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Abstract
Monodispersed PEGs have been gaining interest in chemistry applications that
previously used polydispersed PEGs. Traditional, polydispsersed PEGs are synthesized
through a polymerization process that generates a statistical mixture of ethylene glycol
chains. The molecular weight of the PEG is an average. Monodispersed PEGs are
synthesized through numerous chain elongation and column purification steps.
Monodispersed or “highly pure” PEG mixtures contain PEGs with the same molecular
weight. Production costs are significantly higher for monodispersed PEGs due to the
synthesis techniques they require. The aim of this thesis was to demonstrate how
monodispersed PEGs behave differently than their polydispersed coutnerparts.
Specifically, in applications that employ nonionic surfactants. It was hypothesized the
uniformity of the monodispersed mixtures would improve performance and stability.
The first part of the project focused on the synthesis of three monodispersed PEG
derivatives consisting of 8,16, and 24 ethylene glycol units. Stepwise organic chemistry
was used to synthesize the monodispersed PEGs to prevent giving away any proprietary
information. The next step was to synthesize various sets of nonionic surfactant
conjugates and compare the monodispersed and polydispersed counterparts. Particle size
distributions of the nanoparticles formed under identical formulation conditions provided
the basis for comparing the derivatives. However, due to the unanticipated complexity of
the dynamic equilibrium present in surfactant solutions, the significance of these
differences could not be related to performance. Qualitatively, monodispersed and
polydispersed counterparts were unique.
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In an attempt to quantitatively demonstrate monodispersed PEGs enhance
performance the project was directed towards one application, nanoparticle drug delivery
systems. After experimental parameters were outlined for niosome and liposome
formulations, sodium fluorescein, a hydrophilic dye and model hydrophilic drug, was
introduced and a series of encapsulation experiments were performed. After much trial
and error, more data is required to prove if monodispersed PEGs are superior to their
polydispersed counterparts. Nevertheless, as shown in the results discussed in this thesis,
monodispersed and polydispersed PEGs need to be at least treated as individual
compounds.
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General Introduction
Defining purity
“Absolute purity” does not exist1. Each commercially available substance is, to a
certain degree, impure. That includes the presence of intermediates, minor products,
unreacted starting materials, or any other contaminants. Most importantly, is the
compound pure enough for its application? Tests are available to quantify whether
particular impurities are present below a detectable level, but it is next to impossible to
prove an impurity is one hundred percent absent. A compound may be pure enough for
one application, but contain impurities that make it unsuitable for others1. Ultimately,
consumers must be vigilant of suppliers claiming to sell high purity products.

What are monodispersed polyethylene glycols (PEGs)?
PEGs are polymers consisting of repeating ethylene glycol units (Figure 1.1.1).
Along with being hydrophilic, PEGs are non-toxic and non-immunogenic2. Combined,
these properties have made PEGs “the most frequently used polymers in
biopharmaceutics”3. PEGs are commonly used in delivery systems as linkers to improve
the solubility and stability of molecules to which they bind. Conjugates demonstrate
prolonged blood circulation time which, in some cases, correlates to a smaller dosing
frequency and an improved bioavailability3. For example, covalently attaching PEGs to
proteins and peptides can change their physical properties and biological activities.
Interestingly, the length of PEG chain is critical to the efficiency of these PEG-protein
complexes4. As of 2013, there were 10 Food and Drug Administration (FDA) approved
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PEGylated proteins, antibody fragments, and oligonucleotides commercially available.
These PEGylated drugs are highlighted in table 1.1.15.
OH

H
O

PEG

OH

H3C
O

n

mPEG

n

Figure 1 Difference between PEG and mPEG.

Commercial
Name
Adagen

Drug Name

Company

PEG size (Da)

Indication

Pegadamase

Enzon

Oncaspar

Pegaspargase

Enzon

Severe combined
immunodeficiency disease
Leukemia (ALL, CML)

PEG-INTRON

Peginterferon-α2b

Hepatitis C

2000

PEGASYS

Peginterferon-α2a

2001

Pegfilgrastim
Pegvisomant

Branched
40,000
Linear 20,000
4-6 linear 5000

Hepatitis C

Neulasta
Somavert

Neutropenia
Acromegaly

2002
2003

Macugen

Pegaptanib

ScheringPlough
Hoffman-La
Roche
Amgen
Pharmacia &
Upjohn
Pfizer

Multiple linear
5000
Multiple linear
5000
Linear 12,000

2004

Mircera

mPEG-epoetin-β

Cimzia

Certolizumab
pegol

Puricase1/
Krystexxa

PEG-uricase

Age-related macular
degeneration
Anemia associated with
chronic renal failure
Reducing signs and
symptoms of Crohn’s
disease
Gout

Hoffman-La
Roche
UCB

Savient

Branched
40,000
Linear 30,000
Branched
40,000
10,000

Year of
Approval
1990

Table 1 FDA approved PEGylated drugs currently on market5.

Conventionally, PEGs are made through the polymerization of ethylene oxide
which produces a polydispersed mixture of ethylene glycol chains. PEGs are available
for purchase from one ethylene glycol unit in length up to molecular weights of 100
kDa2. Recently, monodispersed PEGs have gained interest as an alternative to these
classic polydispersed mixtures. Figure 1.1.2 illustrates the difference between a
monodispersed and a polydispersed PEG 350. Both PEGs have the same average
2

1994

2007
2008

2010

molecular weight; however, each PEG molecule in the monodispersed mixture consists
of exactly the same number of ethylene glycol units. On the other hand, polydispersed
derivatives contain a statistical mixture of various PEG chain lengths. Polydispersity is
described using the polydispersity index (PDI) with a monodispersed mixture being equal
to one and a polydispersed mixture being greater than one. In applications where the
length of the PEG chain is critical, the use of a polydispersed PEG versus a
monodispersed derivative may lead to inconsistent results.

Relative Abundance (%)

Monodispersed PEG 350
100

75

PDI =1

50
25

0
0

2

4

6

8

10

12

14

Number of ethylene glycol units

Relative Abundance (%)

Polydispersed PEG 350
25
20

PDI > 1

15
10
5
0
0

2

4

6

8

10

12

14

Number ethylene glycol units

Figure 2 Difference between a monodispersed and a polydispersed PEG mixture.
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Purification
Polydispersed and monodispersed PEGs share similar chemical properties, but
distinct physical properties. Depending on the application, different physical properties
affect performance. Regardless, the dramatic increase in production costs associated with
monodispersed PEGs has prevented an in depth investigation into their performance.
Using traditional PEG polymerization techniques it is not possible to synthesize true
monodispersed PEGs3. Monodispersed PEG synthesis has relied on using traditional
step-wise

organic

chemistry,

numerous

column

purifications,

and

tedious

protection/deprotection steps. The cost increases dramatically for monodispersed
building blocks over four ethylene glycol units. Other challenges associated with the
synthesis include heterobifunctional terminal groups, purifications, and scaling up3.
Heterobifunctional monodispersed PEGs commercially available are currently upwards
of $500/g6. Tetraethylene glycol can be purchased for approximately $25/Kg from Sigma
Aldrich7. In order to justify spending the additional money on a monodispersed
derivative its performance must be superior to the polydispersed equivalent.
Due to the physical nature of PEGs, purification by crystallization and normal
phase silica gel chromatography are the biggest obstacles for obtaining high purity
products. All PEGs are polar, water soluble molecules, but their physical state depends
on the length of the chain. Small PEGs exist as oils, while high molecular weight PEGs
are waxes or solids3. In normal phase chromatography, the terminal hydroxyl groups bind
strongly to the column due to the strong affinity for the polar silica gel stationary phase.
This contributes to broad retention times with similar length PEGs eluting at the same
time. In this scenario, reverse phase chromatography, gel permeation chromatography,
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and precipitation are considered superior purification techniques. Nonetheless, each
method has drawbacks that outweigh the advantages. The extra costs associated with
performing reverse phase and gel permeation chromatography would only make an
already expensive process uneconomical. On the other hand, precipitation only works
with larger molecular weight PEGs and would not provide the required monodispersity3.

Goal for Thesis
There is certainly interest in employing monodispersed PEGs over their
polydispersed counterparts. Superior control over conjugates’ physical properties and
simplified characterizations are strong selling points. It has been proven that utilizing
different length PEG chains can significantly impact the performance of the molecule to
which the PEG binds. Ultimately, the number of synthesis and purification steps required
presents an economic barrier to large scale production of monodispersed PEGs. The
majority of manufacturers in the monodispersed PEG market are relying on synthetic
strategies discussed in the synthesis section. BioVectra is a contract development and
manufacturing organization with over 15 years of experience at functionalizing various
mPEG reagents. Recently, BioVectra has developed its own monodispersed PEG
synthesis technology unlike any of the previous methods described above. The synthetic
route to monodispersed derivatives will enable a more efficient pathway to larger
oligomers and reduce overall production costs.
The aim of this thesis is to investigate the differences between monodispersed
PEGs and their polydispersed counterparts in nanotechnology as surfactant molecules.
Specifically, particle size distributions (PSDs) were used to compare structures formed in
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aqueous

media.

Structures

included

micelles,

vesicles,

and

liposomes.

The

monodispersed and polydispersed counterparts were compared and the original
hypothesis that the uniformity of monodispersed PEGs would improve performance was
tested.
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Chapter 1- Synthesis of Monodispersed PEGs
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Introduction 1.1
Synthesis Techniques
In recent years, there have been numerous publications describing the homobifunctional

and

heterobifunctional

synthesis

of

monodispersed

PEGs.

Heterobifunctional derivatives are desired for most applications. Multiple research
groups have claimed to have synthesized monodispersed derivatives greater than 12
ethylene glycol units. There are two main routes to making a heterobifunctional PEG
derivative: 1) make the PEG of the desired length and monofunctionalize or 2) direct
asymmetric synthesis6.
Monodispersed diols are easier to make, but the subsequent step of non-selective
monofunctionalization is difficult to carry out with reasonable yields6. A typical 1:1
diol:hydrophobic functional group reaction yields a bis-functional derivative, monofunctionalized product, and unreacted PEG (Figure 1.1.1). The amphiphilic nature of the
mono-functionalized and bis-functionalized derivatives means there is a partition
coefficient for both the organic and aqueous layers. Also, the unreacted PEG is
hydrophilic, but it still has an affinity for organic solvents. Purifying this mixture by
simply extracting and washing is quite challenging. One alternative is to use an excess of
the PEG to minimize the amount of bis-functionalized product generated. With only one
impurity to consider, the only concern is removing the excess unreacted PEG.
Additionally, being able to recover the unreacted diols would help reduce costs6.
O
H

x OH

Z-LG

O
Z

x OH

+

O
Z

xZ

Bis

Mono

Figure 1.1.1 Typical 1:1 PEG:hydrophobic group reaction.
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+

O
H

x OH

Unreacted

The direct synthesis approach is more widely used. Normally, an asymmetric unit
is introduced in the first chain elongation step and then the chain length is extended to the
required length. Orthogonal protective groups are useful here so that the ends can be
selectively manipulated6. Terminal hydrophobic groups help improve the normal phase
chromatographic separation of oligomers by preventing the peak tailing caused by free
alcohol groups. Each chain lengthening addition requires a chromatographic purification
and three chemistry steps. A standard procedure would be the addition of a chain unit,
protecting the alcohol, column purification, and removal of the protecting group. Figure
1.1.2 contains the scheme for the chromatography free synthesis of octaethylene glycol
monotosylate6. This type of chromatography free synthesis is only applicable to small
PEG chains. As the length of the PEG chain is increased the properties of the PEG chain
become proportionally more influential than the terminal hydrophobic groups.
H
O

OH
4

Tr
O

OH
4

Tr
O

O

OTs
4

OTr
8

H
O

Tr

OH
8

Figure 1.1.2 Chromatography free synthesis of octaethylene glycol monotosylate6.
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In theory there are four ways to extend the ethylene glycol chain including
unidirectional, bidirectional, chain doubling, and chain tripling. Unidirectional (Mode A)
and bidirectional (Mode B) chain elongation have been used to synthesize ethylene
glycol chains as long as 44 units. With each chain extension technique there is a
mathematical relationship to determine which oligomers will be obtained (Figure 1.1.3)8.
The exponential relationship with the chain doubling (Mode C) and tripling (Mode D)
technique provides a significant advantage for increasing the length of the ethylene
glycol chain faster than using unidirectional and bidirectional growth methods, which
have linear relationships.

Figure 1.1.3 Mathematical relationships for each chain extension technique8.

Ahmed and Tanaka utilized two orthogonal terminal groups to synthesize bissubstituted benzyl monodispersed dodecaethylene glycol (Figure 1.1.4). After gel
permeation chromatography, hydrogenation of the benzyl groups yielded purified diols.
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Using different combinations of ethylene glycol chains allowed for the synthesis of
various monodispersed PEG chain lengths. These results are highlighted in the table with
yields ranging from 65-80%9.

2
O

Glycol (n)
7
8
9
10
11
12
20
28
36
44

OH
x

+

x
1
1
2
2
3
2
3
3
3
3

H
O

OH
O

y

y
2
3
2
3
2
3
11
19
27
35

Bn-EG yield (%)
80
71
79
66
66
73
73
75
77
69

H

O

O

n

OH
n

EG yield (%)
98
91
93
98
97
97
93
94
95
98

Figure 1.1.4 Adjusting the lengths of PEG chains for the two reagents yields various
monodispersed diols9.
A more novel direct synthesis technique involves using PEG “homostars”. At the
center there is a “core” that is linked to several PEGs. For example, a core consisting of
1,3,5-tris(bromomethyl)benzene was linked to three PEG chains by an ether bond. Then,
at the same time, these PEG chains undergo unidirectional growth until the required
length is reached. In this model, the central hub acted as the protecting group. The
terminal hydroxyl groups at the other end can be functionalized relatively
straightforwardly. Finally, the core is cleaved to produce multiple mono-functionalized
PEGs with the same number of ethylene glycol units. Another benefit of this technique is

11

the considerable difference in physical properties between the homostar and the building
blocks of PEG used in the chain extension step. The increased size and polarity improves
the separation on normal phase chromatography. To obtain pure oligomers it is critical to
ensure the chain elongation, protection, and deprotection reactions go to completion10.

Applications
Receptor based targeting of diseases is a growing area of research in cancer
treatment. Targeted therapy allows for the selective delivery of a drug to tumor tissue.
Interestingly, certain cancerous cells express a unique set of receptors on the outer cell
surface. These may be receptors exclusive to the cancerous cells or simply a receptor
present in minor amounts on healthy cells, but overexpressed in tumors. Significant
improvements have been made to these tumor recognizing molecules (TRM) in recent
years which include monoclonal antibodies and small molecule peptides. Essentially, this
delivery technique boosts the effective dose while reducing the toxicity and side effects
of the patient by preventing the eradication of healthy cells. Currently, there are several
radioisotopes, drugs, and toxin conjugates using TRMs in clinical use. For instance,
consider the administration of paclitaxel. Paclitaxel (PTX) has been a well-known
treatment for metastatic breast cancer for over 25 years. Taxanes, in general, suffer from
poor water solubility (0.25 ug/mL for PTX) which restricts their dose-limiting toxicity.
With a hydrophilic linker and a selective antibody, using a prodrug approach, conjugates
overcome the solubility and toxicity issues. Docetaxel is another taxane with proven
anticancer activity facing the same obstacles11.
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The concept of using monodispersed PEG derivatives has been around since at
least the 1990s. Kitamura et al. used chromatographically purified PEGs in their
investigation into the effects of PEGylation on the performance of a monoclonal antibody
fragment, mA7, against human colorectal cancer cell lines. Four PEG polymers were
linked to each antibody for an estimated molecular weight of 20 kDa. Results indicated
improved plasma half-life, but reduced antigen-binding activity and tumor selectivity2. In
1999, Lee et al. performed a similar antibody study, but investigated the effects of the
length of the ethylene glycol chain and the antibody to PEG ratio on activity. Ultimately,
the length of the PEG chain significantly improved the plasma half-life. Increasing the
total PEG mass had minimal effect. In 2010, Li et al. found that using two
monodispersed PEGs in their antibody formulation led to improved blood retention time
and tumor localization2.
A unique application of monodispersed PEGs is to identify counterfeit drugs. A
study by the World Health Organization (WHO) published in 2006 stated that in
developing countries 10-30% of the medicines on sale are counterfeits. Current
identification methods do not include the serialization of the individual drug units, but
rather the secondary packaging. In one case, vials containing the cancer drug Herceptin
were stolen in 2014 and reintroduced to market after being tampered with. The vials were
either diluted or contained no active ingredient. Counterfeiting has a broad classification
including mislabelling, containing wrong doses, impurities, additional active ingredient,
or no active ingredient. “Spiking” tablet coatings with monodispersed PEGs has been
suggested as an alternative method to combat this issue. Concentrations as low as a few
ppm provide enough PEG to be detected using liquid chromatography-mass spectroscopy
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(LC-MS) analysis. Ultimately, the researchers believe this is a feasible method to trace
back the origin of each capsule based on the combination of monodispersed PEGs used.
The technology is limited to formulations that do not contain PEGs as excipients because
of overlapping chromatographic peaks. Proportionally, there is very little PEG in the
outer coating and it cannot be detected over the background PEG signal12.

Objective
The first task was synthesizing the monodispersed PEG derivatives before
tethering them to various types of molecules. For proprietary reasons, step-wise organic
synthetic methods were used, much like the unidirectional synthesis techniques
highlighted in the synthesis section to make three highly purified monodispersed mPEG
derivatives with chain lengths exactly 8, 16, and 24 units.
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1.2 Results and Discussion
Unidirectional synthesis of three monodispersed mPEG derivatives required 7
steps and 4 columns (Figure 1.2.5). Nuclear magnetic resonance (NMR) spectroscopy
and thin layer chromatography (TLC) were used to confirm the monodispersity of each
synthesized derivative. Initially, chromatography was not performed after the first chain
elongation step. NMR indicated the presence of unknown impurities. To overcome this
issue the plan was to perform normal phase chromatography after each elongation step.
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Figure 1.2.5 Overall reaction scheme to make MeOEG8OH (3), MeOEG16OH (5),
and MeOEG24OH (7).

The majority of reactions performed in this section utilized relatively
straightforward chemistry. It was challenging to minimize minor products and ensure the
PEG derivatives were as pure as possible before continuing to the second part of the
project. This contributed to the decision to use mPEGs instead of PEGs which would
have produced additional minor products that would make the separation more difficult
(Figure 1.2.6).
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Figure 1.2.6 Synthesis of TrOEG16OH with EG8 would have two additional
impurities.

TLC was used to monitor reactions and verify completion on the first attempt, but
NMR was the primary tool for evaluating purity. By comparing the integration values
between the terminal methylene protons on the PEG molecule and a neighboring
functional group, the conjugate to mPEG ratio can be determined. For example, consider
figure 1.2.7 below of a methoxy ethylene glycol oligomer (MeOEGnOH) conjugated to a
trityl (Tr) group. This is a slightly different scenario since the terminal methoxy singlet is
used instead of the terminal methylene protons. For a pure 1:1 conjugate the singlet to
triplet integration should be 3:2, respectively. With these functional groups, the triplet
corresponding to the methylene protons neighboring the methoxy group (MeO) overlaps
the rest of the ethylene glycol (EG) chain signal on the

1

H spectrum and is

indistinguishable. The key is being able to distinguish two orthogonal groups on the 1H
spectrum.
H
H3C

H
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O

O

n O

H
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H

Figure 1.2.7 Examine integration relationship between terminal methylene protons
with neighboring substituent and methoxy group protons by 1H NMR.
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Synthesis of TsOEG8OTr
The importance of this exact 1:1 conjugation was apparent in the first synthesis
step. Crude monotosyl octaethylene glycol (TsOEG8OH), synthesized using a
technology developed by BioVectra, was used to synthesize monotosyl monotrityl
octaethylene glycol (TsOEG8OTr) as shown in Figure 1.2.8. Triethylamine (Et3N), a
relatively weak base, with a pKa ~11 was used to conjugate the trityl moiety to the
primary alcohol group with the aid of DMAP as a catalyst. The resulting crude product
was purified by flash chromatography, but the NMR ratio of the two terminal methylene
proton groups was 2:2.4 as shown in Figure 1.2.9. This suggested there was bis-trityl
ethylene glycol oligomer (TrOEGnOTr) being formed and it eluted coincidentally with
TsOEG8OTr.

Ts

(O
(crude)

)8OH

Et3N, TrCl,

Ts

DMAP
DCM

(O
(crude)

Figure 1.2.8 Synthesis of TsOEG8OTr.
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Figure 1.2.9 NMR of
TrOEGnOTr is present.

TsOEG8OTr after column

purification. Suggests

The separation of monodispersed PEG derivatives by chromatography has made
their synthesis very challenging and expensive. The problem lies in the chemical
composition of these amphiphilic molecules. First, the PEG is hydrophilic and the
terminal hydroxyl groups will cause considerable peak tailing on normal phase silica
chromatography. Second, the separation between monodispersed PEGs one unit apart
becomes increasingly challenging as the PEG chain is elongated. The introduction of
hydrophobic groups at the hydroxyl ends reduces peak tailing and improves separation
on normal phase silica (Figure 1.2.10).

18

Figure 1.2.10 Improved oligomer separation after conjugation of hydrophobic
terminal groups, illustrated using TLC plates.

A heterobifunctional PEG and a homobifunctional PEG can still elute off a
column at the same time depending on the terminal groups (Figure 1.2.11). In the
TsOEG8OTr reaction presented here, the hypothesis was that some TrOEGnOTr was
being formed and the two compounds had similar Rf values.
H3C
O

O

O
S

nO

8O

O

TsOEG8OTr

TrOEGnOTr

Figure 1.2.11 TsOEG8OH and TrOEGnOTr impurity have very similar normal
phase silica chromatographic properties.

This was unacceptable as the TsOEG8OTr was an important reagent that had to
be used in each subsequent chain elongation step. A hypothesis was triethylamine (pKa
~11) was deprotonating water (pKa ~16) present in the reaction mixture and hydrolyzing
the tosyl group (Ts). The trityl chloride (TrCl) then reacts with the terminal alcohol group
producing a bis functionalized trityl-PEG byproduct. Pyridine (pKa ~5), a much weaker
base that would not deprotonate any water, was used to test this hypothesis. Also, tech
grade dichloromethane (DCM) was substituted with anhydrous DCM.
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The ratio of the two methylene protons improved slightly to 2:2.2. It was
concluded that there must have been a minor PEG diol impurity product present in the
TsOEG8OH mixture and a column would be needed. After purifying the TsOEG8OH by
normal phase chromatography and switching to pyridine as the base an exact 1:1 ratio
was achieved (Figure 1.2.14).

2.00

1.97

Figure 1.2.12 NMR of TsOEG8OTr synthesized with pyridine and purified
TsOEG8OH.

Synthesis of methoxy monotrityl hexadecaethylene glycol (MeOEG16OTr)
The MeOEG16OTr synthesis reaction (Figure 1.2.13) was designed so that there
was only one way the displacement could go ahead. The hydroxyl group of the mPEG is
deprotonated using strong base and the resulting alkoxide displaces the tosylate and not
the trityl group. Acidic conditions are used to remove trityl protecting groups. Potential
problems surrounding this reaction are the elimination of the tosylate and not fully
consuming the methoxy octaethylene glycol (MeOEG8OH). It is critical to consume all
the MeOEG8OH because MeOEG16OTr has a very similar Rf value, making the two
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compounds difficult to separate. Despite being 8 ethylene glycol units apart the
hydrophobic trityl group increases the Rf value substantially. On the other hand, it was
difficult to fully consume all the MeOEG8OH due to excess base potentially eliminating
the tosylate. However, by adding the base below 20 oC elimination was prevented and the
TsOEG8OTr was the reagent added in excess because of its unique Rf value.
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(pure)
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H3C

Tr
dry THF

(O

)16O

Tr
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(crude)

H3C

)16O

(O
(pure)

Figure 1.2.13 Scheme for MeOEG16OTr synthesis and purification.

NMR Relaxation
As previously mentioned, NMR was used to determine a 1:1 conjugation was
achieved. From the synthesis of MeOEG8OH it was believed there was some ethylene
glycol oligomers (EGn) present based on the NMR ratios. NMR on the product from the
MeOEG16OTr synthesis reaction and subsequent column purification suggested a
significant impurity. When the methylene protons neighboring the trityl group were
referenced to 2H the OCH3 signal was only 2.7H. Even after purifying MeOEG8OH and
TsOEG8OTr using normal phase chromatography, no improvements towards a 3:2 ratio
were observed for the purified MeOEG16OTr. Finally, setting a delay on the NMR
pulses to 10 seconds versus the default 1 second allowed the methoxy group sufficient
time to relax and the expected ratio was observed (Figure 1.2.15). Methoxy groups do not
usually require additional relaxation time to get accurate integrations.
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Tr

Figure 1.2.15 NMR of purified MeOEG16OTr.

Removal of Tr from MeOEG16OTr
There are several known methods for removing trityl protecting groups13-15. The
first method attempted used trifluoroacetic acid. Surprisingly, the trifluoroacetate (TFA)
derivative, methoxy monotrifluoroacetate hexadecaethylene glycol (MeOEG16OTFA,
8), was isolated by normal phase chromatography instead of MeOEG16OH. After
treating MeOEG16OTFA with 1M sodium hydroxide (NaOH) and performing another
column purification, the TFA was successfully removed. The additional step and column
were not ideal given the number of other methods available for trityl removal. Next, 1M
hydrochloric acid (HCl) was used and fortunately the byproduct, triphenylmethanol, was
22

not water soluble so it was easily filtered off and prevented the need for another column
purification step.
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1.3 Conclusion
Several grams of each of three monodispersed mPEG derivatives were
successfully synthesized and purified using stepwise chemistry. Based on NMR, TLC,
and the numerous column purifications the products appeared to be of high purity.
Unidirectional chain extension is an effective way to prepare purified monodispersed
PEGs, but the tedious column purifications are not practical for scaling up from an
industry perspective. The next phase of the project was to conjugate the mPEG
derivatives to various hydrophobic molecules.
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Chapter 2- Alpha-Tocopherol-mPEG Conjugates

25

2.1 Introduction
Vitamin E refers to 8 derivatives consisting of two subgroups; tocopherols and
tocotrienols (Figure 2.1.1). Unlike tocopherols, tocotrienols possess an unsaturated
phytyl side chain. Forms are differentiated based on their methyl substituents on the
bicyclic chromane moiety. Recently, these forms have been of great interest due to their
proven antioxidant, anti-inflammatory, and anticancer properties. In vivo, vitamin E
forms have exhibited great anticancer potential, but poor aqueous solubility limits their
clinical applications16.
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Drug Delivery Systems (DDS) for Hydrophobic Drugs
Several DDS have been employed to combat solubility issues surrounding
hydrophobic drugs. Approximately 30% of promising drug candidate compounds display
low aqueous solubility17. Liposomes and micelles are two options when it comes to DDS
for small molecules (Figure 2.1.2). Liposomes consist of particles ranging from 50 nm to
several microns and can trap both hydrophobic and hydrophilic molecules. These
spherical vesicle structures contain a bilayer made of amphiphilic phospholipids.
Hydrophilic drugs are encapsulated in the aqueous core, while hydrophobic drugs are
scattered throughout the hydrophobic bilayer. Similarly, micelles are comprised of
amphiphilic molecules, but the core is hydrophobic. Micelles in aqueous environments
have the ability to solubilize hydrophobic drugs in their core, while the hydrophilic shell
extends blood circulation time. Micelles are in the size range of 10 to 100 nm16.

Figure 2.1.2 Structural difference between micelles and liposomes16.

The direct linkage of PEG to vitamin E, prodrug approach, is another technique to
enhance pharmacokinetics. Prodrugs involve the administration of a derivative in an
inactive form that is activated after the linker has been cleaved. Commonly, prodrugs are
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used in situations where the targeted molecule suffers from poor oral bioavailability. The
effect of using numerous polymer conjugates to improve absorption from the
gastrointestinal tract has been investigated in great detail18.

α-Tocopherol-succinate polyethylene glycol (TPGS)
Particular vitamin E isomers have displayed superior properties, such as αtocopherol (α-Toc) and ɣ-tocotrienol (ɣ-T3). Although the latter possesses significantly
higher anticancer activity,19 α-tocopherol has been studied in greater detail. TPGS 1000
has been used as an absorption enhancer, emulsifier, solubilizer, permeation enhancer,
additive, stabilizer, and even on its own. TPGS 1000 is a water soluble, waxy solid with a
melting point around 40 oC. Its amphiphilic nature makes it miscible with various oils,
surfactants, and solvents. TPGS is stable within pH 4.5-7.5, but will breakdown due to
ester hydrolysis outside of this region16. Its hydrophilic-lipophilic balance (HLB) value
of 13 and relatively low critical micelle concentration (CMC) of 0.02 % w/w make it a
suitable candidate for micelle and vesicle DDS20.
TPGS has been recognized as a safe adjuvant for pharmaceutical formulations by
the US FDA21. Doxorubicin (DOX) is a drug used for the treatment of multiple cancers,
but its clinical applications were restricted initially because of poor blood circulation
time and serious toxicity towards healthy cells. In one in vitro study, the conjugation of
TPGS to DOX demonstrated a pH dependent release. After 10 days, only 13% of the
DOX was released when incubated at pH 7.4 compared to 52% of the drug released at pH
3.0. Also, with this conjugate no initial burst release was observed. Furthermore, folic
acid (FOL) was added to the conjugate to provide selective cancerous cell targeting.
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Cytotoxicity to the cell line was increased by a factor of 45 compared to DOX on its
own. The TPGS-DOX conjugate only improved the cytotoxicity by a factor of 1.19
compared to free DOX22.
Paclitaxel (PTX), another popular chemotherapy drug, belongs to the same family
of compounds as DOX and suffers from the same drawbacks of poor solubility and
toxicity. In 2005, a TPGS-PTX emulsion formulation, Tocosol, was released for
treatment of bladder cancer. The solubility of PTX is proportional to the amount of TPGS
added. The drug is incorporated into TPGS micelles23.
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Figure 2.1.3 TPGS concentration and paclitaxel solubility are related23.

TPGS has been incorporated into various drug formulations partly because of its
ability to overcome multidrug resistance (MDR). By inhibiting P-glycoprotein (P-gp)
activity, the relative cytotoxicity of drugs such as doxorubicin, vinblastine, and paclitaxel
was increased20. P-gp is a drug efflux pump, a.k.a. multidrug resistance protein 1
(MDR1), located in the cell membranes of distinct tissues throughout the body that

29

transports a wide range of molecules in and out of the cells. The pump is ATP-dependent
and prevents accumulation of multiple anticancer drugs inside targeted cells. Certain
cancer cells will develop additional P-gp which leads to increased drug resistance.
Basically, P-gp is a form of defense mechanism to protect cells from foreign substances.
The role of TPGS is to inhibit MDR1 and prevent the excretion of the drug molecules
from the targeted cells. Interestingly, it was discovered the length of the PEG chain has a
direct effect on the inhibition activity24.

ɣ-Tocotrienol-succinate polyethylene glycol (ɣ-T3PGS)
ɣ-Tocotrienol has demonstrated the highest anticancer activity amongst the
vitamin E derivatives.19 Similarly to α-tocopherol, it is difficult to absorb a sufficient
quantity for any therapeutic effect due to its poor aqueous solubility. Abu-Fayyad et al.
did an intensive study over the span of a decade aimed at increasing the absorption and
activity of ɣ-tocotrienols by developing water soluble derivatives using the same concept
as TPGS. This study investigated the critical micelle concentration (CMC), aqueous selfassembled structures size and morphology, in vitro cytotoxicity, and oral bioavailability
of two ɣ-tocotrienol-succinate-PEG conjugates, a.k.a.ɣ-T3PGS, with average PEG
molecular weights 350 and 1000. The CMCs of ɣ-T3PGS350 and ɣ-T3PGS1000 were
experimentally estimated by fluorescence spectroscopy to be 0.07 and 0.13 mg/ml,
respectively. The derivative with the smaller PEG self-assembled into large irregular
shaped vesicles that averaged 62 nm in diameter and the larger PEG produced small
uniform particles approximately 11 nm. The size and morphology were confirmed using
transmission electron microscopy (TEM).19
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When tested against two human breast cancer cell lines interesting results were
observed. Against the MCF-7 line, both ɣ-T3PGS350 and ɣ-T3PGS1000 derivatives
behaved similarly to TPGS derivatives having 3 fold higher IC50 values than free ɣtocotrienol. However, the conjugates had significantly improved cytotoxicity towards a
MDA-MB-231 cell line compared to the free ɣ-tocotrienol counterpart. Due to the
statistically equivalent bioavailability, 18.2% and 16.6%, of the ɣ-T3PGS350 and ɣT3PGS1000 derivatives it was determined that the PEG chain length had a negligible
effect on activity19. Nonetheless, this improvement in bioavailability from 5.6% of free ɣT3 is a significant increase and the ability of these amphiphilic molecules to selfassemble in an aqueous environment prevents the need for other formulation additives.

Micelles/Critical Micelle Concentration (CMC)
Currently there are several micelle formulations in clinical trials for the treatment
of cancer. The benefit of using micelles as DDS is to increase the blood circulation time,
which in the cases of NK91125 and SP1049C26 were by a factor of 3 in comparison to the
free drug. Issues surrounding the utilization of more micelle formulations include
insufficient drug loading, stability, and selective uptake by targeted cells17. Micelles exist
in an active equilibrium with other surfactant molecules where monomers switch
between adsorbing at the air-liquid interface, moving freely throughout the bulk solution,
and aggregating to form micelles17. Below the CMC, monomers remain free in solution
and adsorbing at the air-liquid interface. As the concentration of monomers increases, the
interfacial free energy, a.k.a. surface tension, is reduced. The CMC is reached when the
solution and interface are saturated with individual monomers. The addition of any
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subsequent monomers results in the formation of micelles17. Surface tension is one
method to measure and determine the CMC of surfactant solutions. As more monomers
adsorb at the air-liquid interface the surface tension is lowered until the concentration
where micellization occurs (Figure 2.1.4). There are various ways to experimentally
determine the CMC. All methods rely on the physiological changes that occur above the
CMC. Accurately determining the CMC is important since it has been described as the
“most important parameter for the characterization of surfactant solutions”.27

Figure 2.1.4 Surface tension remains constant once the CMC is reached28.

In regards to stability, the CMC describes the relative thermodynamic stability of
the micelle structure. On the other hand, kinetic stability refers to the disassembly of
micelle solutions over time. The length of the PEG chain can have a direct impact on the
performance of the micelle formulation. Typically, longer PEGs are preferred as they
protect the hydrophobic core from aqueous exposure leading to destabilization17.
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Objective
The aim of this research is to determine if there is a measurable difference
between the incorporation of monodispersed and polydispersed PEGs as the hydrophilic
segments in surfactant molecules. There has been extensive research done on TPGS
derivatives to demonstrate the PEG component improves the performance in vitro. An
extensive literature search revealed that there have been no investigations into the effect
of using monodispersed PEGs as substitutes for the polydispersed PEGs in these
conjugates. The hypothesis was that the uniformity of the monodispersed derivatives
would result in 1) different self-assembled structures than their polydispersed
counterparts and 2) the packing of the individual monomers of equal length would
directly affect the self-assembled structure’s properties, specifically, reducing the CMC
(thermodynamic stability) and maintaining its PSD over time (kinetic stability).
Therefore, a series of novel monodispersed TPGS derivatives were synthesized,
CMCs experimentally calculated, self-assembled structures particle sizes recorded, and
relative stabilities observed. Despite ɣ-tocotrienol displaying the most anticancer
potential, α-tocopherol was used due to the considerable increase in cost for ɣtocotrienol. As previously mentioned, both tocopherols and tocotrienols have similar
physical properties so improving the delivery of one suggests the other derivatives would
be improved as well.
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2.2 Results and Discussion
In total, six TPGS derivatives were synthesized using an identical procedure
(Figure 2.2.5). The α-tocopherol-succinate was purified by normal phase silica
chromatography prior to coupling with various mPEGs. The resulting monodispersed
PEG products were purified using silica, but the derivatives containing polydispersed
PEGs were not purified. Similar to Chapter 1, NMR was the primary characterization
tool used to confirm reactions had gone to completion.
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Figure 2.2.5 General scheme for synthesis of TPGS derivatives.

Mass Spectrometry
Mass spectrometry was used to assess the purity of the monodispersed derivatives
and to display the advantage of using monodispersed PEGs for derivative
characterization. Figures 2.2.6 through 2.2.11 illustrate the difference between
monodispersed and polydispersed derivatives. It is not difficult to see how
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monodispersed PEGs are much easier to distinguish by mass spectrometry in an
application such as counterfeit tablet identification.
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Figure 2.2.8 Mass spectrum of TocsOEG16OMe (#12, MONODISPERSED).
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Figure 2.2.9 Mass spectrum of TocsOEG13avgOMe (#13, POLYDIPSERSED).
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Figure 2.2.10 Mass spectrum of TocsOEG24OMe (#14, MONODISPERSED).

TOcsOEG22avg0Me_10ugperml #87 RT: 0.86 AV: 1 NL: 4.20E4
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Figure 2.2.11 Mass spectrum of TocsOEG22avgOMe (#15, POLYDIPSERSED).
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Experimentally Determining CMC
Once the conjugates were synthesized, the CMC of each derivative had to be
experimentally determined. There are multiple experimental techniques such as
calorimetry, voltammetry, conductivity, light scattering, surface tension, UV/vis, and
fluorescence spectroscopy to determine the CMC experimentally. The distinct change in
the surfactant solution’s physical properties as micelles begin to form is the principle that
each one of these techniques utilizes27.
Due to its high sensitivity, fluorescence spectroscopy has even estimated CMC
values to be lower than previously experimentally determined values. In this scenario, a
fluorescence probe is needed that exhibits fluorescence sensitive to its surrounding
environment. A commonly used probe for calculating CMC values in aqueous solutions
is pyrene. Pyrene consists of four fused benzene rings and is not soluble in water. As the
concentration of surfactant is increased and micelles begin to form, pyrene becomes
incorporated into the interior hydrophobic compartment of the micelles. This changes the
fluorescence profile and the intensity ratio between the peaks at 373 nm and 383 nm
(Figure 2.2.12). After plotting surfactant concentration versus the ratio of these two
emission peaks a curve is observed. The slope on both sides of the curve can be estimated
and the intersection point of the two lines is the experimental CMC (Figure 2.2.13)27.
This CMC value is considered an estimate because there is uncertainty associated with
estimating the slopes.
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I3

I1

Figure 2.2.12 Pyrene fluorescence emission spectrum for TocsOEG8OMe derivative
prepared at various concentrations. Excited at 340 nm and monitored from 360 to 410
nm.

TocsOEG8OMe- CMC
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Figure 2.2.13 Estimated CMC for TocsOEG8OMe derivative using the slopes on
each side of curve. Note: The data points are not connected to illustrate the curve
because two linear trendlines were needed.
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This procedure was repeated for each derivative. The experimentally estimated
CMC values are highlighted in table 2.2.1. Since these values were estimates and
relatively close, it was concluded there is no significant difference in CMCs between a
monodispersed and polydispersed PEG derivative. The experimental CMC value for
methoxy α-tocopherol succinate mPEG 1000 (TocsOEG22avgOMe) was in agreement
with the previously reported value of 0.02 % w/w20. The original hypothesis that the
uniformity of the homogenous mixture would lead to a lower CMC was not realized. All
the molecules in the system having the same energy had no effect on the CMC. The
results suggest the total number of monomers in solution is more important for selfassembly than the composition of the hydrophilic segment. It was previously reported the
hydrophobic effect is a main driving force in micelle formation17. Both polydispersed and
monodispersed derivatives contain the same functional groups and the same average PEG
chain length. Polydispersity is not taken into consideration when calculating the HLB
(discussed in 3.1). CMCs are not significantly affected by a polydispersed hydrophilic
segment, but how the individual monomers orient/pack themselves upon micelle
formation could be influenced in some way by the variability in the PEG chain length.
Derivative
CMC (mM)
Error 95% CI
TocsOEG8avgOMe
0.010
0.002
TocsOEG8OMe
0.0084
0.002
TocsOEG13avgOMe
0.012
0.006
TocsOEG16OMe
0.0084
0.003
TocsOEG22avgOMe
0.012
0.004
TocsOEG24OMe
0.012
0.002
Table 2.2.1 Experimentally estimated CMC values for each TPGS derivative
determined by fluorescence spectroscopy. Error calculations in experimental.
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Self-Assembled Structures- Preliminary Results
Since the CMCs had been determined it was clear how much of each derivative
was minimally required in order for micelles/vesicles to begin forming. The optimal
concentration to examine the self-assembled structures still remained in question.
Using the methoxy α-tocopherol succinate mPEG 550 (TocsOEG13avgOMe)
derivative, various concentrations of aqueous polymer solutions were prepared from a
stock solution and the PSD was tested. Surprisingly, increasing the concentration resulted
in smaller particles (Table 2.2.2). Micelle structures become increasingly distinct and
stable with the addition of more monomers29. The only experimental discrepancy in this
trend was between 1000 times (X) and 1250X the CMC. As the number of monomers in
a surfactant solution rises, so does the number of micelles. More micelles in solution
reduces the intermicellar distance. In an ionic surfactant system this would contribute to a
greater overall stability of the micelle solution by coulombic repulsive forces between
micelles30. Nonionic surfactants do not have repulsive charges and the individual
micelles have the potential to aggregate. This can contribute to inconsistent PSD results.
Zeta potential is a common property analyzed in new surfactant systems to help estimate
stability, but for the purpose of this research, this characteristic was not investigated due
to the fact the compounds of interest are nonionic surfactants. The zeta potential values
for methoxy ɣ-tocotrienol succinate mPEG350 (ɣ-T3PGS350) and methoxy ɣ-tocotrienol
succinate mPEG1000 (ɣ-T3PGS1000) were -18 and -11 mV, respectively19. Larger
values correlate with improved stability. The purpose of this research is to examine
differences between monodispersed and polydispersed PEG conjugate derivatives and the
differences observed in zeta potential are of minimal magnitude due to the absence of
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ionic charges. Since concentration directly correlates to PSD, the same concentration had
to be used when testing each derivative.
Concentration (X CMC)
Particle Size (nm)
PDI
2
197
0.681
10
101
0.517
100
86
0.498
500
44
0.435
1000
18
0.405
1250
43
0.425
Table 2.2.2 Self-assembled structures of TocsOEG13avgOMe in water at various
concentrations. Samples were measured in triplicate and average PSD recorded.

Another concern was the stability of the self-assembled structures. The stability
of methoxy α-tocopherol succinate octaethylene glycol (TocsOEG8OMe) self-assembled
structures in water at 1000 times the CMC concentration were analyzed after inverting
samples using a rotating wheel to dissolve the polymers with minimal energy input
(Table 2.2.3).
Method
Particle Size (nm)
Inverted 24 hours
142
Inverted 24 hours/No mixing 24 hours
151
Inverted 24 hours/Vortexed 15 minutes
125
Inverted 48 hours
102
Inverted 168 hours
86
Table 2.2.3 Effect of mixing on particle size of TocsOEG8OMe self-assembled
structures. Samples were measured in triplicate and average PSD recorded.

According to table 2.2.3, the method of mixing clearly influences the PSDs. The
longer the TocsOEG8OMe samples were inverted, the lower the average particle size
became. Allowing the solution to stand post mixing resulted in an increase in particle size
suggesting the aggregation of particles. Meanwhile, vortexing the samples immediately
post mixing reduced the particle size, which implies the breaking up of larger
particles/aggregates. This suggested there was another variable that would need to be set
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to a constant. Ultimately, any method of mixing should result in lower PSDs than letting
the micellar solution stand at room temperature. In comparison, large vesicles over 100
nm had more inconsistent PSD results than small micelles around 10 nm. This suggests
vesicles are more likely to aggregate.

Self-Assembled Structures- Minimal Energy Input
Typically for micelle/vesicle amphiphilic polymer formulations reported in the
literature, the amount of polymer used is typically described as a percent by weight. This
lead to the decision of setting 2 % w/w as the standard concentration used to compare
self-assembled structure PSDs. This concentration is significantly larger than the CMC
for all the surfactants used in this investigation. Inverting the samples using a rotating
wheel was the only energy inputted into dissolving the polymers. Previously, any means
necessary was used to dissolve the polymers in water more rapidly such as heating and
shaking vigorously. This input of energy had a direct effect on the PSD and attributed to
some discrepancies in the initial results. Going forward, each sample was rotated at the
same speed, prepared to the same volume, and in the same size volumetric flask to ensure
a new air-liquid interface would form at the same rate. As a new interface forms there is
an efflux of individual monomers diffusing to the surface to restore the equilibrium.
Micelles will dissociate at different rates to restore this equilibrium depending on their
stability31. The self-assembled PSD of each tocopherol mPEG derivative is highlighted in
table 2.2.4 and distributions shown in figure 2.2.14.
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Derivative

Peak 1
Peak 2
Derivative
Peak 1
Peak 2
(nm)
(nm)
(nm)
(nm)
TocsOEG8OMe 132 (81%)
TocsOEG8avgOMe
98 (57%) 676 (42%)
TocsOEG16OMe
12
TocsOEG13avgOMe 40 (48%) 510 (52%)
TocsOEG24OMe 10 (89%)
TocsOEG22avgOMe 13 (71%) 245 (29%)
Table 2.2.4 PSD of each tocopherol mPEG derivative prepared at 2 % w/w in water.
The percentage in brackets indicates the percent by intensity of each peak in the
distribution. (For values that do not add up to 100% the remaining percentage pertains to
large particles over 1000 nm. If only one peak and no brackets are used then the peak is
over 90% of the intensity distribution).
TocsOEG8nOMe

TocsOEGnavgOMe

TocsOEG8OMe

TocsOEG8avgOMe

TocsOEG16OMe

TocsOEG13avgOMe

TocsOEG24OMe

TocsOEG22avgOMe

Figure 2.2.14 PSD distributions of each tocopherol mPEG derivative.

Overall, the data suggests as the length of the PEG chain increases, smaller
particles are formed. Polydispersed and monodispersed TPGS conjugates produced
different sized particles as expected. methoxy α-tocopherol succinate hexadecaethylene
glycol (TocsOEG16OMe) consisted of primarily micelles, while methoxy α-tocopherol
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succinate tetracosethylene glycol (TocsOEG24OMe) had a small proportion of larger
particles. The significance of these large aggregates is unknown. There were two
different PSD peaks for each polydispersed derivative, but the TocsOEG22avgOMe
formed micelles also. The monodispersed and polydispersed PEGs produced different
structures; however, the particle size appeared tunable for any TPGS derivative.
Following the trend methoxy α-tocopherol succinate mPEG1500 (TocsOEG30avgOMe)
would produce a PSD similar to TocsOEG24OMe. Based on the observed PSDs,
monodispersed PEGs offer more predictability for the PSD of a formulation. To test this
hypothesis two monodispersed PEGs 12 and 20 EG units were prepared and coupled to
α-tocopherol-succinate. The resulting PSDs of the self-assembled structures are
highlighted in table 2.2.5 and distributions shown in figure 2.2.15.
Derivative
Peak 1 (nm)
TocsOEG8OMe
132 (81%)
TocsOEG12OH
74 (95%)
TocsOEG16OMe
12 (99%)
TocsOEG20OH
11 (83%)
TocsOEG24OMe
10 (89%)
Table 2.2.5 PSD for 5 monodispersed TocsOEGnOY samples prepared at 2% w/w.

TocsOEG12OH

TocsOEG20OH

Figure 2.2.15 PSD intensity distributions for TocsOEG12OH and TocsOEG20OH.
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The PSD results for α-tocopherol succinate dodecaethylene glycol (TocsOEG12OH) and
α-tocopherol succinate eicosethylene glycol (TocsOEG20OH) were as expected. The
average particle size of TocsOEG12OH being in-between TocsOEG8OMe and
TocsOEG16OMe confirmed the PSD of α-tocopherol derivatives can be tuned to the
desired PSD by simply varying the PEG chain length. If the desired particle size was in
the range of 100 nm using a 10 unit PEG may be the optimal choice.

Self-Assembled Structures- Minimal Energy Input (Stability)
The original plan was to test the stability of the formulations as well. For the
TocsOEG8OMe derivative, a sample prepared at 1000X CMC concentration was
inverted over the course of a month and the PSD was tested several times to observe if
the particle size was stable (Table 2.2.6). The particle size was slowly reduced until a
stable point in the equilibrium was reached around 14 days. These results indicated the
equilibrium was not achieved after rotating samples for 24 hours. Stability was
challenging to quantify due to the countless parameters influencing the self-assembled
structures’ PSDs. Stability was therefore not investigated further and focus was directed
to demonstrating that monodispersed and polydispersed PEGs exhibit different
properties.
Inverted for (x) days Peak 1 (nm)
1
142
2
102
5
86
14
80
28
80
Table 2.2.6a TocsOEG8OMe self-assembled structures particle size changed while
continuously inverting over span of 14 days.
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Table 2.2.6bTocsOEG8OMe self-assembled structures particle size changed while
continuously inverting over span of 14 days.
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2.3. Conclusion
Initial results suggest the PSD is tuneable for both monodispersed and
polydispersed TPGS conjugates. The self-assembled structures exist in a more dynamic
equilibrium than was previously anticipated making PSD interpretation challenging. It is
difficult to draw conclusion after only using one hydrophobic tail group. Using
monodispersed PEGs in TPGS derivatives instead of their polydispersed equivalents
produced different nanoparticle sizes and distributions. Chapter 3 describes our
investigations of whether this trend continues when substituting α-tocopherol for other
hydrophobic groups. The CMC was unaffected by monodispersed PEG head groups.
This parameter was not further investigated for the next series of derivatives. The key for
comparing the two sets of conjugates is to maintain the similar experimental conditions
due to the sensitive equilibrium observed with these surfactants.
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Chapter 3- Nonionic Surfactants
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3.1 Introduction
Nonionic surfactants are a broad class of molecules that consist of at least one
hydrophobic and one hydrophilic segment. Hydrophilic compounds are “water loving”
while hydrophobic compounds “water fearing”. TPGS conjugates are one example of
nonionic surfactants. As previously discussed in chapter 2, the CMC is an important
physical property used to describe the thermodynamic stability of a surfactant. Critical
packing parameter (CPP) and hydrophilic-lipophilic balance (HLB) are two mathematical
models used to predict the geometry of self-assembled structures in aqueous media.

Designing Nonionic Surfactant Formulations
Nonionic surfactants are commonly used over their charged surfactant
counterparts because of superior stability and low toxicity32. Vesicles composed of
nonionic surfactants are referred to as niosomes. Initially, niosomes were developed to
overcome issues like sterilization, large scale production, and stability associated with
liposome production30. Typically, membrane additives like cholesterol are required in
order to produce thermodynamically stable vesicles. The addition of cholesterol reduces
the fluidity and permeability of the membrane. Cholesterol is the “mortar” of the bilayer
membrane and will reduce the leakage of water soluble drugs33.
The pH of the external environment is important since unionized compounds are
transported more readily through the bilayer membranes. pH sensitive linkers enable the
selective release of drug once the active site is reached. Aggregation and leakage of drug
from vesicles are the main hurdles facing the storage of niosomes and liposomes32. Other
membrane additives are added to overcome these issues and help tune the PSD and
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physical properties. The incorporation of stearyl amine and dicetyl phosphate into the
bilayers also improves stability by the repulsion from neighboring like charges30. Also, it
has been reported the use of mixed surfactant systems assists in preventing the
aggregation process34, 35.
Since niosomes and micelle systems are considerably tunable, the desired effects
can be achieved using a variety of polymers/excipients. There are many factors that go
into developing a drug formulation (Figure 3.1.1). The particle size, size distribution, and
particle shape are good predictors for the release kinetics that ultimately lead to the
successfulness of the formulation. It was demonstrated in chapter 2 that the particle size
is directly affected by the length of the PEG chain.

Figure 3.1.1 Factors that influence drug release kinetics36.
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CPP and HLB Mathematical Models
CPP predicts the resulting self-assembled structure morphology based on the size
and area of both the hydrophilic and hydrophobic segments (Equation 3.1.1). A CPP less
than 0.33 favors the formation of spherical micelles. A CPP from 0.5 to 1.0 produces
vesicle like structures. Meanwhile, a CPP value greater than 1.0 indicates the potential to
form reverse micelles in organic solvents37.

Equation 3.1.1 CPP
hydrophobic segments.

mathematical

relationship

between

hydrophilic

and

Similarly, HLB values can be used to predict the type of self-assembled
nanostructures that will form and their applications (Figure 3.1.1). Amphiphilic
molecules that are primarily hydrophilic with a HLB value between 14 and 17 are not
suitable for niosome formulations. The optimal entrapment efficiency for niosomes is
observed around HLB values 8-9 and decreases as the value approaches 1. It has been
reported, the addition of cholesterol is required for systems with HLBs greater than 6 to
form bilayered vesicles. Also, for systems with a HLB less than 6, cholesterol adds
rigidity to the bilayer improving stability32.
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Figure 3.1.2 HLB values can be used to predict optimal surfactant application38.

HLB values were estimated for the six synthesized TPGS derivatives from
chapter 2 (Table 3.1.1), using Griffen’s method which was described in 1954
(calculations in experimental). Despite the HLB being greater than 6 for the
TocsOEG8OMe and TocsOEG8avgOMe derivatives, vesicles were still believed to have
been formed based on ɣ-T3PGS350 self-assembled structure’s cryo-TEM images
obtained by Abu-Fayyad et al.19.
Derivative
HLB value
TocsOEG8avgOMe
7.85
TocsOEG8OMe
7.85
TocsOEG13avgOMe
10.2
TocsOEG16OMe
11.3
TocsOEG22avgOMe
12.8
TocsOEG24OMe
13.2
Table 3.1.1 Estimated HLB values for TPGS derivatives.

Calculating CPP is not as straightforward, but by looking at the equation’s
denominator it is clear that increasing the PEG chain length will favor the formation of
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micelles. There is no account for the polydispersity of the hydrophilic component in
either of these models. When comparing the PSDs from Table 2.2.4 this overall reduction
in particle size was observed. The polydispersity of each self-assembled structure was
significantly different. TocsOEG16OMe consisted of primarily micelles (>90%), while
TocsOEG22avgOMe consisted of micelles (71%) and vesicles/aggregates (29%). The
mathematical models predict TocsOEG22avgOMe should be entirely micelles. Overall,
these models are a good starting point for choosing a surfactant for a particular
application, but they are not totally reliable.

Objective
The self-assembly of monodispersed TPGS conjugates in aqueous media
produced significantly different PSDs than their polydispersed counterparts. As the
length of the PEG chain was increased, the particle size was reduced. The next step was
to determine whether this relationship held true for other mPEG-hydrophobic conjugates.
Since the hydrophobic effect is the main driving force in micelle formation, two very
dissimilar tail structures, dodecyl and trityl groups, were chosen to test this hypothesis.
The monodispersity of the PEG moiety is no longer hypothesized to help in the initial
self-assembly process. Micellization is a thermodynamically driven process influenced
by concentration, temperature, and other various energy input methods. Monomers will
aggregate to form micelles in order to lower the overall entropy of the system37.
Although there was no decrease in CMC between monodispersed and polydispersed
derivatives, there was a variation in the self-assembled PSDs. The goals of investigating
various tails was to 1) determine if increasing the length of the PEG chain reduces the
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particle size as it did with the TPGS conjugates and 2) determine if the polydispersed
PEGs produce different self-assembled micelle/vesicle structures sizes compared to their
monodispersed counterparts.
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3.2. Results and Discussion

Similar to chapter 2, six dodecyl and trityl mPEG derivatives were synthesized to
examine the self-assembled structures they formed in an aqueous environment (Figure
3.2.3).

O
H3C

8n O

O
8nO

H3C

CH3

Figure 3.2.3 General structure of trityl and dodecyl PEG derivatives.

Trityl mPEG Synthesis
A preliminary challenge involved the synthesis of the monotrityl mPEG 1000
(TrOEG22avgOMe) derivatives and getting the coupling reactions to go to completion.
The monodispersed methoxy monotrityl octaethylene glycol oligomers (TrOEG8nOMe)
derivatives were intermediates previously made in the stepwise unidirectional chain
elongation synthesis discussed in chapter 1. On the other hand, the polydispersed
derivatives were synthesized using commercially available polydispersed mPEGs. NMR
was used to determine if the reactions had gone to completion comparing integration
ratios (discussed in section 1.2). As the length of the mPEG chain was extended fewer
trityl groups reacted with the free alcohol group. The TrOEG22avgOMe reaction was
performed numerous times (Table 3.2.2) and the only way to get the reaction to proceed
to completion was to work up the incomplete reaction mixture, re-dissolve, and add more
reagents. The problem with all the excess trityl chloride present after the series of
workups is the crude product does not provide a true representation of the self-assembled
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structures in an aqueous environment of the pure compounds. The trityl moiety is quite
hydrophobic and the unreacted material would hypothetically be encapsulated in either
the micellar core or vesicle bilayer.
Previously, no silica columns were used to purify the tocopherol and dodecyl
polydispersed mPEG derivatives due to the nature of chromatography with polydispersed
PEGs. Therefore, employing column purifications on polydispersed derivatives at this
point was not desireable. Several solvents were used and parameters such as
concentration and temperature were varied. The reaction consistently stalled at around
50-70% completion. Interestingly, performing the reaction in very dilute conditions
reduced the conversion to the desired product (Run #s 10 and 11).

Run
1
1B
2
3
4
4B
5
6
7
8
9
10
11

mPEG
1000
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Equivalents
TrCl
Et3N
1.2
1.0
1.2
1.2
1.2
1.5
2.5
1.2
1.2
1.2
1.2
1.2
1.2

1.2
1.0
1.2
1.2
1.2
0.5
1.5
1.5
1.2
1.5
1.5
1.5
1.5

DMAP

Solvent

Dilution

Temperature

0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0.1
0.2
0.2
0.2
0.2

DCM
DCM
DCM
Toluene
Anhy. DCM
Anhy. DCM
Anhy. DCM
Anhy. DCM
Acetonitrile
Anhy. DCM
Anhy. DCM
DCM
Anhy. DCM

10 mL/g
20 mL/g
20 mL/g
20 mL/g
10 mL/g
20 mL/g
10 mL/g
20 mL/g
20 mL/g
20 mL/g
1 mL/g
100 mL/g
100 mL/g

Ambient
Reflux
Reflux
Reflux
Ambient
Ambient
Ambient
Ambient
Ambient
<5 oC
Ambient
Ambient
Ambient

Time
(hours)
64
3
14
24
24
5
72
30
20
8
24
72
5

Crude
Yield (%)
78
98
N/W
N/W
92
95
89
63
N/W
N/W
N/W
N/W
N/W

Conversion
(%)
65
88
60
65
68
100
95
50
57
51
62
32
40

Table 3.2.2. Multiple attempts to synthesize TrOEG22avgOMe. N/W indicates no
work-up was performed, but in-process NMR was used. Note: Runs 1B and 4B used the
product from runs 1 and 4, respectively, instead of mPEG 1000.

The data suggests the formation of some type of self-assembled structure as the
reaction proceeds. The unreacted terminal hydroxyl groups are believed to be “trapped”
on the interior as the reaction reached a certain point. The self-assembly of mPEG 1000
was tested on its own and produced an average particle size ~70 nm in toluene. The inprocess PSD of the TrOEG22avgOMe reaction indicated a particle size over 100 nm
(Figure 3.2.4). A more in-depth study would be required to investigate this phenomenon.
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The synthesis of TrOEG22avgOMe was not attempted. The PSD distribution for
monotrityl mPEG550 (TrOEG13avgOMe) was not included because the sample would not
dissolve after rotating overnight.
mPEG 1000

TrOEG22avgOMe

Figure 3.2.4 PSD of mPEG 1000 (1g/10mL) and TrOEG22avgOMe reaction mixture
in toluene.

Self-Assembled Structures Analysis
The PSD of the self-assembled structures were tested for the other 10 synthesized
derivatives and their particle sizes were recorded in tables 3.2.3 and 3.2.4. Their PSDs
are shown in figures 3.2.5 and 3.2.6.
Derivative
Peak 1
Peak 2
Derivative
Peak 1
Peak 2
(Compound #)
(nm)
(nm)
(Compound #)
(nm)
(nm)
DdOEG8OMe (16)
7
DdOEG8avgOMe (17)
8
DdOEG16OMe (18)
8
DdOEG13avgOMe (19)
7
DdOEG24OMe (20) 8 (55%) 248 (40%) DdOEG22avgOMe (21)
197
Table 3.2.3 PSD of dodecyl mPEG derivatives self-assembled structures prepared at
2 % w/w in water. The percentage in brackets indicates the percent by intensity of each
peak. (For values that do not add up to 100% the remaining percentage pertains to large
particles over 1000 nm. If only one peak and no brackets are used then the peak is over
90% of the intensity distribution).

Derivative
(Compound #)
TrOEG8OMe (22)
TrOEG16OMe (4)
TrOEG24OMe (6)
Table 3.2.4 PSD of
% w/w in water.

Peak 1
Peak 2
Derivative
Peak 1 Peak 2
(nm)
(nm)
(Compound #)
(nm)
(nm)
1000+
TrOEG8avgOMe (23)
527
7 (13%) 195 (42%)
TrOEG13avgOMe (24)
N/A
7 (33%) 300 (63%)
TrOEG22avgOMe (25)
N/A
trityl mPEG derivatives self-assembled structures prepared at 2
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Conflicting results were observed in each case. Earlier it was observed that as the
length of the PEG chain was increased the PSD decreased. This was the case with the
trityl groups as well. Following this trend, if a methoxy monotrityl dotriacontethylene
glycol (TrOEG32OMe) derivative was to be investigated the intensity of the 7nm peak
would most likely increase above 50% of the intensity population. The dodecyl mPEG
derivatives formed vesicles as the PEG chain length was elongated. This was not
expected and disagreed with the HLB theory.
DdOEG8nOMe

DdOEGnavgOMe

DdOEG8OMe

DdOEG8avgOMe

DdOEG16OMe

DdOEG13avgOMe

DdOEG24OMe

DdOEG22avgOMe

Figure 3.2.5 Self-assembled structures PSD for each dodecyl mPEG derivative
prepared at 2 % w/w in water.
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TrOEG8nOMe

TrOEGnavgOMe
TrOEG8avgOMe

TrOEG8OMe

TrOEG16OMe

TrOEG24OMe

Figure 3.2.6 Self-assembled structures PSD for each trityl mPEG derivative
prepared at 2 % w/w in water.

The PSD does appear to be tunable for mPEG-hydrophobic conjugates in all three
investigated cases. The PSDs were different for the monodispersed and polydispersed
counterparts, but they followed a similar trend. The dodecyl aliphatic chain has
considerable flexibility compared to the rigid tocopherol and trityl structures. Therefore,
the formation of micelles with the monododecyl methoxy octaethylene glycol
(DdOEG8OMe) was not surprising. For hydrophobic groups with more rigid structures
the 8 unit PEGs produced larger nanoparticles. Proportionally the physical difference
between monodispersed and polydispersed PEGs is more prominent with smaller chain
lengths. Three more derivatives were synthesized (Figure 3.2.7), but only using the
monodispersed and polydispersed 8 unit PEGs.
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NpOEG8OMe
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O
H3C

8 O

CH3

StOEG8OMe
Figure 3.2.7 Structures of three additional MeOEG8OX and MeOEG8avgOX
derivatives prepared.

The particle size results for these derivatives are summarized in table 3.2.5. An
observable trend could not be identified; however, the particle size values for each of the
monodispersed and polydispersed derivatives were significantly different.
Derivative
Peak 1 (nm) Peak 2 (nm)
(Compound #)
TocsOEG8OMe (10)
132 (81%)
TocsOEG8avgOMe (11)
98 (57%)
676 (42%)
DdOEG8OMe (16)
7
DdOEG8avgODd (17)
8
TrOEG8OMe (22)
1000+
TrOEG8avgOMe (23)
527
BzOEG8OMe (26)
95
BzOEG8avgOMe (27)
264
NpOEG8OMe (28)
6 (33%)
206 (48%)
NpOEG8avgOMe (29)
7 (90%)
456 (7%)
TsOEG8OH (1)
242
StOEG8OMe (30)
(Not soluble)
StOEG8avgOMe (31)
(Not soluble)
Table 3.2.5 MeOEG8OX and MeOEG8avgOX derivatives self-assembled structures
prepared at 2 % w/w in water PSD summarized.

The particle sizes are clearly different, but the type of nanoparticle structure being
form was unclear. Derivatives with particle sizes approximately 10 nm, are believed to be
micelles. Particles in the 100-1000 nm size range are either vesicles, aggregates of
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micelles or vesicles. In order to confirm which structures are forming, images were
required.

Transmission Electron Microscopy (TEM)
Image analysis is frequently neglected in the early stages of development, despite
providing important structural integrity information. Electron microscopy offers 1000
times the resolution of a light microscope. In TEM, a small amount of the sample is
placed on a copper grid, stained with uranyl acetate, dried, and placed in the microscope
chamber where it is dried under vacuum. A few noted drawbacks with this negative stain
method include possible morphology changes due to the vesicles being in direct contact
with the grid, the technique for removal of excess stain, dehydration of sample when
drying under vacuum, and the stains themselves being misinterpreted as structures39.
Cryogenic TEM (Cryo-TEM) offers superior resolution and is a way to circumvent these
issues, but a special sample holder is required since the samples are maintained in liquid
nitrogen throughout the analysis. The inner compartment of the vesicles can be observed
with this technique as well. Considering the number of samples and cost associated with
cryo-TEM, the negative staining technique was performed first. The self-assembled
structures for the TocsOEG8OMe derivative prepared at 2 % w/w were analyzed, but the
resolution was not sufficient to draw conclusions regarding the suspected vesicle
structures. It was difficult to distinguish which structures were real and what was part of
the grid (Figure 3.2.8).

62

Resemble
vesicles in
100-200
nm range

Unknown

Figure 3.2.8 TEM image of TocsOEG8OMe self-assembled structures prepared at 2
% w/w in water.
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3.3. Conclusion
Based on the particle size and the composition of the polymers, the selfassembled structures forming are believed to be micelles and vesicles. Cryo-TEM is
needed to confirm with absolute certainty. Thus far it has been demonstrated that
monodispersed and polydispersed PEGs produce self-assembled structures with different
particle sizes. The size is tunable by selecting the appropriate PEG chain length. The
particle size again reduced as the length of the PEG chain was increased with the
methoxy monotrityl ethylene glycol oligomers (TrOEGnOMe). There is a certain point
where increasing the PEG chain will increase the particle size. This was demonstrated
with the monododecyl methoxy ethylene glycol oligomers (DdOEGnOMe) derivatives.
Qualitatively, based on the results from chapters 2 and 3, monodispersed and
polydispersed PEG conjugates exhibit differing properties.
However, a particle size differences does not quantitatively prove if a
polydispersed or monodispersed derivative is better for a particular application. The next
chapter describes attempts to 1) incorporate monodispersed and polydispersed PEGs into
niosome and liposome formulations, 2) encapsulate sodium fluorescein, a fluorescent dye
and model hydrophilic drug, and 3) acquire entrapment efficiency data to provide a
quantitative comparison between monodispersed and polydispersed PEG derivatives
relative effectiveness.
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Chapter 4- Designing Nanoparticle Drug Delivery
Systems
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4.1 Introduction
In comparison to phospholipids, surfactants offer the advantage of being
relatively inexpensive and simple to store40. The bilayer structure of niosomes provides
the same selective accumulation in tumor tissues, permeability to biological membranes,
and controlled release as liposomes41. Niosome formulations typically require cholesterol
and other membrane stabilizers to prevent aggregation and leakage of the encapsulated
material. In liposome formulations, small quantities of PEG are incorporated to “coat”
the structure and prevent recognition by the reticuloendothelial system (RES) to increase
blood circulation time40. Commonly, DSPE-mPEG2000 is the PEG conjugate of choice
and even small quantities can influence the particle size of the phospholipid bilayer
structures. This mPEG derivative is expensive at ~$1000/g42 which is another reason it is
used in small amounts (Figure 4.1.1).
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Figure 4.1.1 DSPE-mPEG2000 chemical structure (a.k.a. 1,2-distearoyl-sn-glycero3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt)).

Developing a stable and repeatable liposome formulation with a selective release
of the drug in the targeted tissue is desired. Orally delivered liposome formulations
potentially deteriorate from the bile salts, pancreatic enzymes, and acidic conditions in
the stomach43. The inclusion of selective antibody receptors and pH sensitive liposomes,
which release active material upon lipid ester bond hydrolysis, have been explored40.
Developing a successful, reproducible formulation remains a challenge. Looking at the
liposomes that have been approved, the majority of liposomes are delivered
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intravenously to overcome these stability issues (Figure 4.1.2). In 2013, there were over
15 liposome formulations undergoing clinical trials44.
Drug
Amphotericin B
Doxorubicin

Product
name
Ambisome
Myocet
Doxil

Type

Lipid composition

Liposome

HSPC, DSPG and
cholesterol
EPC and cholesterol
HSPC, cholesterol and
DSPE-PEG2000
DSPC, cholesterol and
DSPE-PEG2000
DSPC and cholesterol
EPG and DMPC

Daunorubicin
Verteporfin

DaunoXome
Visudyne

Liposome
PEGylated
liposome
PEGylated
liposome
Liposome
Liposome

Cytarabine

Depocyt

Liposome

Morphine
sulfate
Vincristine
sulfate

DepoDur

Liposome

Marqibo

Liposome

Lipo-dox

DOPC, DPPG,
cholesterol and triolein
DOPC, DPPG,
cholesterol and triolein
Egg sphingomyelin and
cholesterol

Route of
administration
Intravenous
Intravenous
Intravenous
Intravenous
Intravenous
Intravenous
Spinal
Epidural
Intravenous

Approved treatment
Sever fungal infections
Metastatic breast cancer
Kaposi’s sarcoma, ovarian
and breast cancer
Kaposi’s sarcoma, ovarian
and breast cancer
Blood cancer
Age-related molecular
degeneration
Neoplastic meningitis and
lymphomatous meningitis
Pain
Acute lymphoblastic
leukemia

Figure 4.1.2 Liposomes approved for clinical use44.

Liposome Examples
In most cases, the incorporation of a drug into a liposome or micelle enhances the
pharmacokinetic profile significantly. For example, the encapsulation of coenzyme Q10
(CoQ10) was compared with 3 liposome formulations including TPGS-liposome, TPGSchitosome, and chitosome. Chitosan is a natural polysaccharide with beneficial properties
such as being non-toxic, and environmentally friendly. CoQ10 (Figure 4.1.3) suffers
from poor absorption since it is hydrophobic and affected by P-gp. Cellular uptake was
significantly enhanced by a factor of 30 using the TPGS-chitosome as compared to
CoQ10 administered on its own43. TPGS is known to suppress P-gp and is believed by
some researchers to possess superior coating properties than the traditional DSPEmPEG200045.
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Figure 4.1.3 Coenzyme Q10 structure.

In a separate study, two liposomes consisting of TPGS and DSPE-mPEG2000
were used to encapsulate docetaxel and coumarin-6. Reducing the PEG chain length lead
to an increase in encapsulation efficiency in both instances. The percentage of docetaxel
encapsulated for non-coated, DSPE-mPEG2000, and TPGS coated liposomes (Figure
4.1.4) was 43, 56, and 64%, respectively. Meanwhile, the percentage of coumarin-6
encapsulated for non-coated, DSPE-mPEG2000, and TPGS coated liposomes was 42, 53,
and 64%, respectively45.

Figure 4.1.4 Illustration of three different liposome formulations45.

Based on IC50 values, the three liposome formulations were determined to be 16, 79, and
84 % more potent than Taxotere45, which has been clinically approved for the treatment
of assorted cancers since 1998.
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Liposome Preparation
The liposome preparation technique directly influences the structure formed.
Since liposomes were first developed in the 1960s there have been numerous preparatory
techniques introduced. Some examples include hydration of a phospholipid film,
sonication, organic solvent injection, repeated freeze drying/rehydration, freeze/thaw
cycles, microfluidizer, extrusion, and more recently microfluidics40. Conventional
liposome preparation involves the production of large vesicles, they may be unilamellar,
multilamellar or oligolamellar (Figure 4.1.5), and reducing the size into the targeted
range. Usually unilamellar vesicles are preferred, but it depends on the specific
application. Other approaches, such as microfluidics, construct vesicles from a bottom up
process that requires no size reduction post mixing.

Figure 4.1.5 Structural differences between unilamellar, multilamellar, and
oligolamellar vesicles46.

For example, extrusion techniques use pressure to force solutions containing large
vesicles through polycarbonate filter membranes to reduce the particle size. The pore size
selected for the filter membranes will reflect the targeted particle size. Multiple passes
are performed until the desired polydispersity and particle size are achieved. The
extrusion technique provides a rather homogeneous mixture of vesicles. Extrusion must
be performed above the phase transition temperature of the lipids in order to reduce
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vesicle size. This has to do with the increased fluidity of the vesicle membrane in the gel
state. Each phospholipid has a different phase transition temperature so this temperature
changes depending on the lipid components in the formulation47.
Recently, new instruments have emerged that utilize syringe-based plunger
systems to either force formulations through polycarbonate filters or microchannels while
maintaining a constant flow rate47. This new market aims at reducing the tedious and
laborious traditional extrusion technique. The concern surrounding these new
technologies is in respect to scaling up to industrial size batches. On small scale, they
have proven practical and reproducible. The NanoAssemblr Benchtop by Precision
NanoSystems, used in this work, was made to formulate niosomes/liposomes by building
nanoparticles from the bottom up approach (Figure 4.1.6). No further size reduction
technique is required after the solutions have been mixed and forced through the
microchannel.

Figure 4.1.6 NanoAssemblr Benchtop system used to prepare liposomes48.
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Drug Encapsulation
Drug encapsulation can be carried out either passively or actively. Passive
loading has low encapsulation efficiencies, while active loading has demonstrated the
ability to encapsulate over 90% of the drug. Active loading can be performed depending
on the physical nature of the drug. For instance, DOX is a common drug loaded actively
because it is a weak base. Empty liposomes are first prepared in an ammonium sulfate
buffer and subsequently the ammonium sulfate in the external medium environment is
removed. This creates a pH gradient across the membrane and ammonia from the interior
bilayer compartment can pass without restriction to the exterior. DOX HCl is added to
the solution containing empty liposomes. As the ammonia travels across the liposome
membrane to the surrounding solution, DOX moves into the liposomes. When on the
interior the drug forms a precipitate with the sulfate anions as the temperature is lowered
below the phase transition temperature producing stable liposomes49.

Objective
“There is no single universal encapsulation method that offers stable
encapsulation of most drugs”50. The goal of the work in chapter 4 was to investigate
whether monodispersed PEG conjugates 1) produce different nanoparticle DDS under the
same formulation conditions as their polydispersed counterparts and 2) show an
improvement in entrapment efficiency. The focus was not to design a formulation
method that achieves 100% encapsulation. All parameters were kept the same for each
formulation regardless of the PEG derivative used to ensure that minimal variations were
introduced during each formulation.
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4.2. Results and Discussion
Previously, in chapters 2 and 3, the PSD of self-assembled aqueous surfactant
solutions was examined. The results indicated there was a difference between
monodispersed and polydispersed PEGs. Based on particle size alone there is no method
to quantitatively conclude monodispersed PEGs are superior. In an attempt to
quantitatively prove monodispersed PEGs contribute positively to performance,
nanoparticles were constructed to encapsulate a dye. Before a dye could be encapsulated
the other experimental parameters had to be defined.

Microfluidics
Microfluidics (Figure 4.2.7) an easy, reproducible method for designing
nanoparticle DDS with tunable particle sizes by simply adjusting a few parameters.
Essentially, by changing the aqueous to organic flow rate ratio (FRR), total flow rate
(TFR), and concentrations of excipients various PSD can be obtained.

Figure 4.2.7 The mixing of two miscible phases at a controlled rate in the
microchannel produces uniform nanoparticles51.

The creators of the NanoAssemblr instrument have provided suggested
formulation conditions for the production of small, medium, and large liposomes. Prior to
attempting to encapsulate a dye, empty nanoparticles were prepared using the
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recommended FRRs for each of the TPGS derivatives (Figure 4.2.8). The vitamin E
derivatives were chosen due to the recent interest they have generated in various drug
delivery applications.

Peak 1
Peak 2

1000

0.4
0.3

100

0.2

10

PDI ●

Diameter (nm)

TocsOEGnOMe Nanoparticles Prepared by
Microfluidics

0.1

1

0

TocsOEGnOMe Derivative (Formulation Conditions)

Figure 4.2.8 Particle size of TocsOEGnOMe nanoparticles made using the
NanoAssemblr. FRRs were 1:1 (large), 3:1 (medium), and 5:1 (small) aqueous:organic.
(Particle sizes over 1000 nm are not reliable values, so the values were capped at 1000
nm for illustration purposes.)

The suggested FRR for large liposome production was accurate for the
TocsOEG8avgOMe,

TocsOEG16OMe,

TocsOEG22avgOMe,

and

TocsOEG24OMe

derivatives. Conversely, TocsOEG8OMe and TocsOEG13avgOMe produced smaller
nanoparticles with the “large” formulation conditions than with the recommended
“small” particle size formulation conditions. No reasonable explanation was available for
these discrepancies. Regardless, the PSD was tunable to some degree for each derivative
and was worth investigating further.
TocsOEG8OMe and TocsOEG8avgOMe were chosen because of the inverse
particle size trend observed. The particle size was significantly impacted by adjusting the
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FRR in both cases (Figure 4.2.9 and 4.2.10). One run was performed for each FRR and
the particle size was measured in triplicate.

TocsOEG8OMe- Adjusting FRR
Average particle size (nm)

10000
1000
100
10
1
0

1

2

3

4

5

6

Aqueous:Organic

Figure 4.2.9 Effect of adjusting FRR on average particle size for TocsOEG8OMe
formulation.

TocsOEG8avgOMe- Adjusting FRR
Average particle size (nm)

10000
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100
10
1
0

1
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3
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Aqueous:Organic

Figure 4.2.10 Effect of adjusting FRR on average particle size for TocsOEG8avgOMe
formulation. Note: Data point at 1.5:1 disagrees with the trend.
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The TocsOEG8OMe derivative demonstrated superior control over particle size in the
desired nanometer range (10-200 nm) than TocsOEG8avgOMe. This particle size
suggested niosomes were being formed. The TocsOEG8avgOMe derivative had a
discrepancy at 1.5:1 aqueous:organic and tended to form large aggregates which are
undesirable. Regardless, both derivatives were capable of forming nanoparticles in the
100-150 nm range, which was the targeted diameter for the encapsulation experiment.

Encapsulation Experiment
Fluorescein sodium salt (Figure 4.2.11) was chosen as a water soluble dye for its
high aqueous solubility (5 g/mL) and fluorescence properties. After dialysis, fluorescence
was used to determine the entrapment efficiency. Quantitatively, this experiment may
provide evidence to support monodispersed PEGs being higher performance alternatives
to polydispersed PEGs in a specific application.
+

-

Na O

O

O

O
O

+

Na

Figure 4.2.11 Chemical structure of fluorescein sodium salt.

The parameters used in the first encapsulation experiment are listed in table 4.2.1.
Figure 4.2.12 contains PSDs for both formulations. Surprisingly, the TocsOEG8avgOMe
formulation had a lower average particle size than the empty formulation. This was not a
major concern as particle size does not necessarily correlate with stability. However,
after only 36 hours of dialysis the inner compartment of both dialysis cassettes had no
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yellow color remaining. The formulation was milky, which indicated the vesicles had not
dissociated into monomers and passed through the 3.5K membrane. The structures
should not have dissociated since the external dialysis medium volume used was 5 times
lower than the CMC of the polymers. Micellization is a dynamic process with monomers
constantly interchanging between the interface, micelles, and solution. If the structure
that was formed was not a niosome, dye leakage is explainable. Cholesterol or other
membrane additives may be required to increase the structural integrity of the vesicles
membranes. The PSD cannot confirm whether the structures formed here are unilamellar,
multilamellar, or oligolamellar vesicles. Cryo-TEM would have been beneficial by
providing some detail into the structural integrity of the resulting membranes.
TocsOEG8OMe
TocsOEG8avgOMe
Derivative
Fluorescein
Fluorescein
Dye
20 mg/mL
20 mg/mL
Derivative Concentration
0.1 mg/mL
0.1 mg/mL
Dye Concentration
PBS
PBS
Aqueous Solvent
Ethanol
Ethanol
Organic Solvent
12 mL/min
12 mL/min
TFR
2.5:1
3.5:1
FRR
0.48 mL
0.37 mL
Volume organic
1.22 mL
1.33 mL
Volume aqueous
Table 4.2.1 Parameters used in both microfluidic encapsulation experiment
formulations

Figure 4.2.12 Initial PSD results for TocsOEG8OMe and TocsOEG8avgOMe
microfluidic encapsulation experiments.
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Microfluidization
Unlike microfluidics, microfluidizers take large nanoparticles and use high
pressures to force them through a small channel ~50-300 µm in diameter to make small
uniform particles. The shear force as the liquid collides at the outlet intersection point
generates enough energy to break up large particles (Figure 4.2.13). Two more
encapsulation experiments similar to the microfluidics experiment were performed using
TocsOEG8avgOMe and TocsOEG8OMe (Tables 4.2.2 and 4.2.3). More formulation
details are available in the experimental section. A homogenizer was used to make the
nanoparticles prior to being passed through the microfluidizer. The relatively high shear
force of the homogenizer produced particle sizes that were close to the minimum size
that was achieved with the microfluidizer. The minimum particle size is more dependent
on the physical composition of the formulation additives than the method of mixing.

Figure 4.2.13 Concept of microfluidizer.Y-channel depicted here52.
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Additive
Ethanol (10 mL) 1X PBS (40 mL) Concentration
TocsOEG8avgOMe
200 mg
4 mg/mL
Cholesterol
86 mg
1.7 mg/mL
Fluorescein
4 mg
0.08 mg/mL
Table 4.2.2 TocsOEG8avgOMe microfluidizer encapsulation experiment.
Additive
Ethanol (10 mL)
1X PBS (40 mL)
Concentration
TocsOEG8OMe
200 mg
4 mg/mL
Cholesterol
86 mg
1.7 mg/mL
Fluorescein
2 mg
0.04 mg/mL
Table 4.2.3 TocsOEG8OMe microfluidizer encapsulation experiment.

After dialysis no dye remained in the TocsOEG8avgOMe formulation. For the
TocsOEG8OMe formulation dialysis was performed while maintaining a temperature
around 5-10 oC. No dye remained post dialysis. Adding cholesterol to the formulation at
a 1:1 molar ratio did not help with stability of the nanoparticles.
A series of runs were carried out to examine the relationship between
formulation parameters and PSD. Dye was not used in these formulations. The effect of
changing the ratio of organic to aqueous volume, concentration of polymer, homogenizer
rpm, microfluidizer pressure, and number of passes were all explored using the
TocsOEG8OMe derivative (Table 4.2.4). The organic:aqueous ratio influenced the PSD
the most. As the amount of ethanol was increased the particle size decreased up until a
2:3 organic:aqueous ratio. The homogenizer and microfluidizer produced more consistent
results using lower rpms and pressures; unfortunately, no runs were performed with
combinations of low rpms/high pressure or high rpms/low pressure.
Also, it should be noted that the PSD changed during dialysis as the ethanol was
removed. This makes targeting a particular particle size difficult in situations when there
is a large amount of ethanol to remove. A small deviation in particle size is expected
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because the dispersing solvent’s refractive index (RI) is used in the PSD calculation. PBS
and ethanol have different RI values, but the 80 nm particle size change from runs 10 and
10-PD-F is too large to be attributed to the minor difference in RI values. For example,
the PSDs for runs 10 and 11 went from uniform distributions after 3 microfluidizer
passes to very polydispersed after dialysis. No average particle size could be confidently
recorded since the Zetasizer software suggested a measurement error. After filtering the
formulation, the nanoparticles had a particle size within the targeted range and were
stable for at least 1 week. If niosomes were indeed being formed they were aggregating
during dialysis. A PEG chain longer than 8 units may be required for a stable than 8 units
may be required for a stable formulation.
Run #
1
2
3
4
5
6
7
8
9
10
10-PD
10-PD-F
11
11-PD
11-PD-F

Polymer
mass
200 mg
200 mg
200 mg
200 mg
200 mg
200 mg
200 mg
200 mg
400 mg
200 mg
200 mg
-

Volume
Organic
10
10
10
10
15
15
15
15
15
20
25
-

Volume
Aqueous
40
40
40
40
35
35
35
35
35
30
25
-

Homogenizer
(rpm)
7K
7K
14K
14K
7K
7K
14K
14K
14K
7K
7K
-

Microfluidizer
pressure (psi)
10,000
10,000
20,000
20,000
10,000
10,000
20,000
20,000
20,000
10,000
10,000
-

# of
passes
3
6
3
6
3
6
3
6
3
3
3
-

Initial PSD

1 week PSD

>1000 nm
>1000 nm
>1000 nm
>1000 nm
181 nm (0.436)
171 nm (0.412)
167 nm (0.427)
polydispersed
polydispersed
45 nm (0.166)
polydispersed
123 nm (0.172)
143 nm (0.320)
polydispersed
122 nm (0.191)

*
*
*
*
180 nm (0.445)
196 nm (0.431)
237 nm (0.775)
polydispersed
polydispersed
125 nm (0.195)
120 nm (0.203)

Table 4.2.4 Summary of series of microfluidizer experiments.

Liposomes
The original plan changed after the unsuccessful encapsulation experiments and
variable PSDs observed post dialysis. The niosomes fabricated using exclusively polymer
and cholesterol might not possess the required physical properties capable of forming
stable delivery systems. Nonetheless, PEGs are often incorporated into liposome
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formulations as a surface coating. The revised plan was to prepare liposomes, using
excipients from an existing process, and interchangeably substitute the monodispersed
and polydispersed PEG derivatives. DSPE-mPEG2000 was the PEG used as a control
since it was used in the existing formulation. The parameters chosen and PSD results for
four liposome runs are highlighted in table 4.2.5 below.

Formulation
DSPC (mg)
Cholesterol (mg)
PEG (mg)
Dye (mg)
Volume Organic (mL)
Volume Aqueous (mL)
Homogenizer (rpm)

Liposome 1
370
122
7.1 (DSPE)
1.4
10
40
15K

Homogenizer PSD (nm)

127 (0.181)

Microfluidizer (psi)

12,000

Microfluidizer PSD (nm)

112 (0.159)

PSD after filtering

109 (0.178)

Dialysis Time (hours)

36

Post dialysis PSD (nm)

102 (0.156)

Liposome 2
371
120
11.4 (n=8)
10
10
40
15K
166 (0.062)
38% intensity
12,000
155 (0.144)
26% intensity
172 nm (0.209)
69% intensity
84
162 (0.146)
31% intensity

Liposome 3
369
119
13.2 (navg=8)
10
10
40
15K
136 (0.088)
64% intensity
12,000
127 (0.098)
64% intensity
128 (0.097)
57% intensity
88
127 (0.084)
61% intensity

Liposome 4
185
60
5.1 (DSPE)
5
5
20
7K
127 (0.167)
10,000
121 (0.181)
116 (0.169)
40
112 (0.183)

Table 4.2.5 Liposome formulation procedures/results summarized.

Dye was not encapsulated with any of these experiments. Even though the PEG
portion of the liposome accounted for only 1.5-3 % w/w of the formulation, the type of
PEG had a significant impact on the mean particle size. Liposome 1 (control) produced
stable liposomes that retained their particle size post dialysis. On the other hand, two
peaks were observed in the PSD for liposomes 2 and 3 with TocsOEG8OMe and
TocsOEG8avgOMe, respectively. The larger particles were not completely removed by
filtration, confirming the filtration through acrodisk method is not effective. Broad PSDs
are not desireable for DDS applications. Regardless of the PSD, dye was not
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encapsulated in any formulation. Cryo-TEM was performed on formulation 1 post
dialysis. The liposomes had a distinct bilayer and were primarily unilamellar (Figure
4.2.14). With the observed bilayer no reasonable explanation was available to clarify why
not even a small portion of the dye was encapsulated passively. The hypothesis was the
pressure used for the microfluidizer was too high for the encapsulation of the dye. The
milder homogenizer/microfluidizer conditions for liposome 4 provided no improvement.
Extrusion offered mild pressures to test this hypothesis.

Figure 4.2.14 Cryo-TEM image of liposomes from formulation 1. Nanoparticles were
smaller than estimated by dynamic light scattering.
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Extrusion
The thin-film hydration method was used to prepare liposomes before being
passed through the Lipex 100 mL Thermobarrel Extruder. In this scenario, there was
minor shear force and low pressure (~150 psi). Tuning the particle size was controlled by
swapping out the polycarbonate filter pore sizes. The same amounts of each excipient
were used to determine if it was the homogenizer/microfluidizer technique that was
causing the encapsulation issue (Liposomes #6 and #8 in experimental). Dye was not
retained post dialysis so it was concluded the more mild preparation techniques offered
no improvement in regards to entrapment efficiency.

Dialysis/Tangential Flow Filtration (TFF)
Another hypothesis was the dialysis method was the root cause of the problem.
For the majority of these encapsulation experiments, the dialysis time was approximately
one week. The dialysis medium was switched twice a day until no more color was
passing through the inner dialysis tube pores into the external medium. This process was
a gradual leakage with a faint tint of color present in the external dialysis medium every
12 hours. Eventually no color would remain inside the dialysis tube suggesting the
liposomes were not stable. This type of “exhaustive dialysis” method is often described
in the literature, but there is uncertainty involved in deciding when dialysis is complete.
Dialysis for a week is not frequently mentioned. Commonly, one or two days with
numerous external medium exchanges are used.
The goal of these encapsulation experiments was to obtain entrapment efficiency
numbers to quantify which derivatives performed better. The dialysis could have been
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stopped after 2 days in each instance when the color in the external medium was rather
faint, but the results are not reliable. The stirring and volume of the external dialysis
medium play significant roles in the dialysis process since these parameters affect
diffusion. Developing reproducible formulations are of utmost importance with
nanoparticle delivery systems.
To remove this element of uncertainty TFF was used. This technique is an
efficient way to exchange the buffer while retaining all particles under a particular
molecular weight cutoff. After a set volume of buffer is exchanged dialysis is considered
complete. This elimated the uncertainty involved with traditional dialysis. Another run
using the homogenizer/microfluidizer technique was performed to test whether the
dialysis technique was the initial problem (Liposome #7 in experimental). Once again, all
the dye had visually dissipated from the formulation before the required volume of buffer
was exchanged.

Increasing Lipid/Excipient Concentration
Some success was observed after increasing the total lipid/cholesterol/PEG
concentration. Previously, a total concentration of excipients around 10 mg/mL was
being used in the liposome formulations; however, after doubling the lipid concentration
to 20 mg/mL, and using the NanoAssemblr, some dye was retained after one week of
dialysis. Three runs were performed with various PEGs using the same NanoAssemblr
conditions (Table 4.2.6).
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Formulation
DSPC (mg)
Cholesterol (mg)
PEG (mg)
Dye (mg)
Volume Organic (mL)
Volume Aqueous (mL)
TFR (mL/min)
FRR (aq:org)
Adjusted organic (mL)
Adjusted aqueous (mL)
Initial PSD
Post Dialysis PSD
Fluorescence Intensity
Dye Encapsulated (%)

Liposome 12
200
60
14 (n=8)
1.0
2
2
12
5:1
0.28
1.42
676 nm
(0.937)
685 nm
(0.634)
1,238,500
3.95

Liposome 13
200
60
10 (DSPE)
1.0
2
2
12
5:1
0.28
1.42
148 nm
(0.212)
146 nm
(0.248)
1,622,100
5.23

Liposome 14
200
60
11 (navg=8)
1.0
2
2
12
5:1
0.28
1.42
806 nm
(0.580)
374 nm
(0.711)
975,200
3.06

Table 4.2.6 Summary of NanoAssemblr parameters for liposome formulations. (Zavg values were reported for PSDs in this scenario because two peaks observed for
TocsOEG8OMe and one broad peak for TocsOEG8avgOMe formulations. Hence the high
polydispersity values observed).

Visually, some dye remained after dialysis with all the derivatives. The
TocsOEG8avgOMe formulation had the least amount. Actual quantities were determined
using fluorescence spectroscopy (detailed in experimental). The entrapment efficiencies
were calculated to be 3.95, 5.23, and 3.06 % for liposomes 12, 13, and 14, respectively.53
These values were lower than anticipated, but follow the trend that was hypothesized.
Due to how close the values were, more trials are needed to determine how significant
these results are. Also it must be taken into consideration that the PSDs were not in the
desired range for the TocsOEG8OMe and TocsOEG8avgOMe derivatives.
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4.3 Conclusion
The original strategy to perform a series of encapsulation experiments did not go
as anticipated and proved to be quite challenging. An active encapsulation technique
would potentially help due to the weak base nature of the fluorescein. Furthermore,
increasing the total concentration of excipients above a total concentration of 20 mg/mL
might

raise

the

entrapment

homogenizer/microfluidizer

liposome

efficiency

higher.

Repeating

run

indicate

whether

would

the

another
higher

concentration or the NanoAssemblr is the most important parameter. The PSD of each
formulation was not in the targeted particle size range, which makes comparing
entrapment efficiencies rather irrelevant. Regardless, the generated data supports the
original hypothesis that monodispersed PEG produce different nanoparticle DDS under
the same formulation conditions as their polydispersed counterparts. The PEG
composition plays a significant role in the PSD of liposome formulations even at
concentrations as low as 1.5-3.0 % w/w. Based on the data generated, there is no concrete
evidence to support the hypothesis that monodispersed PEGs enhance DDS performance.
More entrapment efficiency trials are needed to determine if there is any statistical
significance in these preliminary results.
The data suggests the PSD can be tuned to meet the desired needs of a specific
application using various combinations of excipients. The key is adjusting the parameters
to create a reproducible process that meets the required PSD. In hindsight, this is not the
optimal application for monodispersed PEGs. Regardless, monodispersed and
polydispersed PEGs must be treated as separate entities in any application because they
clearly behave differently.
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Thesis Conclusion and Future Work
Throughout this thesis, results have indicated time after time that monodispersed
and polydispersed PEGs affect the PSD in various surfactant molecules. The focus now
needs to be geared towards proving monodispersed PEGs are more effective rather than
simply different. Countless experiments have been performed investigating how these
surfactants behave on their own, as the primary component of a mixture, to a minor
coating additive in liposome formulations. Ultimately, the significance depends on the
specific goal of the project.
Monodispersed PEGs are not needed when used as a minor component in a
formulation that contains numerous other additives. The experimental conditions can be
adjusted to obtain the desired PSD. The PEG is mostly used as a coating in these
scenarios. Any benefit to long term nanoparticle stability requires more investigation.
The real advantage in using monodispersed PEGs is apparent in small molecule prodrug
formulations. By adjusting the length of the PEG, demonstrated with the
TocsOEG8nOMe derivatives (section 2.2), unique particle sizes can be achieved.
As monodispersed PEGs become more readily available, it is hypothesized that
more researchers will revisit small molecule drug formulations that previously utilized
polydispersed PEGs. Since monodispersed and polydispersed PEGs behave differently,
there is an opportunity to substitute the polydispersed PEG with a monodispersed
derivative and receive the classification of a new drug. This raises the question of why
use a polydispersed PEG in the first place when developing any future small molecule
prodrug

formulation?

Monodispersed

PEGs
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offer

simpler

characterizations,

reproducibility, and more control over particle size. “Absolute purity”1 may not exist, but
monodispersed PEGs are as close as you can get.
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Experimental
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Materials
All reagents were purchased from Sigma Aldrich and used without further purification.
Solvents used were tech grade unless otherwise noted. Dialysis membrane tubes were
obtained from Spectrum Labs.

Instruments
1

H and 13C experiments were performed on a Varian Oxford 400 NMR spectrometer (1H,

400 MHz;

13

C, 100 MHz). Normal phase silica column purifications were run using a

Biotage Isolara One. Particle size investigations were carried out using a Zetasizer Nano
ZS made by Malvern. Fluorescence data was obtained using a Horiba Scientific Photon
Technology International QuantaMaster 400 spectrophotometer. Precision NanoSystems’
NanoAssemblr was used to develop nanoparticle formulations. Also, nanoparticles were
made using a T-25 Digital Ultra-Turrax Homogenizer and a LM20 Microfluidizer.
Extrusion experiments were performed using a LIPEX 100 mL Thermobarrel Extruder
made by Transferra Nanosciences Inc.

Chapter 1
Methoxy octaethylene glycol (MeOEG8OH)- #3
O

KOH

O
Ts

8 OH

MeOH

H3C

8 OH

(Pure)

Pure octaethylene glycol monotosylate (TsOEG8OH) (5.0 g, 9.6 mmol) and powdered
potassium hydroxide (KOH) (91.5% reagent, 5.9 g, 96 mmol) were dissolved in
methanol (CH3OH) (50 mL). The mixture was heated at 45 oC for 4 hours. Nuclear
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magnetic resonance (NMR) spectroscopy confirmed all the tosyl groups were displaced.
The mixture was cooled in an ice bath and filtered. Excess base was neutralized with a
0.3 M phosphate buffer. The solution was concentrated and the product was extracted
with dichloromethane (DCM) (2 x 100 mL), dried (sodium sulfate, Na2SO4), and
concentrated (3.5 g, 80% yield). TLC in 3:2 DCM:acetone had an Rf value of 0.18. 1H
NMR (CDCl3, 400 MHz): δ 2.72 (s, 1H), 3.34 (s, 3H), 3.47-3.75 (m, 35H);

13

C NMR

(CDCl3, 100 MHz): δ 59.2, 61.9, 70.5, 70.8, 71.0, 72.1, 72.7.

Monotosyl monotrityl octaethylene glycol (TsOEG8OTr)- #2

Ts

)8OH

(O
(pure)

pyridine, TrCl,
DMAP
anhyd. DCM

Ts

)8O

(O

(crude)

Column
Tr

Ts

)8O

(O

Tr

(pure)

Pure TsOEG8OH (7.0 g, 13 mmol) and trityl chloride (TrCl) (4.59 g, 15.6 mmol) were
dissolved in anhydrous DCM (70 mL). Subsequently, pyridine (1.33 mL, 16.4 mmol) and
4-dimethylaminopyridine, (DMAP) (0.168 g, 1.3 mmol) were added. The mixture was
stirred overnight for 16 hours, then cooled, filtered, and diluted with DCM (70 mL). The
solution was washed with HP water (50 mL), 1 M hydrochloric acid (HCl) (50 mL),
brine (50 mL), dried (Na2SO4), and concentrated (0.760 g, crude 84%). 1H NMR (CDCl3,
400 MHz): δ 2.44 (s, 3H), 3.22 (t, J=5.4 Hz, 2H), 3.52-3.78 (m, 32H), 4.15 (t, J=4.6 Hz,
2H), 7.15-7.42 (m, 14H), 7.46 (d, J=7.6 Hz, 6H), 7.79 (d, J=8 Hz, 2H). The crude
material was purified using the Biotage Isolara One unit and a normal phase flash silica
column. A step gradient was used with a DCM:acetone solvent mix (Column yield ~70
% w/w loaded). TLC in 4:1 DCM:acetone had Rf value of 0.65. 1H NMR (CDCl3, 400
MHz): δ 1.63 (s, 0.6H), 2.44 (s, 3H), 3.22 (t, J=5.4 Hz, 2.2H), 3.52-3.78 (m, 31H), 4.15
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(t, J=4.6 Hz, 2H), 7.15-7.42 (m, 12H), 7.46 (d, J=7.6 Hz, 6H), 7.79 (d, J=8 Hz, 2H); 13C
NMR (CDCl3, 100 MHz): ᵟ 21.9, 62.1, 63.6, 68.9, 69.5, 70.7, 86.7, 127.2, 127.5, 128,
128.2, 129, 130.1, 144.4.

TsOEG8OTr- #2

Ts

(O
(crude)

)8OH

Et3N, TrCl,
DMAP
DCM

Ts

)8O

(O
(crude)

Column
Tr

Ts

)8O

(O

Tr

(pure)

Crude TsOEG8OH (27 g, 52 mmol) and TrCl (17.3 g, 62.0 mmol) were dissolved in
DCM (270 mL). Then triethylamine (Et3N) (8.61 mL, 62.0 mmol) and DMAP (0.631 g,
5.20 mmol) were added. The mixture was stirred overnight for 16 hours. The reaction
was determined to be complete when no TsOEG8OH spot remained by TLC. The
mixture was cooled, filtered, and diluted with DCM (250 mL), then washed with HP
water (250 mL), 1 M HCl (250 mL), brine (250 mL), dried (Na2SO4), and concentrated
(42.3 g, crude 107% yield). 1H NMR (CDCl3, 400 MHz): δ 1.76 (s, 1.4H), 2.30 (s, 0.4H),
2.44 (s, 3H), 3.22 (t, J=5.2 Hz, 2.5H), 3.36 (s, 0.7H), 3.52-3.78 (m, 38H), 4.15 (t, J=4.8
Hz, 2H), 7.03-7.42 (m, 19H), 7.46 (d, J=7.6 Hz, 7H), 7.79 (d, J=8 Hz, 2H). The crude
material was purified using the Biotage Isolara One unit and a normal phase flash silica
column. A step gradient was used with a DCM:acetone solvent mix (Column yield ~60
% w/w loaded). TLC in 4:1 DCM:acetone had Rf value of 0.65. 1H NMR (CDCl3, 400
MHz): δ 1.76 (s, 1.4H), 2.17 (s, 5H), 2.44 (s, 3H), 3.22 (t, J=5.2 Hz, 2.4H), 3.52-3.78 (m,
32H), 4.15 (t, J=4.8 Hz, 2H), 7.15-7.42 (m, 14H), 7.46 (d, J=7.6 Hz, 7H), 7.79 (d, J=8.4
Hz, 2H).
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Methoxy monotrityl hexadecaethylene glycol (MeOEG16OTr)- #4
H3C

)8OH +

(O

Ts

)8O

(O

(pure)

(pure)

KOtBu/THF
Tr

dry THF

H3C

(O

)16O
(crude)

Tr

Column

H3C

)16O

(O
(pure)

Pure MeOEG8OH (2.19 g, 5.71 mmol) was dissolved toluene (70 mL) in a round bottom
flask (RBF). The solution was dried by azeotropic distillation (15 mL distilled) and dry
tetrahydrofuran (THF) (20 mL) was added. After cooling to <5 oC, KOtBu/THF (7.16
mL, 1 M solution) was added and the solution was stirred for 20 minutes. Meanwhile, in
another RBF, pure monotosyl monotrityl octaethylene glycol (TsOEG8OTr) (5.03 g, 6.57
mmol) was dissolved in toluene (70 mL). The solution was dried by azeotropic
distillation (15 mL distilled) and dry THF (20 mL) was added. After cooling the latter
solution in an ice bath for 15 min, it was added to the first solution. The ice bath was
removed, and the reaction was stirred for 18 hours. The mixture was cooled in an ice
bath, filtered, and concentrated, then dissolved in DCM (100 mL), washed with 5%
sodium chloride (NaCl) (2 x 50 mL), dried (Na2SO4), and concentrated (5.61 g, crude
100% yield). 1H NMR (CDCl3, 400 MHz): δ 1.21 (m, 1.6H), 2.02 (s, 0.8H), 2.35 (s,
1.6H), 2.43 (s, 0.5H), 3.22 (t, J=5.2 Hz, 2.5H), 3.37 (s, 2.7H), 3.42-3.89 (m, 64H), 7.117.36 (m, 14H), 7.45 (d, J=8.4 Hz, 7.5H). The crude material was purified using the
Biotage Isolara One unit and a normal phase flash silica column. A step gradient was
used with a DCM:acetone solvent mix (Column yield ~65 % w/w loaded). TLC in 3:2
DCM:acetone had Rf value of 0.26. 1H NMR (CDCl3, 400 MHz): δ 1.21 (s, 0.5H), 2.02
(s, 0.8H), 3.22 (t, J=5.2 Hz, 2.2H), 3.37 (s, 3H), 3.42-3.89 (m, 66H), 7.11-7.36 (m, 10H),
7.45 (d, J=9.6 Hz, 6H).
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Tr

Methoxy hexadecaethylene glycol (MeOEG16OH)- #5
H3C

)16O

(O

Tr

H3C

1M HCl

(pure)

)16O

(O

H

(pure)

Purified MeOEG16OTr (928 mg, 0.948 mmol) was added to 1 M HCl (10 mL) and
stirred for 15 minutes. The mixture was cooled and filtered. The product was extracted
with DCM (10 mL), dried (Na2SO4), and concentrated (480 mg, 69% yield). 1H NMR
(CDCl3, 400 MHz): δ 2.22 (s, 0.6H), 2.65 (s, 1H), 3.37 (s, 3H), 3.50-3.77 (m, 66H); 13C
NMR (CDCl3, 100 MHz): δ 59.2, 62.0, 70.6, 70.8, 72.1, 72.8.

Methoxy monotrifluoroacetate hexadecaethylene glycol (MeOEG16OTFA)- #8
F
H3C

)16O

(O
(pure)

TFA

H3C

Tr

DCM

F

(O

)16O
(crude)

F
O

Purified MeOEG16OTr (1.27 g, 1.30 mmol) was dissolved in DCM (15 mL).
Trifluoroacetic acid (0.75 mL, 10 mmol) was added and the mixture was stirred for 16
hours. The solution was washed with saturated sodium bicarbonate (NaHCO3) (2 x 10
mL), dried (Na2SO4), and concentrated (1.05 g, crude 97% yield). 1H NMR (CDCl3, 400
MHz): δ 2.84 (s, 1H), 3.37 (s, 2.5H), 3.50-3.84 (m, 64H), 4.49 (t, J=4.6 Hz, 2.2H), 7.237.34 (m, 14H).
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MeOEG16OH- #5
F
H3C

F

)16O

(O

(crude)

1M NaOH

F

H3C

)16O

(O

Column
H

(crude)

O

H3C

)16O

(O

H

(pure)

Crude MeOEG16OTFA (0.684 g, 0.821 mmol) was dissolved in HP water (10 mL).
Sodium hydroxide (NaOH) (400 mg, 10 mmol) was added and the mixture was stirred
for 1 hour. The product was extracted with DCM (10 mL), dried (Na2SO4), and
concentrated (490 mg, crude 81% yield). 1H NMR (CDCl3, 400 MHz): δ 2.16 (s, 1H),
2.32 (s, 0.6H), 2.69 (s, 1H), 2.94 (s, 0.6H), 3.36 (s, 2.5H), 3.50-3.85 (m, 64H), 7.19-7.34
(9H). Crude MeOEG16OH (490 mg) was purified using the Biotage Isolara One unit and
a normal phase flash silica column. A step gradient was used with a DCM:acetone
solvent mix (Column yield ~25 % w/w loaded). 1H NMR (CDCl3, 400 MHz): δ 2.05 (s,
1H), 2.66 (s, 1H), 3.37 (s, 3H), 3.50-3.85 (m, 64H).

Methoxy monotrityl tetracosethylene glycol (MeOEG24OTr)- #6
H3C

)16OH +

(O
(pure)

Ts

)8O

(O
(pure)

KOtBu/THF
Tr

dry THF

H3C

(O

)24O

Tr

Column

H3C

(crude)

Pure MeOEG16OH (0.660 g, 0.897 mmol) was dissolved toluene (25 mL) in a RBF. The
solution was dried by azeotropic distillation (5 mL distilled) and dry THF (10 mL) was
added. After cooling to <5 oC, KOtBu/THF (1.07 mL, 1 M solution) was added and the
solution was stirred for 30 minutes. Meanwhile, in another RBF, pure TsOEG8OTr
(0.824 g, 1.30 mmol) was dissolved in toluene (25 mL). The solution was dried by
azeotropic distillation (5 mL distilled) and dry THF (10 mL) was added. After cooling
the latter solution in an ice bath for 10 minutes, it was added to the first solution. The ice
bath was removed, and the mixture was stirred for 18 hours. The mixture was cooled in
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)24O

(O
(pure)

Tr

an ice bath, filtered, and concentrated, then dissolved in DCM (40 mL), washed with 5%
NaCl (2 x 20 mL), dried (Na2SO4), and concentrated (1.04 g, crude 87% yield). 1H NMR
(CDCl3, 400 MHz): δ 1.77 (s, 3H), 3.22 (t, J=5.4 Hz, 2.6H), 3.38 (s, 3H), 3.41-3.86 (m,
93H), 7.11-7.36 (m, 14H), 7.45 (dd, J1=8.4 Hz, J2=1.2 Hz, 7H).The crude material was
purified using the Biotage Isolara One unit and a normal phase flash silica column. A
step gradient was used with a DCM:acetone solvent mix (Column yield ~65 % w/w
loaded). TLC in 3:2 DCM:methanol had Rf value of 0.27. 1H NMR (CDCl3, 400 MHz): δ
1.88 (s, 4H), 3.22 (t, J=5.4 Hz, 2H), 3.37 (s, 3H), 3.42-3.84 (m, 90H), 7.19-7.31 (m,
10H), 7.45 (dd, J1=8.4 Hz, J2=1.2 Hz, 6H).

Methoxy tetracosethylene glycol (MeOEG24OH)- #7
H3C

)24O

(O

Tr

1M HCl

(pure)

H3C

)24O

(O

H

(pure)

Purified MeOEG24OTr (500 mg, 0.376 mmol) was added to 1 M HCl (10 mL) and
stirred for 1 hour. The mixture was cooled and filtered. The product was extracted with
DCM (2 x 10 mL), dried (Na2SO4), and concentrated (300 mg, 73% yield). 1H NMR
(CDCl3, 400 MHz): δ 1.86 (s, 4H), 3.37 (s, 3H), 3.41-3.85 (m, 91H); 13C NMR (CDCl3,
100 MHz): δ 53.6, 59.2, 62.0, 70.6, 70.8, 72.2, 72.8.

Chapter 2
CMC Experiment- Procedure developed by Abu-Fayyad et al.24
Stock solutions of pyrene in acetone (4.69 ug/mL) and the six tocopherol mPEG
derivatives being tested (X ug/mL) were made. Samples were prepared, for each
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derivative, containing various concentrations (X = 0.0020- 0.10 mM) of polymer and the
same concentration (0.62 ug/mL) of pyrene. The acetone was removed under a stream of
nitrogen prior to adding the polymer solution. The samples were prepared in erlenmyers
and shaken overnight (200 rpm). The following day, each sample was analyzed by
fluorescence spectroscopy. The emission spectra of pyrene were recorded between 360
and 410 nm (excited at 340 nm). The change in intensity ratio between peak I (373 nm)
and peak III (383 nm) were plotted versus concentration. A curve was observed in each
graph (curve indicates the formation of micelles). On each side of the curve a linear
regression was calculated using Excel. The intersection point of the two regression lines
was the estimated CMC.
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Calculating Errors at Intersection Point
The error associated with the intersection point of two linear regression lines was
calculated using the method described by James Filliben.54 Due to the number of
calculation required, an excel spreadsheet was formatted to solve the example problem in
this paper. Then the data acquired from the fluorescence experiments was inputted in the
corresponding cells and the errors were calculated. CMCs reported in the literature do not
include error calculations.

Self-Assembled Structures- Minimal Energy Input
100 ± 5 mg of each polymer was weighed into 5 mL volumetric flasks, diluted to volume
with HP water, capped, and placed on a rotating wheel overnight for 12+ hours. The
rotating wheel was set to perform 20 revolutions per minute. The solutions were left
standing for 30-60 minutes at room temperature to equilibrate before running the PSD
experiment on the Zetasizer Nano.
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Particle Size Analysis- Zetasizer Nano
Photon correlation spectroscopy was used to measure the mean particle size of each selfassembled structure in water. The samples were incubated to 25 oC and a 90o scattering
angle was selected. The refractive index and viscosity of solvent were inputted to the
system. The intensity size distribution was chosen as the standard method to compare
mean particle sizes. In order to use volume and number size distributions optical
properties of the particles must be known such as the particle refractive index and the
particle absorption. Each measurement was performed in triplicate.

α-Tocopherol succinate- #9
CH3

O

HO
CH3
H3C

O

CH3

CH3

CH3

CH3
O

CH3

+

O

O

O Et3N, Toluene
85 oC, 24 hours

CH3

HO
CH3

O
H3C

CH3

CH3

O
CH3

α-Tocopherol (9.67 g, 22.4 mmol) was added to toluene (50 mL). Then succinic
anhydride (3.37 g, 33.7 mmol) and Et3N (0.78 mL, 5.6 mmol) were added. The mixture
was heated (85 oC) and stirred (20 hours). TLC in 4:1 heptane:methyl tert-butyl ether
(MTBE) confirmed the reaction had gone to completion. The mixture was cooled to
room temperature and HP water was added (50 mL). The product was extracted with
DCM (2 x 100 mL), washed with 1 M HCl (3 x 75 mL), HP water (2 x 75 mL), dried
(Na2SO4), and concentrated (11.854 g, crude 99% yield). The crude material was purified
using the Biotage Isolara One unit and a normal phase flash silica column. A step
gradient was used with a heptane:MTBE solvent mix (Column yield ~70 % w/w loaded).
1

H NMR (CDCl3, 400 MHz): δ 0.85 (s, 12H), 0.95-1.63 (m, 25H), 1.77 (m, J=6.8Hz,

2H), 1.96 (s, 3H), 2.00 (s, 3H), 2.07 (s, 3H), 2.57 (t, J=6.8 Hz, 2H), 2.83 (t, J=6.6 Hz,
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CH3
CH3

2H), 2.93 (t, J=6.6 Hz, 2H); 13C NMR (CDCl3, 100 MHz): δ 12.0, 12.3, 13.1, 20.0, 20.9,
21.3, 22.9, 24.2, 24.7, 25.1, 28.2, 28.8, 29.3, 31.3, 33.0, 33.1, 37.8, 39.6, 40.0, 40.6, 75.4,
117.7, 123.4, 125.2, 126.9, 140.7, 149.7, 171.0, 178.6.

α-Tocopherol succinate mPEG 350 (TocOEG8avgOMe)- #11
O

CH3
O

HO
CH3

O
H3C

CH3

CH3

CH3

O

CH3

+

H3C

(O

TsOH

OH
)8avg

H3C

Toluene

O
)8avg
Toc

(O

(Pure)

CH3

α-Tocopherol succinate (1.0 g, 1.89 mmol) and mPEG 350 (0.726 g, 2.01 mmol) were
added to toluene (20 mL). Toluene sulfonic acid (TsOH) (0.054 g, 0.31 mmol) was added
as a catalyst and the mixture was heated to reflux (5 hours). TLC in 3:2 heptane:DCM
indicated the reaction had gone to completion. The mixture was cooled to room
temperature and added to a saturated NaHCO3 solution (20 mL). The product was
extracted with DCM (2 x 20 mL), washed with saturated NaHCO3 (3 x 15 mL), brine (2
x 10 mL), dried (Na2SO4), and concentrated (1.2 g, crude 71% yield). 1H NMR (CDCl3,
400 MHz): δ 0.85 (s, 13H), 0.95-1.63 (m, 27H), 1.77 (m, J=6.8 Hz, 2.7H), 1.96 (s, 3H),
2.00 (s, 3H), 2.07 (s, 3H), 2.38 (s, 2H), 2.57 (t, J=6.8 Hz, 2H), 2.83 (t, J=6.6 Hz, 2H),
2.93 (t, J=6.8 Hz, 2H), 3.37 (s, 3H), 3.50-3.75 (m, 31H), 4.15 (t, J=4.8 Hz, 2H), 7.157.32 (m, 4H).

Methoxy α-tocopherol succinate octaethylene glycol (α-TocOEG8OMe)- #10
O

CH3
O

HO
CH3

O
H3C

O
CH3

CH3

CH3

CH3
CH3

(Pure)

+

H3C

)8OH

(O
(Pure)

TsOH
Toluene

H3C

(O

)8O

(Crude)

Toc

Column

H3C

(O
(Pure)

α-Tocopherol succinate (1.0 g, 1.89 mmol) and MeOEG8OH (0.797 g, 2.08 mmol) were
added to toluene (20 mL). TsOH (0.054 g, 0.31 mmol) was added as a catalyst and the
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)8O

Toc

mixture was heated to reflux (5 hours). NMR indicated the reaction had gone to
completion. The mixture was cooled to room temperature and added to a saturated
NaHCO3 solution (20 mL). The product was extracted with DCM (2 x 20 mL), washed
with saturated NaHCO3 (3 x 15 mL), brine (2 x 10 mL), dried (Na2SO4), and
concentrated (1.4 g, crude 83% yield). 1H NMR (CDCl3, 400 MHz): δ 0.85 (s, 13H),
0.95-1.63 (m, 26H), 1.77 (m, J=6.8 Hz, 2H), 1.96 (s, 3H), 2.00 (s, 3H), 2.07 (s, 3H), 2.38
(s, 9H), 2.57 (t, J=6.6 Hz, 2H), 2.83 (t, J=6.6 Hz, 2H), 2.93 (t, J=6.6 Hz, 2H), 3.37 (s,
3H), 3.50-3.75 (m, 33H), 4.15 (t, J=4.8 Hz, 2H), 7.15-7.32 (m, 15H); The crude material
was purified using the Biotage Isolara One unit and a normal phase flash silica column.
An isocratic gradient of 4% acetone in DCM was used as the solvent mix (Column yield
~40% w/w loaded). 1H NMR (CDCl3, 400 MHz): δ 0.85 (s, 12H), 0.95-1.63 (m, 25H),
1.77 (m, J=6.8 Hz, 3H), 1.96 (s, 3H), 2.00 (s, 3H), 2.07 (s, 3H), 2.57 (t, J=6.6 Hz, 2H),
2.83 (t, J=6.8 Hz, 2H), 2.93 (t, J=6.8 Hz, 2H), 3.37 (s, 3H), 3.50-3.75 (m, 31H), 4.15 (t,
J=4.8 Hz, 2H);

13

C NMR (CDCl3, 100 MHz): δ 12.0, 12.3, 13.1, 19.8, 20.0, 20.8, 21.2,

22.8, 23.0, 24.6, 25.0, 28.2, 29.0, 29.3, 31.3, 32.9, 33.0, 37.6, 39.6, 29.2, 64.2, 69.3, 70.8,
72.2, 75.3, 117.6, 123.3, 125.1, 127.0, 140.6, 149.7, 171.2, 172.5.

α-Tocopherol succinate mPEG 550(α-TocOEG13avgOMe)- #13
O

CH3
O

HO
CH3

O
H3C

O
CH3

CH3

CH3

CH3
CH3

+

H3C

(O

OH
)13avg

TsOH
Toluene

H3C

(O

O
)13avg

Toc

(Pure)

α-Tocopherol succinate (0.50 g, 0.94 mmol) and mPEG 550 (0.57 g, 1.0 mmol) were
added to toluene (10 mL). TsOH (0.027 g, 0.16 mmol) was added as a catalyst and the
mixture was heated to reflux (4 hours). TLC in 3:2 heptane:DCM indicated the reaction
had gone to completion. The mixture was cooled to room temperature and added to a
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saturated NaHCO3 solution (10 mL). The product was extracted with DCM (2 x 10 mL),
washed with saturated NaHCO3 (3 x 7 mL), brine (2 x 5 mL), dried (Na2SO4), and
concentrated (0.755 g, crude 74% yield). 1H NMR (CDCl3, 400 MHz): δ 0.85 (s, 13H),
0.95-1.63 (m, 26H), 1.77 (m, J=6.8 Hz, 4H), 1.96 (s, 3H), 2.00 (s, 3H), 2.07 (s, 3H), 2.57
(t, J=6.8 Hz, 2H), 2.83 (t, J=6.6 Hz, 2H), 2.93 (t, J=6.6 Hz, 2H), 3.37 (s, 3H), 3.50-3.75
(m, 52H), 4.15 (t, J= 4.8 Hz, 2H).

Methoxy α-tocopherol succinate hexadecaethylene glycol (α-TocOEG16OMe)- #12
O

CH3
O

HO
CH3

O
H3C

O
CH3

CH3

CH3

CH3
CH3

(Pure)

+

H3C

)16OH

(O
(Pure)

TsOH
Toluene

H3C

(O

)16O

(Crude)

Toc

Column

H3C

(O
(Pure)

α-Tocopherol succinate (0.935 g, 1.76 mmol) and MeOEG16OH (0.85 g, 1.15 mmol)
were added to toluene (20 mL). TsOH (0.065 g, 0.38 mmol) was added as a catalyst and
the mixture was heated to reflux (5 hours). NMR indicated the reaction had gone to
completion. The mixture was cooled to room temperature and added to a 5% NaHCO3
solution (20 mL). The product was extracted with DCM (2 x 20 mL), washed with 5%
NaHCO3 (2 x 15 mL), 5% NaCl (10 mL), dried (Na2SO4), and concentrated (1.52 g,
crude 69% yield). 1H NMR (CDCl3, 400 MHz): δ 0.85 (s, 17H), 0.95-1.63 (m, 39H), 1.77
(m, J=6.8 Hz, 4H), 1.96 (s, 4H), 2.00 (s, 4H), 2.07 (s, 4H), 2.38 (s, 9H), 2.57 (t, J=6.6
Hz, 3H), 2.83 (t, J=7 Hz, 3H), 2.93 (t, J=6.8 Hz, 3H), 3.37 (s, 3H), 3.50-3.75 (m, 57H),
4.15 (t, J=4.6 Hz, 2H), 7.15-7.32 (m, 16H); The crude material was purified using the
Biotage Isolara One unit and a normal phase flash silica column. A step gradient was
used with a DCM:acetone solvent mix (Column yield ~50% w/w loaded). 1H NMR
(CDCl3, 400 MHz): δ 0.85 (s, 12H), 0.95-1.63 (m, 27H), 1.77 (m, J=6.6 Hz, 3H), 1.96 (s,
3H), 2.00 (s, 3H), 2.07 (s, 3H), 2.57 (t, J=6.8 Hz, 2H), 2.83 (t, J=6.8 Hz, 2H), 2.93 (t,
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)16O

Toc

J=6.6 Hz, 2H), 3.37 (s, 3H), 3.50-3.75 (m, 60H), 4.15 (t, J=4.8, 2H); 13C NMR (CDCl3,
100 MHz): δ 12.0, 12.3, 13.1, 19.9, 20.0, 20.9, 21.3, 22.8, 23.0, 24.6, 25.0, 28.2, 29.1,
29.3, 31.3, 32.9, 33.0, 37.4, 37.6, 39.6, 59.3, 64.1, 69.2, 70.8, 72.1, 75.3, 117.6, 123.3,
125.2, 126.9, 140.7, 149.6, 171.2, 172.4.

α-Tocopherol succinate mPEG 1000 (α-TocOEG22avgOMe)- #15
O

CH3
O

HO
CH3

O
H3C

CH3

CH3

CH3

O
CH3

CH3

+

H3C

(O

TsOH

OH
)22avg

H3C

Toluene

(O

O
)22avg

Toc

(Pure)

α-Tocopherol succinate (0.75 g, 1.42 mmol) and mPEG 1000 (1.56 g, 1.56 mmol) were
added to toluene (20 mL). TsOH (0.041 g, 0.24 mmol) was added as a catalyst and the
mixture was heated to reflux (5 hours). TLC in 3:2 heptane:DCM indicated the reaction
had gone to completion. The mixture was cooled to room temperature and added to a
saturated NaHCO3 solution (20 mL). An emulsion was formed and was left overnight to
separate (16 hours). The product was extracted with DCM (2 x 20 mL), washed with
saturated NaHCO3 (3 x 15 mL), brine (2 x 10 mL), dried (Na2SO4), and concentrated (0.8
g, crude 35 % yield). 1H NMR (CDCl3, 400 MHz): δ 0.85 (s, 12H), 0.95-1.63 (m, 24H),
1.77 (m, J=6.8 Hz, 2H), 1.96 (s, 3H), 2.00 (s, 3H), 2.07 (s, 3H), 2.38 (s, 2H), 2.57 (t,
J=6.4 Hz, 2H), 2.83 (t, J=6.8 Hz, 2H), 2.93 (t, J=6.6 Hz, 2H), 3.37 (s, 3H), 3.50-3.75 (m,
96H), 4.15 (t, J=4.8 Hz, 2H) 7.15-7.32 (m, J=7.6 Hz, 5H).

methoxy α-tocopherol succinate tetracosethylene glycol (α-TocOEG24OMe)- #14
O

CH3
O

HO
CH3

O
H3C

O
CH3

CH3

CH3

CH3
CH3

(Pure)

+

H3C

)24OH

(O
(Pure)

TsOH
Toluene

H3C

(O

)24O

(Crude)

Toc

Column

H3C

(O
(Pure)

α-Tocopherol succinate (0.431 g, 0.813 mmol) and MeOEG24OH (0.590 g, 0.542 mmol)
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)24O

Toc

were added to toluene (20 mL). TsOH (0.015 g, 0.087 mmol) was added as a catalyst and
the mixture was heated to reflux (6 hours). The mixture was cooled to room temperature
and added to a 5% NaHCO3 solution (20 mL). The product was extracted with DCM (2 x
25 mL), washed with 5% NaHCO3 (2 x 15 mL), 5% NaCl (10 mL), dried (Na2SO4), and
concentrated (1.21 g, crude 121% yield). 1H NMR (CDCl3, 400 MHz): δ 0.85 (s, 27H),
0.95-1.63 (m, 62H), 1.77 (m, 8H), 1.96-2.20 (m, 28H), 2.38 (s, 24H), 2.57 (t, J=6.8 Hz,
6H), 2.83 (t, J=6.8 Hz, 3H), 2.93 (t, J=7 Hz, 3H), 3.37 (s, 3H), 3.50-3.75 (m, 78H), 4.15
(t, J=4.8 Hz, 2H), 7.15-7.32 (m, J=4 Hz, 47H); The crude material was purified using the
Biotage Isolara One unit and a normal phase flash silica column. A step gradient was
used with a DCM:acetone solvent mix (Column yield ~60% w/w loaded). 1H NMR
(CDCl3, 400 MHz): δ 0.85 (s, 15H), 0.95-1.45 (m, 26H), 1.45-1.65 (m, 23H), 1.77 (m,
J=6.8 Hz, 2H), 1.96 (s, 3H), 2.00 (s, 3H), 2.07 (s, 3H), 2.57 (t, J=6.6 Hz, 2H), 2.83 (t,
J=7 Hz, 2H), 2.93 (t, J=6.6 Hz, 2H), 3.37 (s, 3H), 3.50-3.75 (m, 97H), 4.15 (t, J=4.8 Hz,
2H); 13C NMR (CDCl3, 100 MHz): δ 12.0, 12.3, 13.1, 19.8, 20.0, 20.8, 21.2, 22.8, 23.0,
24.6, 25.0, 28.2, 29.0, 29.3, 31.3, 32.9, 33.0, 37.6, 39.6, 29.2, 64.2, 69.3, 70.8, 72.2, 75.3,
117.6, 123.3, 125.1, 127.0, 140.6, 149.7, 171.2, 172.5.

Chapter 3
Dodecyl tosylate (DdOTs)- #33
CH3

CH3
O
H3C

S Cl
O

+

H3C

OH

( )11

Et3N

O
H3C

DMAP
DCM

O

( )11

S
O (Crude)

Column

O
H3C

O

( )11

S
O

(Pure)

Dodecanol (10.0 g, 53.7 mmol) was dissolved in DCM (100 mL). p-Toluenesulfonyl
chloride (TsCl) (9.72 g, 51.0 mmol) was added and the mixture was cooled in an ice bath
(15 min). Et3N (7.5 mL, 54 mmol) was added, followed by DMAP (0.33 g, 2.7 mmol).
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The ice bath was removed and the mixture was stirred overnight (16 hours). NMR
confirmed the reaction was complete. The mixture was cooled, filtered, washed with 1 M
HCl (2 x 75 mL), 10% NaCl (75 mL), dried (Na2SO4), and concentrated (16.3 g, crude
89% yield). The crude material was purified using the Biotage Isolara One unit and a
normal phase flash silica column. An isocratic 100% DCM solution was used as the
eluent (Column yield 75% w/w loaded). 1H NMR (CDCl3, 400 MHz): δ 0.87 (t, J=7 Hz,
3H), 1.15-1.35 (m, 18H), 1.62 (p, J=6.8 Hz, 2.5H), 2.45 (s, 3H), 4.01 (t, J=6.6 Hz, 2.0
H), 7.34 (d, J=8.4 Hz, 2H), 7.79 (d, J=8.4 Hz, 2H).

Monododecyl mPEG 350 (DdOEG8avgOMe)- #17
H3C

(O

OH

)8avg + H3C ( )11O Ts

KOtBu/THF

H3C

dry THF

O

(O

CH3

)8avg ( )11

mPEG 350 (0.400 g, 1.14 mmol) was dissolved in dry THF (5 mL). Pure DdOTs (0.410
g, 1.20 mmol) was added. KOtBu (1 M solution, 1.257 mL) was added and the mixture
was stirred (4 hours), then filtered and concentrated. The crude material was dissolved in
DCM (10 mL), washed with 5% NaCl (5 mL), 0.5 M HCl (5 mL), 5% NaCl (5 mL),
dried (Na2SO4), and concentrated (0.290 g, 49% yield). 1H NMR (CDCl3, 400 MHz): δ
0.86 (t, J=6.8 Hz, 3.5H), 1.15-1.35 (m, 21H), 1.56 (p, J=6.8 Hz, 2H), 2.02 (s, 1H), 3.37
(s, 3H), 3.43 (t, J=6.8 Hz, 2H), 3.5-3.75 (m, 30H).

Monododecyl methoxy octaethylene glycol (DdOEG8OMe)- #16
H3C

(O

)8

OH

+ H3C ( )11O

KOtBu/THF
Ts

H3C

dry THF

(O

CH3

)8O ( )11
(Crude)

Column

H3C

(O

)8

O

(Pure)

MeOEG8OH (0.750 g, 1.96 mmol) was dissolved in dry THF (10 mL). Pure DdOTs
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CH3

( )11

(0.732 g, 2.15 mmol) was added. KOtBu (1 M solution, 2.15 mL) was added and the
mixture was stirred (5 hours), then filtered and concentrated. The crude material was
dissolved in DCM (10 mL), washed with 5% NaCl (5 mL), 0.5 M HCl (5 mL), 5% NaCl
(5 mL), dried (Na2SO4), and concentrated (0.618 g, 57% yield). The crude material was
purified using the Biotage Isolara One unit and a normal phase flash silica column. An
isocratic gradient of 8% acetone in DCM was used as the solvent mix (Column yield ~40
% w/w loaded). 1H NMR (CDCl3, 400 MHz): δ 0.86 (t, J=6.8 Hz, 3H), 1.15-1.35 (m,
18H), 1.57 (p, J=6.8 Hz, 2H), 1.96 (s, 1H), 2.16 (s, 0.5H), 3.36 (s, 3H), 3.42 (t, J=6.6 Hz,
2H), 3.5-3.75 (m, 32H);

13

C NMR (CDCl3, 100 MHz): δ 14.3, 22.9, 26.3, 29.5, 29.7,

29.9, 32.1, 59.3, 70.3, 70.8, 71.8, 72.2.

Monododecyl mPEG 550 (DdOEG13avgOMe)- #19
H3C

(O

OH

)13avg + H3C ( )11O Ts

KOtBu/THF
dry THF

H3C

(O

CH
O
)13avg( )11 3

mPEG 550 (0.500 g, 0.909 mmol) was dissolved in dry THF (5 mL). Pure DdOTs (0.325
g, 0.954 mmol) was added. KOtBu (1 M solution, 1.00 mL) was added and the mixture
was stirred (4 hours), then filtered and concentrated. The crude material was dissolved in
DCM (10 mL), washed with 5% NaCl (5 mL), 0.5 M HCl (5 mL), 5% NaCl (5 mL),
dried (Na2SO4), and concentrated (0.280 g, 43% yield). 1H NMR (CDCl3, 400 MHz): δ
0.86 (t, J=6.8 Hz, 3H), 1.15-1.35 (m, 18H), 1.55 (p, J=6.8 Hz, 2H), 2.06 (s, 1.5H), 3.36
(s, 3H), 3.43 (t, J=6.6 Hz, 2H), 3.5-3.75 (m, 43H).
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Monododecyl methoxy hexadecaethylene glycol (DdOEG16OMe)- #18
H3C

OH

(O

)16

+ H3C ( )11O

KOtBu/THF
Ts

H3C

dry THF

CH3

)16O ( )11

(O

Column

H3C

(O

(Crude)

O

(Pure)

MeOEG16OH (0.542 g, 0.736 mmol) was dissolved in dry THF (20 mL). Pure DdOTs
(0.276 g, 0.810 mmol) was added. KOtBu (1 M solution, 0.810 mL) was added and the
mixture was stirred (18 hours), then filtered and concentrated. The crude material was
dissolved in DCM (10 mL), washed with 5% NaCl (5 mL), 0.5 M HCl (5 mL), 5% NaCl
(5 mL), dried (Na2SO4), and concentrated (0.542 g, 81% yield). The crude material was
purified using the Biotage Isolara One unit and a normal phase flash silica column. A
step gradient was used with a DCM:acetone solvent mix (Column yield ~40% w/w
loaded). 1H NMR (CDCl3, 400 MHz): δ 0.86 (t, J=6.8 Hz, 3H), 1.15-1.35 (m, 19H), 1.55
(p, J=6.8 Hz, 2H), 2.26 (s, 1H), 3.36 (s, 3H), 3.42 (t, J=6.6 Hz, 2H), 3.5-3.75 (m, 62H);
13

C NMR (CDCl3, 100 MHz): δ 14.3, 22.9, 26.3, 29.5, 29.7, 29.8, 32.1, 59.2, 70.3, 70.8,

71.8, 72.2.

Monododecyl mPEG 1000 (DdOEG22avgOMe)- #20
H3C

(O

OH

)22avg + H3C ( )11O Ts

KOtBu/THF
dry THF

H3C

(O

CH3

O
)22avg( )11

mPEG 1000 (0.500 g, 0.500 mmol) was dissolved in dry THF (5 mL). Pure DdOTs
(0.172 g, 0.505 mmol) was added. KOtBu (1 M solution, 0.506 mL) was added and the
mixture was stirred (4 hours). NMR confirmed the reaction had gone to completion. The
solids were filtered and the solution was concentrated. The crude material was dissolved
in DCM (10 mL), washed with 5% NaCl (5 mL), 0.5 M HCl (5 mL), 5% NaCl (5 mL),
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CH3

)16 ( )11

dried (Na2SO4), and concentrated (0.300 g, 51% yield). 1H NMR (CDCl3, 400 MHz): δ
0.85 (t, J=6.8 Hz, 3.5H), 1.15-1.35 (m, 18H), 1.55 (p, J=6.8 Hz, 2.5H), 2.21 (s, 2H), 2.43
(s, 0.5H), 3.36 (s, 3H), 3.42 (t, J=6.6 Hz, 2H), 3.5-3.75 (m, 84H).

Monododecyl methoxy tetracosethylene glycol (DdOEG24OMe)- #19
H3C

(O

OH

)16

+ H3C ( )11O

KOtBu/THF
Ts

H3C

dry THF

CH3

)24O ( )11

(O

Column

H3C

(Crude)

CH3

O

(O

)24 ( )11
(Pure)

MeOEG24OH (0.538 g, 0.494 mmol) was dissolved in dry THF (5 mL). Pure DdOTs
(0.185 g, 0.543 mmol) was added. KOtBu (1 M solution, 0.544 mL) was added and the
mixture was stirred (4 hours). The solids were filtered and the filtrate was concentrated.
The crude product was dissolved in DCM (10 mL), washed with 5% NaCl (5 mL), 0.5 M
HCl (5 mL), 5% NaCl (5 mL), dried (Na2SO4), and concentrated (0.555 g, 89% yield).
The crude material was purified using the Biotage Isolara One unit and a normal phase
flash silica column. A step gradient was used with a DCM:acetone solvent mix (Column
yield ~40% w/w loaded). 1H NMR (CDCl3, 400 MHz): δ 0.86 (t, J=6.8 Hz, 3H), 1.151.35 (m, 18H), 1.56 (p, J=6.8 Hz, 2H), 1.86 (s, 4.5H), 2.44 (s, 2H), 3.37 (s, 3H), 3.43 (t,
J=6.8 Hz, 2H), 3.5-3.75 (m, 90H); 13C NMR (CDCl3, 100 MHz): δ 14.3, 22.9, 26.3, 29.5,
32.1, 59.2, 70.2, 70.8, 71.8, 72.2.

Monobenzoyl methoxy octaethylene glycol (BzOEG8OMe)- #26
O

H3C

(O

)8OH +

Et3N
Cl

H3C

anhy. DCM

(O

)8 O
(Crude)

Column
Bz

H3C

)8 O

(O

(Pure)

MeOEG8OH (1.0 g, 2.61 mmol) and benzoyl chloride (BzCl) (0.439 g, 3.12 mmol) were
dissolved in anhydrous DCM (10 mL). Et3N (0.436 mL, 3.13 mmol) was added and the
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Bz

mixture was stirred (18 hours). The solution was cooled, filtered, diluted with DCM (20
mL), washed with brine (10 mL), 1 M HCl (10 mL), brine (10 mL), dried (Na2SO4), and
concentrated (0.980 g, crude 77% yield). The crude material was purified using the
Biotage Isolara One unit and a normal phase flash silica column. A step gradient was
used with a DCM:acetone solvent mix (Column yield 60% w/w loaded). 1H NMR
(CDCl3, 400 MHz): δ 3.36 (s, 3H), 3.50-3.85 (m, 31H), 4.47 (t, J=5 Hz, 2H), 7.43 (t,
J=7.8 Hz, 2H), 7.55 (t, J=7.4 Hz, 2H), 8.04 (d, J=8.4, 2H); 13C NMR (CDCl3, 100 MHz):
δ 59.2, 64.3, 69.4, 70.8, 72.2, 128.6, 129.9, 133.2, 166.7.

Monobenzoyl mPEG 350 (BzOEG8avgOMe)- #27
O

H3C

Et3N

OH

(O

)8avg +

H3C

anhy. DCM

Cl

O

(O

)8avg Bz

mPEG 350 (1.0 g, 2.86 mmol) and BzCl (0.439 g, 3.12 mmol) were dissolved in
anhydrous DCM (10 mL). Et3N (0.436 mL, 3.13 mmol) was added and the mixture was
stirred (24 hours). The solution was cooled, filtered, diluted with DCM (5 mL), washed
with brine (10 mL), 1 M HCl (10 mL), brine (10 mL), dried (Na2SO4), and concentrated
(0.900 g, crude 69% yield). 1H NMR (CDCl3, 400 MHz): δ 3.35 (s, 3H), 3.50-3.86 (m,
27H), 4.45 (t, J=5 Hz, 2H), 7.41 (t, J= 2H), 7.53 (t, J=7 Hz, 1H), 8.03 (d, J=8.4 Hz, 2H).

Methoxy monostrearoyl octaethylene glycol (StOEG8OMe)- #30
O
H3C

(O

)8

OH

+H

3C

(

)15

Et3N
Cl

H3C

anhy. DCM

(O

)8O
(Crude)

Column
St

H3C

)8O

(O

(Pure)

MeOEG8OH (1.0 g, 2.61 mmol) and stearoyl chloride (StCl) (0.949 g, 3.13 mmol) were
dissolved in anhydrous DCM (10 mL). Et3N (0.436 mL, 3.13 mmol) was added and the
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St

mixture was stirred (19 hours). The solution was cooled, filtered, diluted with DCM (10
mL), washed with brine (10 mL), 1 M HCl (10 mL), brine (10 mL), dried (Na2SO4), and
concentrated (1.11 g, crude 66% yield). The crude material was purified using the
Biotage Isolara One unit and a normal phase flash silica column. A step gradient was
used with a DCM:acetone solvent mix (Column yield 65% w/w loaded). 1H NMR
(CDCl3, 400 MHz): δ 0.87 (t, J=6.8 Hz, 3H), 1.15-1.35 (m, 28H), 1.60 (p, J=7.2 Hz, 2H),
1.96 (s, 1H), 2.31 (t, J=7.6 Hz, 2H), 3.37 (s, 3H), 3.5-3.75 (m, 29H), 4.21 (t, J=4.8 Hz,
2H); 13C NMR (CDCl3, 100 MHz): δ 14.3, 22.9, 25.1, 29.3, 29.5, 29.6, 29.7, 29.9, 32.1,
34.4, 59.2, 63.6, 69.4, 70.8, 72.1, 174.2.

Monostearoyl mPEG 350 (StOEG8avgOMe)- #31
O
H3C

(O

OH

)8avg + H C (
3

)15

Et3N
Cl

anhy. DCM

H3C

(O

O
)8avg

St

mPEG 350 (1.0 g, 2.86 mmol) and StCl (0.949 g, 3.13 mmol) were dissolved in
anhydrous DCM (10 mL). Et3N (0.436 mL, 3.13 mmol) was added and the mixture was
stirred (24 hours). The solution was cooled, filtered, diluted with DCM (5 mL), washed
with brine (10 mL), 1 M HCl (10 mL), brine (10 mL), dried (Na2SO4), and concentrated
(1.03 g, crude 58% yield). 1H NMR (CDCl3, 400 MHz): δ 0.87 (t, J=7 Hz, 3H), 1.15-1.35
(m, 28H), 1.60 (p, J=6.8 Hz, 2H), 1.96 (s, 1H), 2.31 (t, J=7.4 Hz, 2H), 3.37 (s, 3H), 3.53.75 (m, 26H), 4.21 (t, J=4.8 Hz, 2H).
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Methoxy mononapthyl octaethylene glycol (NptOEG8OMe)- #28
O

H3C

(O

S

)8OH +

O

Cl

KOH

H3C

dry THF

(O

)8O Npt

Column

H3C

(Crude)

(O

)8
(Pure)

MeOEG8OH (1.0 g, 2.61 mmol) and 2-napthalene sulfonyl chloride (NptCl) (0.710 g,
3.13 mmol) were dissolved in dry THF (10 mL). Powdered KOH (91.5% reagent, 0.176
g, 2.86 mmol) was added and the mixture was stirred (18 hours). The mixture was
filtered and concentrated (1.245 g, crude 83% yield). The crude material was purified
using the Biotage Isolara One unit and a normal phase flash silica column. A step
gradient was used with a DCM:acetone solvent mix (Column yield 46 % w/w loaded). 1H
NMR (CDCl3, 400 MHz): δ 1.89 (s, 1.5H), 3.37 (s, 3H), 3.48-3.77 (m, 30H), 4.21 (t,
J=4.8 Hz, 2H), 7.59-7.72 (m, J1=7.2 Hz, J2=1.2 Hz, 2H), 7.84-8.03 (m, J1=7.6 Hz, J2=4.8
Hz, 4H), 8.49 (s, 1H); 13C NMR (CDCl3, 100 MHz): δ 59.2, 68.9, 69.8, 70.8, 72.1, 122.9,
128.0, 128.2, 129.6, 129.8, 130.0, 132.2, 133.1, 135.5.

Mononapthyhl mPEG 350 (NptOEG8avgOMe)- #29
O

H3C

(O

OH

)8avg +

S

Cl

O

KOH
dry THF

H3C

(O

O

)8avg

Npt

mPEG 350 (1.0 g, 2.86 mmol) and NptCl (0.712 g, 3.14 mmol) were dissolved in dry
THF (10 mL). KOH (91.5% reagent, 0.192 g, 3.13 mmol) was added and the mixture was
stirred (17 hours). The mixture was filtered and concentrated, then dissolved in DCM (10
mL), washed with HP water (5 mL), 5% NaCl (5 mL), dried (Na2SO4), and concentrated
(0.550 g, crude 58% yield). 1H NMR (CDCl3, 400 MHz): δ 2.50 (s, 1H), 3.37 (s, 3H),
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O
Npt

3.46-3.77 (m, 27H), 4.21 (t, J=4.8 Hz, 2H), 7.58-7.78 (m, J1=7.2 Hz, J2=1.2 Hz, 2.5H),
7.82-8.10 (m, J1=7.6 Hz, J2=4.8 Hz, 4H), 8.49 (s, 1H), 8.60 (s, 0.5H).

Monotrityl mPEG 350 (MeOEG8avgOTr)- #23

H3C

(O

OH

)8avg +

Et3N

Cl

H3C

DMAP
DCM

(O

O

)8avg T r

mPEG 350 (0.500 g, 1.43 mmol) and TrCl (0.478 g, 1.71 mmol) were dissolved in DCM
(10 mL). Et3N (0.238 mL, 1.71 mmol) and DMAP (0.017 g, 0.14 mmol) were added and
the solution was stirred (22 hours). The reaction was determined to be complete using
NMR. The solution was cooled, filtered, diluted with DCM (10 mL), washed with HP
water (10 mL), brine (10 mL), dried (Na2SO4), and concentrated (0.740 g, crude 87%
yield). 1H NMR (CDCl3, 400 MHz): δ 1.68 (s, 2.5H), 2.82 (s, 0.5H), 3.22 (t, J=5.2 Hz,
2H), 3.36 (s, 3H), 3.43 (s, 0.5H), 3.50-3.79 (m, 26H), 7.10-7.35 (m, 14H), 7.38-7.50 (dd,
J1=8.8 Hz, J2=1.6 Hz, 6.5H).

Monotrityl mPEG550 (MeOEG13avgOTr)- #24

H3C

(O

OH

)13avg +

Cl

Et3N
DMAP
DCM

H3C

(O

O

)13avg T r

mPEG 550 (0.750 g, 1.36 mmol) and TrCl (0.456 g, 1.64 mmol) were dissolved in DCM
(10 mL). Et3N (0.228mL, 1.64 mmol) and DMAP (0.017 g, 0.14 mmol) were added and
the solution was stirred (72 hours). The solution was cooled, filtered, diluted with DCM
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(10 mL), washed with HP water (10 mL), brine (10 mL), dried (Na2SO4), and
concentrated (0.880 g, crude 82% yield). 1H NMR (CDCl3, 400 MHz): δ 1.83 (s, 3H),
2.82 (s, 1H), 3.05 (s, 0.5H), 3.22 (t, J=5.2 Hz, 2H), 3.36 (s, 3H), 3.43 (s, 0.5H), 3.50-3.79
(m, 47H), 7.10-7.35 (m, 15H), 7.38-7.50 (dd, J1=7.2 Hz, J2=1.6 Hz, 6.5H).

Monotrityl mPEG 1000 (MeOEG22avgOTr)- #25

H3C

(O

OH

)22avg +

Cl

Et3N
DMAP
DCM

H3C

(O

O

)22avg T r

mPEG 1000 (1.0 g, 1.00 mmol) and TrCl (0.308 g, 1.10 mmol) were dissolved in DCM
(10 mL). Et3N (0.153mL, 1.10 mmol) and DMAP (0.011 g, 0.090 mmol) were added and
the solution was stirred (72 hours). The solution was cooled, filtered, diluted with DCM
(10 mL), washed with HP water (10 mL), brine (10 mL), dried (Na2SO4), and
concentrated (0.975 g, crude 78% yield). The reaction only went to ~60% completion.
This reaction was investigated in detail. Various reaction parameters are highlighted in
the table in chapter 3.

Calculating HLB
Girffen’s method: as described in 1954

TocsOEG8avgOMe
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TocsOEG8OMe
TocsOEG13avgOMe
TocsOEG16OMe
TocsOEG22avgOMe
TocsOEG24OMe

Chapter 4

NanoAssemblr Microfluidic Large Formulations
One syringe was loaded with phosphate buffered saline (PBS) 1X buffer (1.2 mL). The
other syringe was filled with polymer dissolved in ethanol (0.8 mL, 20 mg/mL). The
aqueous buffer was placed on the left hand side of the microfluidic cartridge, while the
polymer in ethanol solution was inserted on the right side. The flow rate ratio and total
flow rate were set to 1.5:1 (aqueous:ethanol) and 12 mL/min, respectively. The two
solutions were forced through the microchannel simultaneously using these settings and
collected in a conical tube.

NanoAssemblr Microfluidic Medium Formulations
One syringe was loaded with PBS 1X buffer (1.4 mL). The other syringe was filled with
polymer dissolved in ethanol (0.7 mL, 20 mg/mL). The aqueous buffer was placed on the
left hand side of the microfluidic cartridge, while the polymer in ethanol solution was
inserted on the right side. The flow rate ratio and total flow rate were set to 2:1
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(aqueous:ethanol) and 12 mL/min, respectively. The two solutions were forced through
the microchannel simultaneously using these settings and collected in a conical tube.

NanoAssemblr Microfluidic Small Formulations
One syringe was loaded with PBS 1X buffer (1.7 mL). The other syringe was filled with
polymer dissolved in ethanol (0.4 mL, 20 mg/mL). The aqueous buffer was placed on the
left hand side of the microfluidic cartridge, while the polymer in ethanol solution was
inserted on the right side. The flow rate ratio and total flow rate were set to 5:1
(aqueous:ethanol) and 12 mL/min, respectively. The two solutions were forced through
the microchannel simultaneously using these settings and collected in a conical tube.

NanoAssemblr Encapsulation Experiment TocsOEG8OMe
One syringe was filled with PBS 1X buffer (1.22 mL) and fluorescein sodium salt (0.1
mg/mL). The other syringe was loaded with polymer dissolved in ethanol (0.48 mL, 20
mg/mL). The aqueous buffer was inserted on the left hand side of the microfluidic
cartridge, while the polymer in ethanol solution was inserted on the right side. The flow
rate ratio and total flow rate were set to 2.5:1 (aqueous:organic) and 12 mL/min,
respectively. The two solutions were forced through the microchannel simultaneously
using these settings and collected in a conical tube. The formulation was transferred to a
3.5K fisher dialysis bag and dialyzed in 1X PBS (100mL) with stirring. The dialysis
medium was switched 3 times and after 36 hours the inside of the dialysis bag was clear.
It was confirmed by UV-vis that no significant quantity of the dye remained.
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NanoAssemblr Encapsulation Experiment TocsOEG8avgOMe
One syringe was filled with PBS 1X buffer (1.33 mL) and fluorescein sodium salt (0.1
mg/mL). The other syringe was filled with polymer dissolved in ethanol (0.37 mL, 20
mg/mL). The aqueous buffer was loaded on the left hand side of the microfluidic
cartridge, while the polymer in ethanol solution was loaded on the right side. The flow
rate ratio and total flow rate were set to 3.5:1 (aqueous:ethanol) and 12 mL/min,
respectively. The two solutions were pushed through the microchannel simultaneously
using these settings and collected in a conical tube. The formulation was transferred to a
3.5K fisher dialysis bag and dialyzed in 1X PBS (100mL) with stirring. The dialysis
medium was switched 3 times and after 36 hours the inside of the dialysis bag was clear.
It was confirmed by UV-vis that no significant quantity of the dye remained.

First Microfluidizer Encapsulation Experiment with TocsOEG8avgOMe
TocsOEG8avgOMe (200 mg) and cholesterol (86 mg) were dissolved in ethanol (10 mL).
Fluorescein sodium salt (5.5 mg) was added to 1X PBS (40 mL). The organic solution
was added to the aqueous solution while homogenizing (7K rpm) and mixed for a
subsequent 5 minutes. The solution was passed through microfluidizer 3 times (LM-20,
Y-channel: F12Y, 10,000 psi) and transferred to a dialysis tube (10 mL formulation, 20K
pores) and cassette (3 mL formulation, 3.5K pores). The dialysis tube and cassette were
stirred in 1X PBS (250 mL, and 150 mL, respectively). After 48 hours and switching the
dialysis medium 4 times, visually some dye remained inside the dialysis tube, but not the
cassette. This was the opposite of what was expected. Larger pore sizes should contribute
to faster dialysis. Dialysis was performed for an additional 48 hours and the PBS was
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switched 4 more times, but dye was still leaking into external dialysis medium. The
formulation was left to dialyze over the weekend and on Monday there was no dye
remaining inside the dialysis tube.

Second Microfluidizer Encapsulation Experiment with TocsOEG8avgOMe
TocsOEG8avgOMe (200 mg) and cholesterol (86 mg) were dissolved in ethanol (10 mL).
Fluorescein sodium salt (5.5 mg) was dissolved in 1X PBS (40 mL). The organic solution
was added to the aqueous solution while homogenizing (7K rpm) for 5 minutes. The
solution was passed through microfluidizer 3 times (LM-20, Y-channel: F12Y, 10K psi)
and transferred to a dialysis tube (5 mL formulation, 20K pores). Dialysis was performed
in 1X PBS (500 mL) and an ice bath, maintaining a temperature between 5-10 oC. After
dialysis for 96 hours and switching the dialysis medium 5 times, the inside of the dialysis
tube contained no dye.

Series of Microfluidizer Experiments
In an attempt to determine which parameters were significant to the PSD result, runs
were performed using a combination of conditions. The effect of changing the ratio of
organic to aqueous volume, concentration of polymer, homogenizer rpm, microfluidizer
pressure, and number of passes were explored. For the number of passes, the volume of
the run was split after 3 passes and 3 more passes were performed. For all runs, the
polymer derivative was dissolved in ethanol and added to the aqueous 1X PBS buffer
while homogenizing. After 5 minutes, the mixture was pushed through a Y-channel:
F12Y chamber on a LM-20 microfluidizer at various pressures. Multiple passes were
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performed and the PSD was tested. In the presence of large aggregates or additional
peaks, some of the formulations were filtered through syringe filter disks (0.45 µm).
These formulations were clearly labelled (-F). PSD results are highlighted in table 4.2.4
Dialysis was performed on runs JS763012A and JS763012B to assess the impact of
ethanol removal on PSD.

Liposome Formulation #1
DSPC (370 mg), cholesterol (122 mg) and DSPE-mPEG2000 (7.1 mg) were dissolved in
ethanol (10 mL). Fluorescein sodium salt (1.4 mg) was dissolved in 1X PBS (40 mL).
Both solutions were placed in an incubator set to 60 oC (1 hour). The organic solution
was added to the 1X PBS solution quickly and homogenized (15K rpm) for 5 minutes.
The solution was passed through the microfluidizer 3 times (LM-20, Y-channel: F12Y,
12K psi), filtered through disks (0.45 µm followed by 0.2 µm), and transferred to a
dialysis tube (5 mL formulation, 20K pores). After 36 hours of dialysis (500 mL 1X
PBS) and switching the dialysis medium 4 times, no color remained inside the dialysis
tube. Cryo-TEM confirmed the formation of primarily unilamellar liposomes under 100
nm with no encapsulated dye.

Liposome Formulation #2
DSPC (371 mg), cholesterol (120 mg) and TocsOEG8OMe (11.4 mg) were dissolved in
ethanol (10 mL). Fluorescein sodium salt (10 mg) was dissolved in 1X PBS (40 mL).
Both solutions were placed in an incubator set to 60 oC (1.5 hour). The organic solution
was added to the 1X PBS solution quickly and homogenized (15K rpm) for 5 minutes.
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The temperature post homogenization was 41 oC and 27 oC before first microfluidizer
pass. The solution was passed through microfluidizer 3 times (LM-20, Y-channel: F12Y,
12K psi), filtered through disks (0.45 µm followed by 0.2 µm), and transferred to a
dialysis tube (1 mL formulation, 20K pores). After 84 hours of dialysis (100 mL 1X
PBS) and switching the dialysis medium 4 times (left over weekend), the inside of the
dialysis tube was almost clear. The liposomes were assumed to be empty.

Liposome Formulation #3
DSPC (369 mg), cholesterol (119 mg) and TocsOEG8avgOMe (13.2 mg) were dissolved
in ethanol (10 mL). Fluorescein sodium salt (10 mg) was dissolved in 1X PBS (40 mL).
Both solutions were placed in an incubator set to 60 oC (1 hour). The organic solution
was added to the 1X PBS solution quickly and homogenized (15K rpm) for 5 minutes.
The solution was passed through microfluidizer 3 times (LM-20, Y-channel: F12Y, 12K
psi), filtered through disks (0.45 µm), and transferred to a dialysis tube (1 mL
formulation, 20K pores). After 88 hours of dialysis (100 mL 1X PBS) and switching the
dialysis medium 8 times (left over weekend), the inside of the dialysis tube was clear.
The liposomes were assumed to be empty.

Liposome Formulation #4
DSPC (185 mg), cholesterol (60 mg) and DSPE-mPEG2000 (5 mg) were dissolved in
ethanol (5 mL). Fluorescein sodium salt (5 mg) was dissolved in 1X PBS (40 mL). Both
solutions were placed in an incubator set to 60 oC (2 hours). The organic solution was
added to the 1X PBS solution quickly and homogenized (15K rpm) for 5 minutes. The
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mixture was passed through microfluidizer 3 times (LM-20, Y-channel: F12Y, 10K psi)
with the heating jacket set to 60 oC, filtered through disks (0.45 µm), and transferred to a
dialysis tube (5 mL formulation, 20K pores). After 40 hours of dialysis (500 mL 1X
PBS) and switching the dialysis medium 5 times, no color remained inside the dialysis
tube. The liposomes were assumed to be empty.

Liposome Formulation #6
DSPC (186 mg), cholesterol (59 mg) and DSPE-mPEG2000 (5 mg) were added to a rbf
and dissolved in DCM (10 mL). DCM was removed using a rotovap and the lipid film
was heated to 65 oC. HP water (25 mL) and fluorescein sodium salt (2 mg) were added to
the RBF and mixed using the rotovap at 70 oC (5 minutes). The resulting solution was
stirred overnight at room temperature. Extrusion was performed at 65 oC using various
membranes (200 nm and 100 nm) to reduce the particle size to within the desired size
range. The formulation was transferred to a dialysis tube (10 mL formulation, 20K pores)
and dialyzed in HP water (1L). After 108 hours of dialysis and switching the dialysis
medium 6 times, very little color remained inside the dialysis tube and dye was leaking
out. The liposomes were assumed to be empty.

Liposome Formulation #7
DSPC (370 mg), cholesterol (120 mg) and DSPE-mPEG2000 (7 mg) were dissolved in
ethanol (10 mL). Fluorescein sodium salt (1.4 mg) was dissolved in 1X PBS (40 mL).
Both solutions were placed in an incubator set to 60 oC (2 hours). The organic solution
was added to the 1X PBS solution quickly and homogenized (15K rpm) for 5 minutes.
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The mixture was passed through microfluidizer 3 times (LM-20, Y-channel: F12Y, 10K
psi) and diluted with 50 mL of 1X PBS in order to have sufficient volume for tangential
flow filtration (TFF). TFF was performed with a 100K molecular weight pore size. No
dye remained in the formulation post filtration.

Liposome Formulation #8
DSPC (370 mg), cholesterol (120 mg), and TocsOEG8avgOMe (10 mg) were added to a
rbf and dissolved in DCM (20 mL). DCM was removed using a rotovap and the lipid film
was heated to 60 oC. Fluorescein sodium salt (1.4 mg) was dissolved in 1X PBS and
heated to 70 oC in an oil bath. The two hot solutions were combined and stirred at 70 oC
(2 hours). The solution was transferred to the extruder set to 65 oC. Extrusion was
performed using multiple membranes (200 nm, 100 nm, and 80 nm) to reduce the particle
size to the targeted range. The formulation was diluted with 40 mL of 1X PBS in order to
have sufficient volume for tangential flow filtration (TFF). TFF was performed with a
100K molecular weight pore size. No dye remained in the formulation post filtration.

Liposome Formulation #12- TocsOEG8OMe
DSPC (200 mg), cholesterol (60 mg), and TocsOEG8OMe (14 mg), were dissolved in
ethanol (2 mL). Fluorescein sodium salt (1.0 mg) was dissolved in 1X PBS (2 mL). The
NanoAssemblr benchtop system was used in this experiment. One syringe was filled with
aqueous (1.7 mL) and the other with organic (0.4 mL). The flow rate ratio and total flow
rate were set to 5:1 (aqueous:organic) and 12 mL/min, respectively. The two solutions
were forced through the microchannel simultaneously using these settings and collected
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in a conical tube. The formulation was transferred to a 20K dialysis tube (1 mL) and
dialyzed in HP water (500 mL) with stirring. The dialysis medium was switched 10 times
over the span of a week. The amount of dye remaining was quantified using fluorescence
spectroscopy and the PSD was analyzed using dynamic light scattering.

Liposome Formulation #13- DSPE
DSPC (200 mg), cholesterol (60 mg), and DSPE-mPEG2000 (10 mg), were dissolved in
ethanol (2 mL). Fluorescein sodium salt (1.0 mg) was dissolved in 1X PBS (2 mL). The
NanoAssemblr benchtop system was used in this experiment. One syringe was filled with
aqueous (1.7 mL) and the other with organic (0.4 mL). The flow rate ratio and total flow
rate were set to 5:1 (aqueous:organic) and 12 mL/min, respectively. The two solutions
were forced through the microchannel simultaneously using these settings and collected
in a conical tube. The formulation was transferred to a 20K dialysis tube (1 mL) and
dialyzed in HP water (500mL) with stirring. The dialysis medium was switched 10 times
over the span of a week. The amount of dye remaining was quantified using fluorescence
spectroscopy and the PSD was analyzed using dynamic light scattering.

Liposome Formulation #14- TocsOEG8avgOMe
DSPC (200 mg), cholesterol (60 mg), and DSPE-mPEG2000 (10 mg), were dissolved in
ethanol (2 mL). Fluorescein sodium salt (1.0 mg) was dissolved in 1X PBS (2 mL). The
NanoAssemblr benchtop system was used in this experiment. One syringe was filled with
aqueous (1.7 mL) and the other with organic (0.4 mL). The flow rate ratio and total flow
rate were set to 5:1 (aqueous:organic) and 12 mL/min, respectively. The two solutions
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were forced through the microchannel simultaneously using these settings and collected
in a conical tube. The formulation was transferred to a 20K dialysis tube (1 mL) and
dialyzed in HP water (500mL) with stirring. The dialysis medium was switched 10 times
over the span of a week. The amount of dye remaining was quantified using fluorescence
spectroscopy and the PSD was analyzed using dynamic light scattering.

Calculating Entrapment Efficiency- Equation obtained from D. Bikiaris53

Knew how much drug was added initially to liposome formulations. Used fluorescence
spectroscopy (described below) to determine how much dye was retained by liposomes
nanoparticles after dialysis. EE for liposomes were low, but this was a passive
encapsulation technique and dialysis was performed for 1 week.

Fluorescence Spectroscopy Method
Formulation samples were diluted 10 times. PBS was used as the solvent. Horiba
Scientific PTI QM-400 fluorimeter was used in this experiment. Samples were excited at
460 nm and emission recorded from 470 to 600 nm. Maximum emission signal observed
around 515 nm. Fluorescence intensities were recorded and standard curve was made.
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After the concentration (µg/mL) was determined for each liposome formulation the value
was multiplied by 10 (to compensate for the dilution) and the entrapment efficiencies
were calculated.

Fluorescence Intensity

Fluorescein Sodium Salt- Fluorescence Standard
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