Cytc 45:1 nanoparticle solution after

centrifugation
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Figure S30: Size Distribution by Intensity for PC: Cytc 45:1 nanoparticle solution after

centrifugation and extrusion
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Figure S31: Size Distribution by Intensity for PE: Cytc 25:1 nanoparticle solution
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Figure S32: Size Distribution by Intensity for PE: Cytc 25:1 nanoparticle solution after

centrifugation
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Figure S33: Size Distribution by Intensity for PE: Cytc 25:1 nanoparticle solution after

centrifugation and extrusion
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Figure S34: Size Distribution by Intensity for PE: Cytc 35:1 nanoparticle solution
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Figure S35: Size Distribution by Intensity for PE: Cytc 35:1 nanoparticle solution after

centrifugation
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Figure S36: Size Distribution by Intensity for PE: Cytc 35:1 nanoparticle solution after

centrifugation and extrusion
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Figure S37: Size Distribution by Intensity for PE: Cytc 45:1 nanoparticle solution
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Figure S38: Size Distribution by Intensity for PE: Cytc 45:1 nanoparticle solution after

centrifugation
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Figure S39: Size Distribution by Intensity for PE: Cytc 45:1 nanoparticle solution after

centrifugation and extrusion
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Figure S40: Size Distribution by Intensity for 45:1 Lipids (85:15 PC: CL): Cytc nanoparticle

solution after extrusion
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Figure 41: Size Distribution by Intensity for 45:1 Lipids (85:15 PC: CL): Cytc nanoparticle

solution after centrifugation and extrusion
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Figure S42: Size Distribution by Intensity for 45:1 Lipids (565:30:15 PC: PE: CL): Cytc

nanoparticle solution after extrusion
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Figure S43: Size Distribution by Intensity for 45:1 Lipids (565:30:15 PC: PE: CL): Cytc

nanoparticle solution after centrifugation and extrusion





