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ABSTRACT
Giant vesicles are often used as model membrane systems and as vessels in which to
mimic biochemical reactions. The similarity in size and membrane curvature of giant vesicles
(GVs) to intact, biological cells, and their ability to be visualized and manipulated under an
optical microscope make them an attractive choice for mimicking the environment for cellular
biochemistry. Our laboratory typically encapsulates aqueous two-phase systems (ATPS) within
GVs to more closely mimic the cytoplasm – these models provide a way to test hypotheses of
intracellular organization, namely the consequences of macromolecular crowding and phase
separation on biochemical reactions within the cell cytoplasm. While previous members of our
laboratory have shown dynamic control over the interior of these ATPS-containing GVs via slight
changes in temperature or osmotic pressure – the overall goal of this thesis is to take dynamic
control to a new level, demonstrating control over the localization of a protein within the GV
interior via an external change in pH – which will be demonstrated in Chapter 5.
While data confirming the overall goal of this thesis will be explained in Chapter 5,
Chapters 2 – 4 answer very fundamental questions about the encapsulation of macromolecules
within GVs. The data presented in these chapters pave the way with information important for
the overarching objective, as well as to others using GVs as model bioreactors. Chapter 2
describes the encapsulation behaviors of dilute (<1 weight%) polymer and free dye solutions
within GVs as a function of solute size, as well as reporting the effects of temperature, membrane
composition, vesicle size, and incubation time on encapsulation efficiency in individual GVs.
Chapter 3 describes how macromolecular crowding increases the magnitude and homogeneity of
encapsulation for all polymeric solutes, while Chapter 4 describes the same for biomolecules,
such as proteins and nucleic acids. Chapter 4 also describes the use of macromolecular crowding
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to improve bulk encapsulation efficiency within a batch of submicron vesicles, which is important
for their use in industrial settings such as vehicles for drug delivery.
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Chapter 1

Introduction
Giant vesicles are “cell-sized” containers typically bound by a lipid or polymer bilayer
membrane meant to mimic one or more aspects of living, biological cells.1 They are often used to
study membrane dynamics and heterogeneity,2-4 and have more recently found use as
microreactors and artificial cells.1,5-8 This thesis describes fundamental studies towards the
elucidation of giant vesicle (GV) behavior – namely the factors that dictate the encapsulation of
macromolecules within the GV interior – as well as their use as vessels in which to model
dynamic control over protein localization in a synthetic cytoplasm. Objectives and motivation for
this work, background studies, and a brief overview of experimental data will be presented below.

Giant Vesicles as Cell Models - Motivation:
Biological cells are the fundamental units of life. They range in size from approximately
1 to 100 microns, and are comprised of a semi-permeable boundary membrane surrounding a
heterogeneous cytoplasm crowded with a high concentration of organelles, proteins, nucleic
acids, and other biomolecules.9 At any given time, numerous biochemical reactions are occurring
simultaneously within the crowded and dynamic cell interior.9 Amazingly, these tightly-regulated
reactions, proceeding less than microns apart, are carried out within specific areas of the cell:
some separated by boundaries, such as membranes, while others are compartmentalized into
specific areas in the cytoplasm.10-13 This ordered inhomogeneity of the cytoplasm is termed
microcompartmentation, and is critical for the wide range of functions carried out by a single
cell.10-15
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Typical cell functions include the conversion of energy to usable forms, sensing and
responding to changes in the environment, and the ability to replicate by growing and dividing in
two.9 More complex functions include chemotaxis, or the directed movement towards or away
from certain chemicals in their environment.9 Cells also exhibit polarity, or asymmetry in
biochemical composition, and often have certain molecules restricted to particular areas of the
cell surface, creating a “front end” and a “back.” Cells are often able to repair themselves after
injury (e.g. DNA repair), and can activate an intracellular death program if they are damaged or
no longer needed (i.e. apoptosis).9
Most of what is known about cells has been discovered by analyses of living cells (e.g.
gene deletion) or their constituent parts.16,17 While a great deal of knowledge has been gained in
this way, the overall complexity of the cell makes it hard to isolate particular processes, functions,
or phenomena. GVs offer an alternative way of learning about biological cells, by serving as
simple model systems in which biological hypotheses can be evaluated.1 For example, model
membrane systems revealed that certain lipids separate into coexisting phases in the absence of
proteins, which may strengthen the hypothesis that these domains exist in intact cell
membranes.18-24 Indeed, the bottom-up approach to studying cell biology with GVs allows
researchers to exert more precise control over the components of systems, and therefore presents
a valuable method for studying cellular processes.

Giant Vesicles as Cell Models – Membrane Heterogeneity and Dynamics:
The use of GVs to study membrane heterogeneity and dynamics (e.g. lipid
domains/diffusion) has allowed hypotheses from cell biology to be tested in a more simplified,
well-controlled environment. For example, model membrane systems provide a unique way to
study membrane domains, or lipid rafts, which are believed to be implicated in a number of
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cellular processes, including membrane organization and signal transduction.25-28 While believed
to be important in the aforementioned processes, among others, there is much controversy over
whether or not lipid rafts exist, and if they do, what their sizes and properties are. The postulated
small size and fleeting existence of lipid rafts make them difficult to study in living cells – with
most studies relying on indirect methods such as detergent extraction. 25-28 However, many
groups have demonstrated the existence of lipid microdomains in GVs, which may provide clues
about how lipids behave in cell membranes.18-24 Even if biological cells do not have micron scale
lipid domains like simple GV systems, similar basic biophysics that govern phase separation in
GVs might be present in living cells. Biological cells either take advantage of the natural
tendencies for lipid mixtures to phase separate, or have evolved to prevent or modulate this
phenomenon to create a system necessary for survival.
Veatch and Keller used fluorescence microscopy to show that mixtures of a saturated
lipid, unsaturated lipid, and cholesterol produce micron-sized lipid domains in GVs,18 while more
recently reporting (Cicuta et al.) diffusion coefficients of these domains as a function of
composition and temperature.19 Figure 1-1 shows representative grayscale fluorescence and
filtered and thresholded images for a GV containing a 1:2 molar ratio of an unsaturated lipid
(dioleoylphosphatidylcholine, DOPC), a saturated lipid (dipalmitoylphosphatidylcholine, DPPC)
and 30 mole % cholesterol. A fluorescently labeled lipid was included for visualization. As can
be seen in the image, there are several large, bright circular domains on the surface of the GV.
These domains are characteristic of coexisting liquid phases, in which the bright, circular
domains contain the unsaturated DOPC and cholesterol (i.e. the liquid ordered phase), while the
darker background contains the saturated DPPC (i.e. the liquid crystalline phase). This figure
represents just one example of phase separation in lipid membranes – indeed, there are many
lipid/cholesterol compositions that have been shown to form membrane domains at appropriate
concentrations.18,19,21-23 Recently it has also been shown that plasma membrane vesicles, formed
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directly from living cells, exhibit some of the same domain-forming behaviors as model
membrane systems – separating into two liquid phases at low temperatures and one phase at
higher temperatures.20 This is an exciting finding, as it acts as a bridge between model membrane
systems and intact biological cells. While there are several other reports covering membrane
permeability,29-31 shape,32 line tension,24,33,34 and the incorporation of proteins within the bilayer,35
the focus of this thesis is on the interior of GVs, and therefore the remainder of this chapter will
be directed as such.

Giant Vesicles as Cell Models – Interior Reactions:
Typically, many in vitro biological reactions have been modeled in bulk systems, which
are much different than the zepto – to picoliter volumes in which they naturally take place.
Smaller volumes lead to higher collisional frequency between reactants and with the phospholipid
membrane, which can substantially change the progress or outcome of biochemical reactions.8,36
While in vitro bulk solution studies do not accurately model the in vivo cellular environment, and
reactions occurring within intact living cells are hard to isolate, GVs provide a cell-sized,
enclosed environment in which the identities of interior and membrane components can be
controlled.1 A semipermeable membrane isolates the GV interior, allowing only a few number of
molecules to passively pass through – while ion channels or membrane proteins allowing
selective passage can be added during or after GV formation.1
GVs are good model biochemical reactors not only because their volume and membrane
curvature is similar to that of biological cells – they can be seen and manipulated under an optical
microscope.1 The initiation and progression of a reaction can be followed via fluorescence
microscopy in real time, while morphological or other changes can be observed
simultaneously.5,6,37,38 Many of the tools commonly used in cell biology (e.g. micromanipulation,
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electroporation) can also be used with GVs, allowing many possible ways to initiate or otherwise
control interior reactions.39-41
Typically, reactions in GVs involve biomolecules (i.e. proteins, enzymes, or nucleic
acids), but sometimes non-biological reactions are performed in GVs as proof-of-principle
experiments that are used to lay the groundwork for modeling more complex biological
processes. For example, Kulin et al. used optical tweezers to trap two GVs, one containing
calcium ions and the other containing a dye that fluoresces when bound to calcium ions, and then
fused them together to initiate a reaction.5 Figure 1-2(A) shows a schematic of the fusion
reaction, while Figure 1-2(B) shows bright field and fluorescence images of a GV before and
after fusion. Before fusion, the GV containing calcium ions is dark (bottom GV/top panel) and
the GV containing the dye fluoresces slightly (top GV/top panel) – while after fusion (initiated by
a pulse of UV laser light) the resulting GV interior becomes 60% brighter than the GV interiors
before the reaction took place, indicating chelation between the dye and calcium ions (bottom
panel). Albeit primitive, this study demonstrated that the manipulation and fusion of GVs is
relatively straightforward, while the subsequent reaction can be monitored via fluorescence
microscopy. Other studies have initiated and followed proof-of-principle reactions within GVs
via temperature change,7,42 microinjection,6 ion channels,43,44 electroporation,40,45 and even via
nanotube-vesicle networks.45,46
A more biologically relevant example is that of the transcription reaction, which is oft
modeled in GVs in an effort to prepare minimal cells through gene disruption in already simple
organisms.7,16,17 In a report by Fischer et al., transcription was initiated when nucleotides were
microinjected into GVs previously containing DNA template and T7 RNA polymerase.6 Figure
1-3 shows the progression of the reaction followed by the fluorescence of an intercalating dye,
which becomes fluorescent upon binding to nucleic acids. After 40 minutes, the fluorescence
intensity remained constant, indicating complete synthesis of the mRNA product.
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As with lipid domain formation in the aforementioned plasma membrane vesicles,
researchers have combined components from intact living cells with GVs by encapsulating
cytoplasmic extract within the GV interior to act as a bioreactor.8 While green fluorescent protein
(GFP) expression stops after a few hours in bulk solution, GVs containing cytoplasmic extract
were found to produce GFP up to 4 days after GV formation when a pore protein selective for
nutrients was expressed within the GV interior. This and other findings provide exciting results
that bridge the gap between live, intact cells and GVs.

Giant Vesicles as Cell Models - Adding Complexity to Interior Reactions:
Biological cells are not just membranes filled with mostly water, salts and a few
reactants; rather, they have crowded (~30 weight % macromolecules), heterogeneous, and
dynamic interiors.10,11 Despite this, most of the studies with GVs contain only dilute
concentrations of the reactants of interest. Although these studies provide a background for more
complex work, a better model of biological cells should include more complexity. This section
will focus on research that has been done to add complexity to the GV interior, making it more
similar to the cellular environment.
Indeed, the differences between dilute and crowded environments are immense.
Reactions proceeding in macromolecularly crowded, or volume excluded, environments have
been found to have equilibria and rate constants up to several orders of magnitude different from
those in dilute solutions.47-49 In vitro experiments in which simple polymers were added to mimic
the macromolecular crowding of cytoplasm have shown, for example, increased melting
temperatures (Tm) by as much as 15-20oC, accelerated protein association rates (up to 10-fold),
and enzyme activity up to more than 20 times what is reported in dilute solution.50-53 Also,
crowded environments tend to favor compact over extended conformations of macromolecules,
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and macromolecular crowding has been postulated to result in the phase separation of the
cytoplasm.10 Above certain concentrations, mixtures of aqueous solutions containing chemically
and structurally distinct macromolecules can undergo phase separation in vitro.54,55 The phase
separation of aqueous phases containing two chemically dissimilar polymers, or a polymer and a
salt, results in aqueous two-phase systems (ATPS).54,55In bulk, ATPS are commonly used to
separate biomolecules due to their mild conditions (ATPS are 80-90% water) and low interfacial
tension.54,55However, when encapsulated within GVs, ATPS provide a crowded (typically
between 8-20 wt% polymer) environment, with two chemically distinct aqueous phases that are
not bounded by a membrane.37,38,56,57
Most biochemical reactions modeled within GVs are performed in dilute solution, which
does not accurately mimic the crowded, heterogeneous, and dynamic interior of living cells. In
order to more closely mimic biological cytoplasm, our laboratory typically encapsulates
poly(ethylene glycol) (PEG)/dextran ATPS in GVs via the gentle hydration method.37,38,56,57
Scheme 1-1 shows the steps taken to create ATPS/GVs via the gentle hydration procedure,
beginning with a thin layer of a dried lipid film.56 To ensure encapsulation of both phases, the
ATPS is heated to one phase during the swelling process, then cooled after vesicle formation for
phase separation. Our ATPS-containing GVs contain high concentrations of polymers (~8-20
wt%) and have two chemically dissimilar phases not bounded by a membrane (each phase rich in
one polymer).56 Previously, we have shown that protein localization within the ATPS-containing
GV interior can be controlled by slight changes in temperature or osmotic pressure.56 Therefore,
not only does our primitive model of the cytoplasm mimic a crowded environment, it also creates
a heterogeneous and dynamic “cellular interior” not bounded by membranes.
An example of temperature controlled protein localization within our system is shown in
Figure 1-4. The protein soybean agglutinin (SBA) is a lectin, which has the biological function
of binding carbohydrates.58 Here, SBA favored the dextran-rich phase at cooler temperatures, is
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uniformly distributed within the GV interior when warmed, and relocalizes to the dextran-rich
phase again after cooling.56 Our laboratory has also shown the use of osmotic pressure to control
protein localization in an ATPS/GV while at the same time affecting GV morphology.37,56 Albeit
primitive, this is the first step to modeling the dynamic control of a protein in a heterogeneous
and crowded cell-sized environment. However, these methods rely on manipulating the phase
behavior of the encapsulated aqueous environment rather than utilizing chemical stimuli that
would be more biologically relevant. For example, association of enzymes within the interior of
living cells is highly influenced by factors such as calcium ion concentration and pH.59 Chapter 5
in this thesis presents exciting data highlighting the dynamic control of protein localization within
an ATPS-encapsulated GV via an external chemical stimulus (i.e. pH), which is not dependant on
phase behavior of the encapsulated ATPS.
Other groups have used the temperature-responsive polymer, poly(Nisopropylacrylamide) (PNIPAAm), among other hydrogels, to model microcompartmentalization
in the cytoplasm.60-65 PNIPAAm has a reversible thermo-responsive sol-gel phase transition that
shrinks and swells the gel, allowing for the diffusion of particles inside vesicles to be dynamically
controlled. An attractive feature of PNIPAAm encapsulated in GVs is that unlike ATPS/GVs, the
size of the PNIPAAM phase can be controlled via slight changes in temperature. Figure 1-5
shows the changes in the density of PNIPAAM encapsulated within a GV as a function of
increasing temperature.61 It was calculated that the polymer density in the gel compartment
increased more than 20-fold upon heating, meaning that the diameter of the gel compartment
shrank to less than a third of the vesicle’s diameter without compromising the GV integrity.61 The
same report also showed evidence for the localization of nanoparticles inside the gel
compartment, as well as for the creation of multiple compartments within the same GV (by fusing
together two GVs containing a shrunken PNIPAAm phase). Like ATPS-encapsulated GVs, the
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study of thermo-responsive polymers encapsulated in GVs is still in its infancy, but should
provide valuable information on the dynamic localization of solutes in GVs.

Encapsulation Efficiency within Giant Vesicles:
While the overall goal of the research presented in this thesis is to ultimately create a
cytoplasmic mimic capable of responding to changes in the external environment (Chapter 5), it
was clear from all of the aforementioned studies that there was a need for quantitative
determination of the encapsulation of solutes within GVs. For instance, in their use as
microreactors and artificial cells, quantification of and control over the concentration of
encapsulated solute is of great importance. For example, in a study by Michel et al., formation of
calcium phosphate crystals within the vesicle interior was dependent on enzyme (alkaline
phosphatase) concentration encapsulated within the GV interior.66 In another study by Viallat et
al., it was found that the GV shape when undergoing osmotic shrinkage was dependent on the
encapsulated concentration of an agarose gel.67 Other instances where the encapsulation
efficiency in individual GVs is of great importance are in the encapsulation of aqueous-two phase
systems56,57and poly(N-isopropyl acrylamide) (PNIPAAm)60,61 to mimic the crowded,
heterogeneous, and dynamic intercellular environment of biological cells. Knowing the
encapsulated concentration is also critical when following the progression of a reaction by the
formation of a fluorescent product in the GV interior, such as when RNA synthesis was followed
by the increase in fluorescence intensity of intercalating dye over time (Figure 1-3).6
The majority of studies presenting GVs as biochemical reactors do not directly measure
the concentrations encapsulated – they simply assume that the concentration of solute added
during vesicle formation is homogeneously encapsulated within a batch of vesicles. For example,
if a solution containing 5 µM protein is added to the GVs during formation, it is typically
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assumed that 5 µM protein is encapsulated equally throughout the batch of vesicles. With results
typically presented via fluorescence intensity, there is a possibility for large error if encapsulation
is not homogeneous. Literature for submicron vesicles suggests that many factors control
encapsulation, including membrane composition, vesicle diameter, and solute identity and size –
with the majority of the literature reporting very low fractions of solute encapsulated within a
batch of vesicles.67-79 While there is currently no way to individually monitor encapsulation
efficiency in individual submicron vesicles, these data suggest that large solutes may not be
effectively encapsulated in giant vesicles – and that encapsulation may not be homogeneous.
Chapters 2 – 4 of this thesis describe the factors that dictate the encapsulation of macromolecules
within the vesicle interior – a brief summary of these results is given below.
Solute encapsulation in individual GVs has been determined via confocal fluorescence
microscopy either on intact vesicles or after photolysis.80-82 The spontaneous transfer and
microfluidic methods of vesicle formation allow for control over solute concentration in the
interior in the way that the vesicles are made (i.e. concentration in the aqueous phase is
encapsulated directly into each GV without variation).83-87However, these methods of GV
formation are not widely used, and most report GVs formed via the gentle hydration,81,82,88,89
electroformation,6,90 or rotary evaporation methods.5,91 These GV formation methods, including
dehydration/rehydration46,92 and formation of plasma membrane vesicles,20,93 are described in
more detail in Table 1-1.
Although vesicles are commonly used to model biological processes, the mechanism of
vesicle formation is still not well understood. Figure 1-6 shows a proposed mechanism of vesicle
formation. It has been hypothesized that solute-containing aqueous solution intercalates between
dried lipid layers, forming convex bumps on the surface due to increasing surface area of the
polar lipid headgroups with increasing hydration.94 These bumps encapsulate a solute-containing
aqueous solution, and eventually detach from the surface after which the bilayer ends are sealed
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to form vesicles.94 As will be explained in Chapters 2-4 of this thesis, solutes are not encapsulated
equally within all GVs in the same batch.81-82 Larger macromolecules tend to be encapsulated less
efficiently than those that are smaller - and encapsulated solute concentrations are quite
heterogeneous.81
Chapters 3 and 4 explain that a simple, effective way of increasing the encapsulation
efficiency and encapsulation homogeneity in individual GVs is to add a low weight percent (~3
wt%) of a polymeric co-solute, such as poly(ethylene glycol) (PEG) or dextran to the hydration
solution during GV formation. For example, encapsulation efficiency for a low concentration
(0.24 µM) of fluorescently labeled dextran (molecular weight (MW): 500 kDa) in dilute solution
was reported to be very poor; most GVs encapsulated much less than 0.24 µM, with the average
encapsulation in individual vesicles being just 0.14 µM. However, the addition of just 3 wt %
unlabeled dextran 500 kDa was reported to increase the encapsulation efficiency and
homogeneity so that most of the GVs encapsulated 0.24 µM.82

The large increase in

encapsulation efficiency was due to macromolecular crowding-induced condensation of the
dextran, as shown by dynamic light scattering. Indeed, macromolecular crowding was also found
to have the same effects on other MW dextrans and also increased the encapsulation homogeneity
of lower MW PEGs and carboxyfluorescein. The addition of crowding agents has also been
found to increase encapsulation of biomolecules, such as proteins, enzymes, and nucleic acids,
which is of great importance when using GVs as bioreactors.

Summary and Objectives:
In summary, giant vesicles are often used as model membrane systems and as vessels in
which to mimic biochemical reactions. Their similarity in size and membrane curvature to intact,
biological cells, and their ease of visualization and manipulation make them an attractive choice
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for mimicking cellular biochemistry. Our laboratory typically encapsulates aqueous two-phase
systems (ATPS) within GVs to more closely mimic the cytoplasm – these models provide a way
to test hypotheses of intracellular organization, namely the consequences of macromolecular
crowding and phase separation on biochemical reactions within the cell cytoplasm. While
previous members of our laboratory have shown dynamic control over the interior of these ATPScontaining GVs via slight changes in temperature or osmotic pressure – the overall goal of this
thesis is to take dynamic control to a new level, demonstrating control over the localization of a
protein within the GV interior via an external change in pH – which will be discussed in Chapter
5.
While data confirming the overall goal of this thesis will be explained in Chapter 5,
Chapters 2 – 4 answer fundamental questions about the encapsulation of macromolecules within
GVs. The data presented in these chapters pave the way with information important to the overall
goal, as well as to others using GVs as model bioreactors. Chapter 2 describes the encapsulation
behaviors of dilute (<1 wt%) polymer and free dye solutions within GVs as a function of solute
size, as well as noting the effects of temperature, membrane composition, vesicle size, and
incubation time on encapsulation efficiency in individual GVs. Chapter 3 describes how
macromolecular crowding increases the magnitude and homogeneity of encapsulation of all
polymeric solutes, while Chapter 4 describes the same for biomolecules, such as proteins and
nucleic acids. Chapter 4 also describes the use of macromolecular crowding to improve bulk
encapsulation efficiency within a batch of submicron vesicles, which is important in their use in
industrial settings such as vehicles for drug delivery.
Overall, the work presented within this thesis has the potential to impact and influence
research not only within giant and submicron vesicles, but to the understanding of cell biology as
well. Understanding factors that dictate encapsulation of macromolecules within giant vesicles
will add improved quantification in experiments where they are used as vessels for modeling
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biological reactions, while improving encapsulation in submicron vesicles is important to their
use in industry. In addition, the work with two-phase systems encapsulated in giant vesicles
provides a framework for which the consequences of biomacromolecule microcompartmentation
can be tested – and may lead us to hypotheses ultimately creating a better understanding of the
complex reactions occurring within the cellular interior.
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Figure 1-1: Lipid phase separation in GV membranes. (A) Grayscale fluorescence image (left)
is filtered and thresholded (right). Vesicle has a composition of 1:2 DOPC/DPPC + 30%
Cholesterol; T = 20oC. The scale bar is 40 µm. Image adapted from Cicuta et al. J. Phys. Chem.
B 2007, 111, 3328-3331.19
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Figure 1-2: Proof-of-principle reaction initiated by fusion of two GVs. (A) Schematic of the
fusion of two giant vesicles, one containing fluo-3 dye and the other containing calcium ions
(left). The two GVs are trapped in separate optical tweezers and translated such that their
membranes come into contact. Fusion is initiated by a pulsed UV laser, which disrupts both
membranes at their contact point (middle). The membranes repair spontaneously by forming one
larger GV in which the calcium ions and fluo-3 mix to produce a fluorescent product (right). (B)
The fusion of two GVs, one containing fluo-3 dye and the other containing calcium ions. The
bright field video microscopy images and the fluorescence images were recorded simultaneously
before and after the fusion was initiated (upper and lower images, respectively). The graphs on
the right represent the fluorescence intensity profiles (in arbitrary units) obtained by computing a
line sum of the fluorescence images. The scale is the same on the upper and lower graphs. After
the fusion, the fluorescence increases as a consequence of the reaction in which fluo-3 chelates
the calcium ions. Image taken from Kulin et al. Langmuir 2003, 19, 8206-8210.5
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Figure 1-3: Progression of mRNA synthesis within a GV. (A) a) Transmitted light image of
the vesicle in which the reaction was followed. Sequential fluorescence images of intercalating
dye fluorescence b) 2 min, c) 12 min, d) 21 min, e) 32 min, and f) 38 min after the addition of
nucleotides. The scale bar is 50 microns. (B) Quantitative analysis of the fluorescence intensity.
Filled squares show the kinetics with all the reactants; open squares show the corresponding
experiment without T7 RNA polymerase. Image taken from Fischer et al. ChemBioChem 2002,
3, 409-417.6
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Scheme 1-1: Gentle hydration method of ATPS-encapsulation within GVs. A thin lipid film
is dried to the walls of a test tube. To ensure encapsulation of both polymer phases, the ATPS is
heated to one phase during the swelling process, then cooled after vesicle formation to promote
phase separation. Giant vesicles containing a PEG-rich and dextran-rich phase can be removed
from the ATPS interface and imaged under an optical microscope. Image taken from Long et al.
Proc. Natl. Acad. Sci. USA 2005, 102, 5920-5925.56
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5 oC

21 oC

5 oC
Figure 1-4: Reversibility of protein microcompartmentation in an ATPS/GV. Alexa Fluor
488-tagged protein (lectin SBA) partitions to the dextran-rich phase at 5oC (top), to neither phase
at 21oC (middle), and again to the dextran-rich phase at 5oC (bottom). (left) Transmitted light
(DIC) (the dextran-rich phase is the raised area in the center of the GV), (center) Rhodaminetagged lipid fluorescence, (right) Alexa Fluor 488-tagged protein fluorescence. The scale bar is
10 microns. Image taken from Long et al. Proc. Natl. Acad. Sci. USA 2005, 102, 5920-5925.56
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Figure 1-5: Control of PNIPAAm compartment size in a GV by temperature adjustment
over a range from 27 to 41oC. Image taken from Markstrom et al. Soft Matter 2007, 3, 587595.61
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Table 1-1: Common Methods of Giant Vesicle Formation (part 1 of 2)
Method

Description

Comments

References

Gentle Hydration
(Gentle Swelling)

A thin, dried lipid filma is
rehydrated with a solution
containing the solute(s) to be
encapsulated.

Simple, convenient method that
allows for a variety solutes to be
encapsulated; does not allow
control over range of vesicle
sizes or lamellarity

56, 88, 89

Electroformation

An electrode coated with a
dried lipid film immersed in a
hydrating solution containing
solute(s) to be encapsulated is
exposed to AC electric fields.

Allows greater control over size,
lamellarity; GVs tethered to
electrode are useful for
micromanipulation; requires
optimization of current, voltage,
etc.; limited to low ionicstrength conditions

6, 90

Rotary
Evaporation

A mixture of an aqueous
solution containing solute(s) to
be encapsulated and lipids
dissolved in an organic solvent
is rotary evaporated until all
solvent is removed.

Rapid preparation; requires
watchful eye as solvent boils off;
limited to low ionic-strength
conditions.

5, 91

Dehydration/
Rehydration

Submicron vesicles are dried
to a glass coverslip
(dehydration), then rehydrated
with an aqueous solution that
swells them to more than a
micron in diameter.

Majority of GVs are
interconnected by tethers,
allowing for easy
micromanipulation;
impermeable dyes and larger
solutes can only be encapsulated
by electroinjection

46, 92

Spontaneous
Transfer

Water-in-oil phospholipidcoated microdroplets are
spontaneously transformed
into GVs when passed through
an oil-water interface

Encapsulated concentrations are
easily and repeatably controlled;
physicochemical
characterization not complete

85, 87
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Table 1-1: Common Methods of Giant Vesicle Formation (part 2 of 2)
Method

a

Description

Comments

References

Microfluidics

GVs are formed on a
microchip via extrusion of a
lipid membrane through
micron-sized apertures under
controlled flow rates

Monodisperse, unilamellar GVs
are generated rapidly without the
use of toxic solvents; repeatable
encapsulation of solutes; GV
size tailored via pore size/flow
rate

83, 84, 86

Extraction from
Plasma Membrane

Micron-sized membrane blebsb
are pinched off from or left
attached to the plasma
membrane of a living cell

GV membrane contains protein
and lipids from a natural source;
provides high yields of
unilamellar GVs; encapsulants
must be introduced by
electroinjection

20, 93

typically in a test tube or on a teflon disk; b typically induced by chemical or mechanical stress
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Figure 1-6: A possible schematic representation of the formation of vesicles upon the
hydration of the dry phospholipid film. Solute-containing aqueous solution intercalates
between the dried lipid bilayers, forming convex bumps on the surface due to increasing surface
area of the polar lipid headgroups with increasing hydration. These bumps encapsulate the
solute-containing aqueous solution, and eventually detach from the surface after which the bilayer
ends are sealed to form vesicles. Image taken from Lasic et al. Biochem. J. 1988, 256, 1-11.94

Chapter 2

Polymer Encapsulation within Giant Lipid Vesicles
(Reproduced with permission from Dominak, L. M., Keating, C. D. Langmuir 2007, 23, 71487154. Copyright 2007 American Chemical Society)
Since they were first reported in the 1960s by Bangham and coworkers,1 lipid vesicles
have been the subject of extensive investigation.2-6 Vesicles can be categorized on the basis of
their size and morphology as small unilamellar vesicles (SUV, < 50 nm), large unilamellar
vesicles (LUV, 50–1000 nm), multilamellar vesicles (MLV), or giant vesicles (GV, > 1 µm).2-6
Solute encapsulation by SUV and LUV is of interest for applications ranging from
pharmaceuticals6-16 and cosmetics6,17 to food technology6,18-21. Solute-containing GV have been
used as microreactors and as models in investigations of cell biology and the origin of life;22,23 for
example, protein microcompartmentation,24 exocytosis,25 mRNA synthesis,26 and DNA
transcription27 in GV have been reported.
The ability of SUV, LUV, and MLV to encapsulate solutes has been studied to a greater
extent than for GV, and is generally reported as the proportion of total solute encapsulated, i.e.,
the fraction of all solute molecules that are within vesicles. Indeed, a general strategy for
increasing encapsulation efficiency (EE) is to add more lipid, which increases the number of
vesicles formed and thus the fractional volume encapsulated.28-30 The efficiency of solute
encapsulation can be determined by removal of unencapsulated molecules after vesicle formation,
followed by vesicle lysis and solute quantification.18,20,31,32 Such measurements have shown EE
as low as 0.5% to as high as 99%, with typical values less than 50%.28,29,32-38 This wide range
reflects the sensitivity of encapsulation to properties of both the solute and the vesicles, and
underscores the importance of experimentally determining EE for a given solute and vesicle
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preparation. Comparison of encapsulation abilities for different preparations is facilitated by
taking the lipid concentration into account; although increasing total lipid concentration leads to
more encapsulated solute, the ratio of encapsulated solute to lipid actually decreases with
increasing lipid concentration.20,28,32,33,37 In this chapter, we use the terminology bulk
encapsulation efficiency (BEE) to refer to solute fraction encapsulated by a population of
vesicles, regardless of the measurement approach used or the units in which it is reported (e.g.,
whether or not lipid concentration is taken into account). Note that BEE provides no information
on encapsulation efficiencies of individual vesicles, nor on the distribution of entrapped solute
concentrations in a population of vesicles.39
Physical and chemical properties of, and interactions between, the lipids and the
molecule(s) to be encapsulated impact BEE.12,18,28,29,32-38 For example, SUV were found to
encapsulate proteins up to 40 kDa with the same efficiency as sucrose; above this, a progressive
decrease in BEE was observed with increasing protein molecular weight.37 The same is true for
LUV with proteins up to 120 kDa.37 Additionally, increasing solution ionic strength decreases
BEE, while increasing the hydration time (amount of time lipids are hydrated before analyzing
vesicles) increases the BEE because more vesicles are able to form in the longer time
frame.12,28,29,37 BEE is also sensitive to lipid concentration (i.e. number of vesicles formed),28,29
vesicle lamellarity (uni- or oligolamellar vesicles give higher BEE), and vesicle size.40,41 Vesicles
between 50 nm and 2 µm in diameter encapsulated solute more effectively than those <50 nm in
diameter. The membrane composition, especially the charge of the lipid headgroups, has also
been reported to have a large influence on BEE, which varies from system to system, and depends
strongly on solute chemical structure. 28-30,42
Giant vesicles (>2 µm, GV) are not generally studied by bulk methods due to limited
stability and differences in typical applications. An exception is Buttino et al., who report 17%
BEE for FITC-dextran in GV later fed to zooplankton.43 GV are amenable to characterization by
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optical microscopy, and hence are often investigated at the single vesicle level. In these
experiments, the concentration of solute within each individual vesicle is important, rather than
the BEE. To our knowledge, the only encapsulation efficiency report for individual GV comes
from Chiu and coworkers, who used single-vesicle photolysis and confocal single-molecule
detection to determine carboxyfluorescein concentrations within individual GV.39
Herein we report on the encapsulation of polyethylene glycol (PEG) and dextran
polymers in GV prepared by gentle hydration. Encapsulation within individual GV was
determined by using confocal fluorescence microscopy to obtain a ratio of the fluorescence
intensity of a free or polymer-bound dye inside and outside an individual GV from an undiluted
batch. An advantage of this method is that one can collect data on many vesicles within a batch
with each image. We describe the influence of various factors on the encapsulation efficiency of
individual GV, including types of molecules to be encapsulated, vesicle size, incubation time, and
membrane composition. We find in general that the concentration of polymers encapsulated
within GV is on average close to the external concentration, but that considerable heterogeneity
from vesicle to vesicle within a batch is observed. High molecular weight dextrans are
encapsulated much less efficiently than smaller dextrans, PEGs, and carboxyfluorescein. These
results are important in our work on microcompartmentation, in which polymer-containing
aqueous two-phase systems are encapsulated within GV,24,44 and also more broadly to researchers
modeling cellular processes by encapsulating polymers and proteins or enzymes in GV.12,26,27,45
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Experimental

Materials:
L-α-phosphatidylcholine (Egg PC), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1glycerol)](sodium salt) (DOPG), 1,2-dioleolyl-sn-glycero-3(phosphoethanolamine-N-lissamine
rhodamine b sulfonyl)(ammonium salt) (rhodamine-DOPE), 1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000](sodium salt) (DOPE-PEG 2 kDa),
and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased as CHCl3 solutions from
Avanti Polar Lipids, Inc. (Alabaster, AL). Fluorescein isothiocyanate (FITC) - dextran 4 kDa,
FITC - dextran 500 kDa, and FITC - dextran 2,000 kDa were obtained from Sigma Chemical Co.
(St. Louis, MO). Carboxyfluorescein (CF) and Alexa Fluor 488 were purchased from Molecular
Probes, Inc. (Eugene, OR). Amino poly(ethylene glycol) (PEG) 5 kDa, amino PEG 10 kDa, and
amino PEG 20 kDa were purchased from Nektar Therapeutics (Huntsville, AL). Water used in
these experiments was deionized to a resistance of 18 MΩ with a NANOpure Diamond water
system from Barnstead Int. (Dubuque, IA).

Preparation of Giant Lipid Vesicles:
We used the gentle hydration method to form lipid vesicles, as previously described.24,46
In a typical procedure, we first prepared a chloroform solution of lipids containing a 3:7 molar
ratio of Egg PC:DOPG at a concentration of 0.26 mg/mL with 0.05 mole % rhodamine-DOPE.
Other preparations included a lipid solution containing a 9:1 molar ratio of Egg PC:DOPG at 0.25
mg/mL with 0.05 mole % rhodamine-DOPE, 44:1 DOPC:DOPE-PEG 2 kDa at 0.34 mg/mL with
0.04 mole % rhodamine-DOPE, and 22:1 DOPC:DOPE-PEG 2 kDa at 0.18 mg/mL with 0.07
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mole % rhodamine-DOPE. In a 10 x 75 mm test tube (Durex borosilicate glass, VWR Int., West
Chester, PA), we added one of the above lipid solutions and dried it under Ar (g) to form a thin,
uniform lipid film and then the vials were vacuum desiccated for ~2 hours to remove any residual
organic solvent. Prior to the addition of the aqueous polymer/dye solutions, the lipid film was
pre-hydrated by blowing Ar (g) saturated with water over the film surface for 1 min. Then, an
aqueous polymer/dye solution heated to 50oC was added along the wall of the tube, and the lipids
were hydrated from 24-72 hours at this temperature. Some solutions were transferred from their
original vials (containing lipid film) to clean vials (with no lipid film) after one night of
incubation to determine whether vesicles that form initially encapsulate more than vesicles that
form later in time. Following incubation, the solutions were left to cool to room temperature.
The contents of the vials, which remained undiluted, were removed with a micropipette and
transferred to a microscope slide for analysis.
Table 2-1 details the solutes encapsulated and the concentrations used during vesicle
formation. Weight percents of dye-labeled solute included during vesicle preparation were in
general 1-8 x 10-2 (w/w) % for the polymers, and 1.0 x 10-3 for the CF (lower dextran, and higher
PEG, concentrations were also used where noted in the text). Solute concentrations were in the
tens of micromolar range for the PEGs and CF, and lower for the larger dextran polymers due to
difficulties in preparing vesicles in concentrated solutions of these polymers. Molarities for the
polymers, especially the larger dextrans, are estimates based on average molecular weights
provided by the vendor; these samples contain a distribution of molecular weights.
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Microscopy:
Sample chambers were constructed by placing a 20 x 5 mm silicon spacer (Molecular
Probes) onto a microscope slide. An aliquot of the undiluted vesicle solution was pipetted into
the sample chamber, which was then sealed with a coverslip and left to sit coverslip-down for at
least 10 minutes before analysis on the inverted microscope. Imaging was performed using an
LSM-5 Pascal Laser Scanning confocal Microscope from Carl Zeiss, Inc. (Oberkochen,
Germany) with a Plan-Apochromat 63x oil immersion objective (1.4 NA), and Pascal software.
CF, FITC, and Alexa Fluor 488 were excited at 488 nm, while the rhodamine-DOPE was excited
at 543 nm. PMT integration time was 980 ms and no binning was used. The aforementioned
image acquisition conditions were utilized for all experiments presented in this chapter, including
the calibration curves. The diameter of each vesicle was measured and a line profile was taken to
calculate the intensity ratio (intensity of fluorophore inside the vesicle / intensity of fluorophore
outside the vesicle) of each vesicle, which is directly proportional to the encapsulation efficiency.
Intensity ratios were calculated only for uni- or oligolamellar GV > 3 µm in diameter where both
interior and exterior intensities could be readily determined (i.e., vesicles in aggregates were
excluded).

Results and Discussion

Determination of the Encapsulation Efficiency within Individual GV (EEind):
Figure 2-1 shows a representative confocal fluorescence image of Egg PC/DOPG GV
formed by the gentle hydration method46 in the presence of 115 µM Alexa Fluor 488 – PEG 20
kDa. Rhodamine-DOPE was included for visualization of the GV membranes. Fluorescence
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from the dye-labeled PEG 20 kDa can be seen both inside and outside the vesicles, but the
intensity varies from GV to GV, with some vesicles darker and some brighter than the external
solution (Figure 2-1A). Encapsulation efficiency within individual GV (EEind) was quantified by
ratioing the fluorescence intensity inside each vesicle (Ii) to that in the external solution (Io) via a
confocal fluorescence line scan (Figure 2-1B). Background counts measured in the absence of
any fluorescent dye (30 counts) were subtracted from both Ii and Io prior to ratioing. The
concentration of the bulk solution (Co) was the same as the initial concentration, based on
calibration curves (Figures 2-2, 2-3, and 2-4). Thus, it was possible to estimate the
concentration inside individual vesicles (Ci). For the lipid concentrations used here, if 100% of
the lipid went to forming 30 micron unilamellar vesicles (a significant overestimation, since we
also observe multilamellar vesicles, nonvesicular lipid material, and many vesicles smaller than
10 microns in these samples), only 0.004% of the total volume would be encapsulated.47 Since
this is a small fraction of Co, and since only vesicles encapsulating concentrations different from
the external solution would alter the concentration remaining in the bulk, it is not surprising that
Co is equal to the concentration added during formation. Ii/Io was 0.024, 1.01, and 1.15 for the
three vesicles highlighted in Figure 2-1B; corresponding to internal concentrations (Ci) of
approximately 2.8, 116, and 132 µM, based on a calibration curve for PEG 20 kDa.
Quantification of EEind for vesicles formed in the presence of ~20 µM PEG 5, 10 or 20
kDa is shown in Figure 2-5. A vertical line is included at Ii/Io = 1.0 to visually distinguish
vesicles brighter than vs. darker than the external solution. Only uni- or oligolamellar GV (i.e. no
obvious multilamellarity apparent in the rhodamine-labeled lipid image) greater than 3 µm in
diameter were included in the analysis; most vesicles were between 10 and 30 µm. Polymer
encapsulation varied widely from vesicle to vesicle within the batch, ranging from 54% (11 µM)
to 188% (38 µM) in the 5 kDa PEG sample; similar ranges were observed for the other two
PEGs. Some distribution in experimental EEind is expected due to noise in the confocal images,
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particularly for dim and/or pixelated images. This effect can be reduced by selecting imaging
conditions for high-quality images (e.g., use sufficient dye, and select laser intensity and
integration time appropriately). Direct inspection of images (e.g. Figure 2-1A) is important in
judging whether heterogeneity in calculated EEind results from actual vesicle-to-vesicle variations
or simply imaging noise; it is clear from Figure 2-1A that the wide distribution of EEind observed
here is representative of the GV contents and not due to noise.
Surprisingly, the majority of vesicles had Ii/Io ratios greater than –and statistically
different from– 1.0, and mean internal PEG concentrations slightly higher than the initial PEG
concentration (i.e. during formation); mean EEind were 111, 104, and 103% for PEG 5, 10, and 20
kDa, respectively. The slight difference in the EEind observed for PEG 5 kDa versus PEG 10 and
20 kDa was also found to be statistically significant. EEind greater than or equal to 100% were
unexpected since most of the LUV and SUV encapsulation literature reports very low overall
encapsulation efficiencies (BEE) for a variety of solutes. A recent study by Chiu and coworkers
–to our knowledge the only other report of individual GV EEs– reported EEind for
carboxyfluorescein (CF) that were also heterogeneous, but much lower than those seen here
(between 0.76-68%).39 Chiu has also reported heterogeneity in both CF encapsulation and proton
permeabilities for populations of individual vesicles ~100 nm in diameter. 48
Over the range of molecular weights tested (PEG 5 kDa, with hydrodynamic radius of 2.3
nm, PEG 10 kDa, 3.6 nm, and PEG 20 kDa, 4.9 nm),49 mean EEind was highest for the smallest
solute, however the size of the PEG polymers did not greatly impact encapsulation. For all three
molecular weights, we observed substantial variability from vesicle to vesicle within a batch, and
high average EEind, such that most of the encapsulated concentrations were greater than the
external concentration. Although we do not see evidence of PEG localization at the membrane
surface in the fluorescence images (Figure 2-1A), PEGs are known to interact with lipid bilayer
membranes,50-52 which could influence the encapsulation of these polymers. PEG can also impact
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water structure, and is known to compete with phospholipid membranes for hydration. 51, 52
Finally, PEG can modify membrane permeability, which may lead to a higher EE.50

Effect of Solute Identity and Size on EEind:
To determine whether the high EEind observed above were unique to PEGs, we next
encapsulated dextran 4 kDa. Confocal images and EEind histograms (Figure 2-6, left, and top
panel Figure 2-7) show that the 4 kDa dextran is encapsulated with similar efficiency as the PEG
polymers (Figure 2-5). Mean EEind for this sample was 106%, or 198 µM internal concentration
as compared to an initial solute concentration of 187 µM. Individual values ranged from 50% (94
µM) to 144% (270 µM). These data indicate that the high EEind observed in Figure 2-5 is not
unique to PEG polymers, and argue against the importance of any specific lipid-polymer
interactions in determining EEind for these GV. We also encapsulated much larger dextrans (500
and 2,000 kDa); images and histograms are shown in the righthand panels of Figure 2-6 and
lower panels of Figure 2-7. Substantially lower EEind for dextran 500 and 2,000 kDa as
compared to 4 kDa is clear both in the images and in the histograms.
GV to GV variability in EEind for the larger dextran samples was even greater than for the
smaller dextran and PEGs. Mean EEind were only ~60% for both 500 and 2,000 kDa, with
individual vesicles ranging in both cases from ~10% to ~130%. This corresponded to average
internal concentrations of 0.14 and 0.049 µM for 500 kDa and 2,000 kDa dextrans, which were
externally present at 0.24 and 0.080 µM, respectively. While the majority of individual GV had Ii
> Io (and Ci > Co) for 4 kDa dextran, the majority of GV for the larger dextrans had Ii < Io (and Ci
< Co), with very few Ii > Io. We note that lower solute concentrations were used in these
experiments as compared to the PEGs and dextran 4 kDa due to difficulties preparing GV in
higher concentration solutions of the 500 and 2,000 kDa dextrans (polymer weight percents were
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1-8 x 10-2 w/w% for all of the polymers in Figures 2-5 and Figures 2-7). The lower EEind for
high MW dextrans is consistent with a dependence on the size of the encapsulated molecule, as
seen in the BEE literature. Dextran 4, 500, and 2,000 kDa have hydrodynamic radii of 1.45, 14
and 27.5 nm, respectively.49 It has been reported that in small unilamellar vesicles, proteins less
than 40 kDa could be encapsulated with the same efficiency as sucrose, whereas those greater
than 40 kDa showed a progressive decrease in BEE.37 In another study with large unilamellar
vesicles, proteins up to 120 kDa showed identical BEE as sucrose, while larger proteins showed a
decrease in BEE.37 Since even a 100 nm diameter vesicle can in principle easily contain a 40 kDa
protein (ovalbumin, at 43 kDa, has a hydrodynamic radius of only ~2.9 nm),53the size limitation
presumably depends not on the final size of the vesicles, but rather on accessibility to the internal
volume during vesicle formation. We hypothesize that the larger dextrans are unable to
intercalate as effectively as the smaller polymers into the lipid lamellae during hydration to form
vesicles, and are therefore less efficiently encapsulated. The observation of bimodal distribution
of EEind in the histograms for these high MW dextrans (Figure 2-7) may correspond to GV
originating from lamella at different depths in the lipid film, with innermost layers producing
darker GV. It is also possible that the bimodal distribution is due to these samples having a
distribution of molecular weights, with the lower end of the distribution encapsulating more
efficiently than the higher end.

Control Experiments:
To investigate how the EEind we observed for the few-nm scale polymers (PEG 5 to 20
kDa, dextran 4 kDa) compared to small molecule encapsulations, we also tested
carboxyfluorescein (CF). A representative confocal fluorescence image and Ii/Io quantification are
shown in Figure 2-8; EEind similar to those for the PEG and smaller dextran polymers were
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observed (mean EEind = 104%, with individual values ranging from 23 to 149%). Unlike the
neutral PEG and dextran polymers, CF is negatively charged; this did not impact its encapsulation
by the negatively-charged 3:7 Egg PC:DOPG vesicle membranes. These data further indicate
the generality of both the high average EEind and the large vesicle-to-vesicle variability observed
for the PEGs and dextran 4kDa.
Some BEE studies have reported that CF self-quenches when encapsulated in
vesicles,19,40,54-56 making it appear by bulk fluorescence methods that less is encapsulated than
actually is. We hypothesized that if self-quenching was affecting our experiments –which differ
in that the external CF or dye-labeled polymer has not been removed prior to analysis– we might
expect to see the opposite effect, and overestimate the internalized solute concentration (i.e., we
might observe Ii > Io for Ci < Co, due to greater self-quenching in the more concentrated external
bulk solution). In order to test this possibility, we varied the initial concentration of dye-labeled
polymers added to the lipid hydrating solution. If Ii > Io because Ci < Co, causing self-quenching
of the bulk solution, then lowering the initial concentration should increase Io while keeping Ii
nearly the same, decreasing the apparent EEind (because of less self-quenching in the bulk
solution), and raising the initial concentration should decrease Io while keeping Ii nearly the same,
increasing the apparent EEind (because of more self-quenching in the bulk solution). To test for
this possibility, we varied the initial solute concentrations (Co) for dextrans 4 and 500 kDa
(Figure 2-9) and PEG 20 kDa (data not shown), and saw no relationship between EEind and
solute concentration. The absence of a trend towards higher or lower Ii/Io with changing
concentration, suggests that neither self-quenching nor solute concentration impacted our EEind
results. Our calibration curves generated on the confocal microscope for correlation of Ci and Co
with Ii and Io also indicate that self-quenching is not significant for the concentration range used
here. The calibrations are linear throughout and above the experimental concentration ranges
(Figures 2-2, 2-3, and 2-4).
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Other possible explanations for the unexpectedly high EEind included the possibility that
dye-labeled polymer was adsorbing to the glass vial, lowering Co after GV formation. This
seemed unlikely since similar results were observed for PEGs, small dextrans, and CF, which
have very different chemistries. To further evaluate this possibility we performed a calculation of
the change in Co expected if a monolayer of the CF molecules formed on the glass surface. CF
was used in the calculation because it is the smallest of the encapsulated molecules, and therefore
formation of a CF monolayer would remove more molecules from the solution than for the
polymers. For initial CF concentrations of 26.6 µM in either 0.20 or 1.00 mL volumes, the
decrease in CF concentration expected upon formation of a full monolayer of CF on the glass
would result in a measurable change in CF concentration (i.e., EEind could be overestimated by
14% or 8% for a 0.20 or 1.00 mL preparation, respectively). An analogous calculation for PEG
20 kDa indicates that PEG monolayer formation would lead to no measurable difference in PEG
20 kDa concentration or EEind determination for either preparation volume. No evidence of CF or
polymer adhesion to the glass could be detected by fluorescence spectroscopy (data not shown),
and no increase in EEind values was observed for GV prepared in 0.20 vs. 1.00 mL volumes,
indicating that solute loss to container walls did not significantly impact our EEind determinations
(Figure 2-10).

Effect of the Membrane Composition:
GV formed by the gentle hydration method used here are generally prepared at 50oC with
some fraction of the lipids having either charged or polymeric headgroups, which are thought to
aid separation of the lipid lamella during formation via electrostatic or steric repulsions,
respectively. 57-59The data presented above was for GV with a 3:7 mole ratio of Egg PC:DOPG.
Since BEE for SUV and LUV is highly dependent on the interaction between the solute and
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vesicle membrane components,28,42 we investigated the effect of membrane composition on GV
EEind. When CF or labeled PEG 5 kDa were encapsulated in GV having lipid compositions of 9:1
(as compared with 3:7) Egg PC:DOPG, the less negatively charged 9:1 membrane gave more GV
having EEind <1.0 (Figure 2-11 and Figure 2-12). Since this effect, which was statistically
significant, was observed for both the neutral and the negatively charged solutes, we hypothesize
that the higher encapsulation efficiencies for the more negatively-charged 3:7 ratio arise not from
solute-lipid headgroup interactions, but rather from improved inter-lamellar repulsions during
liposome formation, enabling greater solute encapsulation. We observed a higher yield of larger,
unilamellar GV in the 3:7 samples than the 9:1 samples. When vesicles were formed with
PEGylated lipids rather than the negatively-charged DOPG (lipid compositions 44:1
DOPC:DOPE- PEG 2 kDa), we also saw many large unilamellar GV with EEind for CF similar to
the 3:7 Egg PC:DOPG lipid composition (Figure 2-11). This is most likely because the
PEGylated lipids, like the negatively charged membrane, improve separation in lipid lamella
during formation, promoting greater solute encapsulation.

Effect of the Incubation Time and Temperature:
For experiments in this paper, in order to collect larger GV populations we report
combined EEind values from GV sampled after 24, 48, and where noted 72 hours, usually stored
in the same vial but sometimes moved to a new vial after the first 24 hours. The BEE literature
suggests that internal solutes can be lost from SUV or LUV as the vesicles age.19,28,36 To test
whether solute leakage was important in our GV samples, we compared Ii/Io for GV samples as a
function of incubation time prior to analysis. Samples analyzed after 24, 48, and 72 hours of
incubation at 50oC in vials containing the original lipid film showed a slight statistically
significant decrease in EEind (Figure 2-13). The population of GV with EEind < 1.0 increased, and
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of EEind > 1.0 decreased, as time progressed. However, when the samples were transferred from
the vials containing the original lipid film to clean vials after day 1, the EEind remained essentially
constant. The retention of high EEind over time in the GV moved into clean vials rules out solute
leakage as the cause of lower EEind vesicles in the samples left in the original vials (which contain
the lipid films). Together, these data indicate that solute leakage is not significant in GV, and
suggest that EEind for GV formed earlier during the hydration process may be somewhat greater
than for GV formed later. Since the external concentration of solute has not changed between the
time when the first and last vesicles form, any differences in EEind must arise from differences in
the hydration of later-forming vesicles from the lipid film, perhaps due to changes in lipid
packing for the upper vs. lower portions of the lipid film.
All of the GV data described thus far was acquired for GV formed with 50oC incubation.
To determine whether incubation temperature was important in solute encapsulation efficiency,
we prepared GV at 4oC. The mean EEind for the GV prepared at 4oC was not statistically different
from that of vesicles prepared at 50oC. (Figure 2-14).

Effect of the Vesicle Size:
Chiu and coworkers report a linear relationship between CF EEind and vesicle size for
oligolamellar and multilamellar GV with diameters up to 9 µm.39 No clear size dependence is
observable in our EEind data, for which the majority of GV were >10 µm (Figure 2-15). The lack
of vesicle size dependence for GV > 10 µm is reasonable since the internal GV volume is so large
that steric hindrance due to the vesicle walls is not expected to be significant. Even for 1 -10 µm
GV, the much greater size of the vesicle interior as compared with solute molecules argues
against a simple steric argument. However, steric hindrance could play a substantial role during
formation, when lipid lamella bud into vesicles from the lipid film; during this process, solute
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entry could be limited by lipid bilayer “necks” connecting GV to the lipid film.57In one study
encapsulating a 97 kDa protein, small unilamellar vesicles were found to have only half the BEE
as large unilamellar vesicles due a combination of the effects of the bound water layer on the
vesicle’s internal surface and steric hindrance between the protein and the lipids during vesicle
formation.41 Therefore, as the internal GV volume increases, these factors effect the EE less and
less, making them nonexistent for vesicles with diameters greater than 10 µm.

Possible Explanations for a High EEind:
Unexpectedly high EEind for PEGs 5–20 kDa, dextran 4 kDa, and carboxyfluorescein
could not be explained by loss of solute to container walls, photobleaching, or self-filter effects.
Differences in solute concentration inside vs. outside of vesicles should result in changes in GV
volume and/or membrane pore formation to equalize osmotic pressure.56, 60-61However, the solute
concentrations responsible for the intensity differences between internal and external volumes do
not give rise to large differences in osmotic pressure. Vapor phase osmometry measurements of
bulk solutions with solute concentrations equal to those measured inside and outside the GV
showed no measurable difference from the external concentration, indicating that any differences
were less than the standard deviation of our readings (~1.5 mOsm); this was unsurprising due to
the low solute concentrations (Table 2-1). Thus, there is little driving force to equalize the
concentration of solute on both sides of the membranes in these systems. In the absence of other
solutes, the difference between Ci and Co of the dye-labeled solute must give rise to some osmotic
pressure difference, which should act on GV volume to minimize this difference. We hypothesize
that submicroscopic lipid structures (LUVs, SUVs, and/or micelles) contribute to osmotic
pressure, and may do so nonuniformly: i.e., there may be more of these objects outside than
inside the GV, which might explain the EEind > 100%. Additionally, non-specific interactions
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such as hydrogen bonding between the lipids and solute may be occurring during hydration,
leading to increased solute concentration near the lipid lamellae, and consequently higher EEind.

Conclusions
Fluorescence intensity ratioing via confocal microscopy provides a simple means of
determining EEind for multiple GV per image, and when the external solute concentration is
known, of estimating the internal solute molarity. Our EEind results indicate that while the
concentration of a macromolecular or small molecule solute within individual GV varies quite a
bit from vesicle to vesicle within a batch, the average encapsulated concentration will generally
be close to or slightly above the solute concentration present during vesicle formation. However,
very large solutes such as dextrans 500 and 2,000 kDa were encapsulated with much lower
efficiency.
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Table 2-1: Aqueous Loading Solutions Used in This Study
Solute
carboxyfluorescein
PEGa

MW
376.32 Da
5 kDa
10 kDa
20 kDac

Weight%
Concentration (µ M)
1.0 x 10-3
26.6
-2
1.0 x 10
20.2
2.3 x 10-2
23.0
4.6 x 10-2
23.0
2.3 x 10-1
115
dextranb
4 kDac
7.5 x 10-2
187
4.9 x 10-3
12.3
c
-2
500 kDa
1.2 x 10
0.24
1.9 x 10-3
0.038
2,000 kDa
1.6 x 10-2
0.079
a
Labeled with Alexa Fluor-488. b Labeled with FITC. c Two different encapsulation
concentrations were tested for these polymers.
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Figure 2-1: (A-Top Panel) Alexa Fluor 488 – PEG 20 kDa encapsulated in membranes consisting
of 3:7 Egg PC:DOPG after 48 hours of incubation at 50oC. Red represents Rhodamine
fluorescence, green represents Alexa Fluor 488 fluorescence. (B-Bottom) Fluorescence line
scans of vesicles with fluorescence intensity inside the GV (Ii) < outside the GV (Io), Ii = Io, and Ii
> Io (from top to bottom) and their corresponding intensity curves (on the right). From the
intensity curves, we were able to determine the intensity ratios for each individual vesicle by
dividing the average intensity inside the vesicles (between the two rhodamine peaks) by the
average intensity outside the vesicles (on each side of the rhodamine peaks). The scale bar is 20
µm.
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Figure 2-2: Calibration curve obtained on the confocal microscope for Alexa Fluor 488. The
linearity shows that there is no self-quenching in the concentration range used in these
experiments (between the lines).
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Figure 2-3: Calibration curve obtained on the confocal microscope for FITC. The linearity
shows that there is no self-quenching in the concentration range used in these experiments
(between the lines).
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Figure 2-4: Calibration curve obtained on the confocal microscope for carboxyfluorescein. The
linearity shows that there is no self-quenching in the concentration range used in these
experiments (between the lines).
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Figure 2-5: Histograms of EEind for encapsulation of Alexa Fluor 488 – labeled PEGs 5, 10, and
20 kDa (top to bottom panels). EEind were determined from confocal images taken for GV
aliquots removed after 24, 48, and 72 hr. incubation at 50oC.
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Figure 2-6: Representative confocal fluorescence images of GV prepared in the presence of FITC
– labeled dextrans of several molecular weights: (left) 4, (center) 500, and (right) 2,000 kDa.
Rhodamine-tagged lipid has been included for visualization of the membranes. Scale bar is 20
µm.
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Figure 2-7: Histograms of EEind for encapsulation of FITC – labeled dextrans 4, 500, and 2,000
kDa (top to bottom panels). EEind were determined from confocal images taken for GV aliquots
removed after 24 and 48 hr. incubation at 50oC.
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Figure 2-8: (A) Confocal fluorescence image for carboxyfluorescein encapsulated in GV (3:7 Egg
PC:DOPG) after 48 hours of incubation at 50oC. Red indicates rhodamine-labeled lipid
fluorescence, green indicates carboxyfluorescein fluorescence. (B) Histogram of EEind for
encapsulation of carboxyfluorescein. EEind were determined from confocal images taken for GV
aliquots removed after 24, 48, and 72 hr incubation at 50oC. Scale bar 20 µm.
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Figure 2-9: Effect of solute concentration on EEind for two dextran molecular weights.
Histograms of EEind for encapsulation of FITC – labeled dextrans 4 (left panels), and 500 kDa
(right panels). Solute concentrations are given in each panel. EEind were determined from
confocal images taken for GV aliquots removed after 24 and 48 hr. incubation at 50oC.
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Figure 2-10: Effect of vial size used for vesicle preparation, to test for possible solute loss to
container walls. The smaller vials have greater surface area, and the fact that the intensity ratio
does not decrease for the larger vial preparations indicates negligible solute loss due to
adsorption. EEind were determined from confocal images taken from GV aliquots removed after
24 and 48 hr. incubation at 50oC.
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Figure 2-11: Histograms showing the effect of lipid composition on GV encapsulation of
carboxyfluorescein. Lipid compositions are given in each panel. EEind were determined from
confocal images taken for GV aliquots removed after 24 and 48 hr. incubation at 50oC.
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Figure 2-12: Histograms showing the effect of lipid composition on GV encapsulation of Alexa
Fluor 488 – PEG 5 kDa. Lipid compositions are given in each panel. EEind were determined from
confocal images taken for GV aliquots removed after 24 and 48 hr. incubation at 50oC.

61

Number of Vesicles

6

Day 1

6

Day 1

4

4

2

2

6

Day 2 - same

4

Day 2 - new

3

4

2

2

1
Day 3 - same

6

4

Day 3 - new

3

4

2

Intensity Ratio

1.75

1.5

1.25

1.0

0.75

0.5

0.25

1.75

1.5

1.25

1.0

0
0.75

0

0.5

1

0.25

2

Intensity Ratio

Figure 2-13: Histograms for Alexa Fluor 488 – PEG 5 kDa encapsulation in 3:7 Egg PC:DOPG
GV as a function of hydration time: top to bottom panels indicate 24, 48, and 72 hours at 50oC.
Left: GV left in original vials, which contain the lipid film and hence new vesicles can form.
Right: GV transferred to clean vials lacking the lipid film such that no new vesicles should form.
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Figure 2-14: Plots showing the dependence of EE on the hydration temperature. Membranes
encapsulating Alexa Fluor 488 – PEG 10 kDa consisted of 3:7 Egg PC:DOPG. All data are a
combination of 24 and 48 h at the indicated temperature.
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Figure 2-15: Plots showing the dependence of EEind on the size of the GV. Membranes
encapsulating carboxyfluorescein, Alexa Fluor 488 – PEG 10 kDa, and FITC-dextran 2,000 kDa
consisted of 3:7 Egg PC:DOPG. All data are a combination of 24, 48, and 72 hours at 50oC.

Chapter 3

Macromolecular Crowding Improves Polymer Encapsulation within Giant
Lipid Vesicles
(Reproduced with permission from Dominak, L. M., Keating, C. D. Langmuir 2008, 24, 1356513571. Copyright 2008 American Chemical Society.)
Cell-sized, or “giant” lipid vesicles (GVs, >1 µm) consist of a lipid bilayer membrane
that separates an aqueous interior from an aqueous exterior solution. GVs are increasingly used
not only as models for cellular membranes,1 but also as microreactors2-5 and artificial cells3, 6. The
latter applications require encapsulation of solutes within the GV interior; knowledge of, and
control over, internal solute concentrations is of interest. Relatively few studies have appeared on
encapsulation efficiencies for solutes within GVs.7-11 In contrast, an extensive literature on
encapsulation within submicroscopic vesicles exists due to the economic importance of these
materials in cosmetics12 food formulations12,13 and pharmaceuticals12,14. Differences in the goals
of experiments using GVs vs. submicroscopic vesicles have resulted in very different means of
evaluating encapsulation efficiencies. For submicroscopic vesicles, which are generally used to
deliver or protect a precious solute such as a drug or flavorant, the parameter of interest is the
percentage of total solute encapsulated, which varies as a function of lipid concentration (i.e. total
encapsulated volume) in addition to other factors.15 GVs are primarily used in research, and most
often are individually imaged via optical microscopy.1-11 In these experiments it is most useful to
know the concentration of encapsulated solute within individual vesicles, perhaps as compared
with the external solute concentration.
Solutes can be encapsulated during GV formation by gentle hydration10 or
electroformation1a simply by adding the solute to the aqueous solution in which vesicles are to be
formed. Internal concentrations can then be determined via confocal fluorescence microscopy
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either on intact vesicles 7-10or after photolysis.11 Alternative approaches for controlling interior
solute concentrations include microinjection4,16 and microfluidic8 encapsulation methods. We
recently reported encapsulation efficiencies for polymeric solutes within individual GVs in terms
of the ratio of solute concentration in the interior to exterior of the vesicle (EEind).10 The majority
of GVs had internal concentrations slightly greater than or equal to the bulk solution, however
EEind was very heterogeneous between vesicles in the same batch. Polymers with higher
molecular weights (e.g. dextran 500 and 2,000 kDa) were encapsulated much less efficiently than
lower MW polymers (e.g. PEG 5 kDa) or small molecules (i.e. carboxyfluorescein), presumably
due to differences in solute size17.10
In this chapter, we explore macromolecular crowding as a means of improving
encapsulation within GVs by condensing macromolecular structures. Macromolecular crowding,
or volume exclusion due to the addition of macromolecules,18 is a general method for condensing
polymer structures in solution. The degree of condensation can be substantial. In one study,
addition of dextran decreased the diameter of Sephadex beads by as much as 40%.19 Polymers
can act as crowding agents for their own condensation, with hydrodynamic radii decreasing with
increasing concentration.20-32 Small molecules are ineffective volume excluders and hence do not
induce condensation.20,21,33 Crowding also impacts the structures of biological macromolecules
such as proteins and nucleic acids. For example, genomic DNA was condensed from a micron
size coil to a hundreds of nanometer-sized globule via PEG- induced volume exclusion.34,35
Protein structure also changes due to macromolecular crowding, with addition of inert polymers
leading to a more compact structure and then subsequent aggregation at increasing
concentrations.33,36 Inert polymers can also stabilize proteins in their native structure against
denaturation, and return fully unfolded (denatured) proteins to a more compact state.20,36,37
We determined EEind for fluorescently labeled PEG and dextran polymers encapsulated
within GVs during formation by gentle hydration, as a function of macromolecular crowding
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agent concentration. Unlabeled PEG and dextran polymers were used as crowding agents. EEind
was determined via confocal fluorescence microscopy. We find in general that the addition of
non-fluorescent polymeric co-encapsulants (PEG or dextran) as crowding reagents increases the
overall EEind of high MW fluorescent dextrans. Vesicle-to-vesicle variability is also decreased.
Improvements in encapsulation homogeneity but not mean EEind are also observed for smaller
polymeric solutes (e.g., PEG 20 kDa, dextran 4 kDa), consistent with the combined effect of
solute condensation and increased osmolarity provided by the crowding agents. Macromolecular
crowding is thus an effective and general method for improving both homogeneity and overall
yield of polymer encapsulation within GVs.

Experimental

Materials:
L-α-phosphatidylcholine (egg PC), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1glycerol)](sodium salt) (DOPG), and 1,2-dioleolyl-sn-glycero-3(phosphoethanolamine-Nlissamine rhodamine b sulfonyl)(ammonium salt) (Rhodamine-DOPE) were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL). Fluorescein isothiocyanate (FITC) – labeled and
unlabeled dextrans, poly(ethylene glycol)s (PEGs), glucose, ethylene glycol, and dendrimers
were obtained from Sigma. Polymer MW distributions can vary from lot to lot from the
manufacturer; we therefore used only a single lot number of each polymer in this work. Alexa
Fluor 488 was purchased from Molecular Probes, Inc. (Eugene, OR). Amino PEG 20 kDa was
purchased from Nektar Therapeutics (Huntsville, AL). Water used in these experiments was
deionized to a resistance of 18 MΩ with a NANOpure Diamond water system from Barnstead Int.
(Dubuque, IA).
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Preparation of Giant Lipid Vesicles:
We used the gentle hydration method to form lipid vesicles, as previously described.10,38
We first prepared a chloroform solution of lipids containing a 3:7 molar ratio of egg PC:DOPG at
a concentration of 0.26 mg/mL with 0.05 mole % Rhodamine-DOPE. Lipid solutions were dried
under Ar (g) to form a thin, uniform lipid film and then the vials were vacuum desiccated for ~2
hours to remove any residual organic solvent. Then, an aqueous polymer solution containing
fluorescent PEG or dextran with or without an unlabeled co-encapsulant heated to 50oC was
added along the wall of the tube, and the lipids were hydrated from 24-48 h at this temperature.
Following incubation, the solutions were left to cool to room temperature. The contents of the
vials, which remained undiluted, were removed with a micropipette and transferred to a
microscope slide for analysis.
The concentrations of crowding agents added in this paper are referred to in wt% since
this is the common notation used for crowding agents in the macromolecular crowding literature.
Concentrations for fluorescently-labeled solutes, which are considerably lower than for the
crowding agents, are given as molarities. These molarities are estimates based on average
molecular weights provided by the vendor; these samples contain a distribution of molecular
weights.30,31,39

Determination of Encapsulated Solute Concentrations:
A fluorescence line scan was taken across each vesicle to determine the fluorescence
intensity of the FITC (or Alexa Fluor 488) inside the vesicle (Ii) and in the undiluted bulk solution
(Io, outside the vesicle), as reported previously.10 The concentration of polymer inside (Ci) and
outside (Co) the GV was determined directly from the intensities (Ii, Io) by a calibration curve of
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the labeled polymer free in solution. From the calibration curves it was determined that the bulk
concentration (Co) was equal to the initial concentration used to hydrate the vesicles. A ratio of
Ci/Co was taken to determine the EEind.

Microscopy:
Imaging was performed using an LSM-5 Pascal laser scanning confocal microscope from
Carl Zeiss, Inc. (Oberkochen, Germany) with a Plan-Apochromat 63x oil immersion objective
(1.4 NA), and Pascal software as previously reported.10 Scan time was 1.97 s for a 512 x 512 pixel
image. An average of 93 ± 37 vesicles were analyzed per batch, depending on sample quality.
Only vesicles that were greater than 3 µm in diameter and appeared to be uni- or oligo-lamellar,
were analyzed. Lamellarity was determined by the appearance of the membrane (which was
labeled with rhodamine-DOPE); we did not attempt to distinguish between one vs. a few bilayers,
but rather excluded all GV that were clearly multilamellar.

Light Scattering:
The hydrodynamic radii (rh) of dextran and PEG as a function of concentration were
determined with a light scattering instrument (Malvern Zetasizer Nano S, Malvern Instruments
Ltd., UK) equipped with a 4 mW 633 nm He-Ne laser with a detection angle of 173o to allow for
non-invasive backscatter detection of concentrated solutions.40 The rh reported are based on
volume distributions for unlabeled dextran at 0.1 – 3 wt % and for unlabeled PEG at 0.5 – 3 wt%.
Light scattering measurements were limited to this concentration range since results obtained
with concentrations less than 0.1/0.5 wt% (for dextran and PEG, respectively) were not
reproducible, and measurements at 10 wt% showed evidence of multiple scattering41.
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The rh was obtained by converting the diffusion coefficient (determined via the
Cumulants analysis algorithm in the software) to rh using the Stokes-Einstein equation.40,42,43 Each
measurement was done in triplicate to ensure validity of the data and to obtain a standard
deviation. Because larger particles scatter more efficiently than smaller particles, they can
dominate the distribution and shift the average to a larger radius.31,39,43 We therefore converted the
raw intensity distributions to volume distributions using Mie theory, which takes into account
how much a particle of a certain radius scatters.43
Bulk solution viscosity for each polymer concentration was measured with an Oswald
viscometer in a controlled temperature bath at 25oC, and this value was used to convert diffusion
coefficient to rh using the Stokes-Einstein equation. Dendrimers ranging from 0.5 - 5 nm in rh
were used as controls to support the validity of the instrument at rh less than 5 nm. All
characterization experiments were performed at 25oC.

Results and Discussion
Quantification of interior solute concentrations in lipid vesicles is important for
understanding and improving encapsulation efficiency, studying reactions occurring within the
vesicle interior,2-4 and controlling interior solution properties, e.g., to induce protein crystal
formation44, gelation,45 or aqueous phase separation.46 The relatively large size of GVs (microns
to tens of microns in diameter) makes it possible to quantify internal solute concentrations via
confocal fluorescence microscopy. We recently reported encapsulation efficiencies for dilute
(sub-mM, < 1 wt %) PEG and dextran polymers of varying molecular weight (MW) in GVs using
this approach.10 We found considerable variation in internal solute concentrations for different
individual vesicles within a batch. Mean internal concentrations were similar to the solution
concentrations during GV formation for the lower MW polymers investigated (PEGs 5, 10, and
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20 kDa and dextran 4 kDa), but much lower for high MW polymers (dextran 500 and 2,000
kDa).10 Here, we explore the role of macromolecular crowding caused by high polymer
concentrations on PEG and dextran encapsulation. Crowding was induced by adding more of the
polymeric solute of interest (e.g. unlabeled dextran during FITC-dextran encapsulation) or a
different polymer (e.g., unlabeled PEG during FITC-dextran encapsulation). Throughout this
chapter, we discuss solute concentrations in terms of molarity, and crowding agent concentrations
in terms of weight percent.

Effect of Co-Solutes on Encapsulation Efficiency within Individual GVs (EEind):
Our laboratory often encapsulates PEG 8 kDa and dextran 500 kDa simultaneously to
form aqueous two-phase systems inside GVs.46 To investigate whether the two polymers affected
each others’ encapsulation, we began by holding the concentration of labeled dextran 500 kDa
constant (0.24 µM) and varying the concentration of nonfluorescent PEG 8 kDa in solution
during GV formation by gentle hydration. GVs were imaged without removing them from the
hydration solution, such that the external FITC-dextran concentration remained 0.24 µM (verified
by comparison to calibration curves). Figure 3-1 shows representative confocal fluorescence
images of GVs formed in the presence of FITC-dextran 500 kDa and increasing amounts of PEG
8 kDa (1-20 wt%). In the absence of added PEG, encapsulation efficiency is quite poor, and the
GV interiors appear dark. As PEG concentration is increased, the vesicle interiors become as
bright as the exteriors, indicating improved EEind from 1-10 wt% PEG. At 20 wt% PEG, the
fluorescence becomes punctate, suggesting aggregation of the FITC-dextran 500 kDa.33, 36b, 47
Separate images for the red (Rhodamine-DOPE) and green (FITC-dextran) channels for 0%, 3%,
and 20% PEG 8 kDa can be found in Figure 3-2.
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Figure 3-3 shows histograms of EEind for these vesicle preparations, where EEind is
defined as the concentration ratio between the vesicle interior (Ci) and the external solution (Co)
used during vesicle formation. The concentration ratio (Ci/Co) for each vesicle was plotted
against the number of vesicles at each ratio. A vertical line is included at Ci/Co = 1 to facilitate
comparison to the external FITC-dextran 500 kDa concentration. FITC-dextran 500 kDa
concentration varied quite a bit from vesicle to vesicle within the 0 wt % PEG control batch,
ranging from 0.03 to 0.31 µM (0.12 – 1.30× Co) with a mean of 0.14 µM (0.59× Co). The bimodal
distribution in the controls may be due to the polydispersity of the dextran, which has been
widely noted in the literature.30, 31, 39
Addition of PEG 8 kDa up to 10 wt% led to higher and more homogeneous EEind. At 10
wt% PEG 8 kDa, 96% of the GVs encapsulated internal concentrations between 0.20 – 0.28 µM,
with a mean of 0.23 µM. At 20 wt% PEG, EEind became more heterogeneous, with an
encapsulated concentration range similar to what was observed at only 2% PEG. This reduced
homogeneity of encapsulation at the highest [PEG] presumably reflects the aggregation of FITCdextran 500 kDa that occurs at this concentration (Figure 3-1).
We repeated this experiment using an even larger fluorescent solute, FITC-dextran 2,000
kDa, with similar results (Figure 3-4). Overall, the EEind of FITC-dextran 500 and 2,000 kDa was
improved substantially by addition of PEG 8 kDa co-solute, both in the mean encapsulated
concentration and in the homogeneity of internal concentrations for vesicles within a batch. At
the concentrations used here, PEG 8 kDa is an effective macromolecular crowding agent.35,33,48
Addition of crowding agents, which act as volume excluders, increases the driving force for
molecular condensation and aggregation,49 which is consistent with its effect on encapsulation.
Dextrans are known to adopt condensed structures in crowded solution.19, 27b, 22-24, 30, 31 Addition of
several weight percent PEG 8 kDa presumably resulted in condensation of dextran, which in turn
encapsulated as effectively as much smaller MW dextrans due to its reduced hydrodynamic radii.
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At very high [PEG], the already condensed dextran molecules appear to have aggregated in
response to the increased volume exclusion. We note that phase separation as an alternative
explanation to aggregation at the highest [PEG] cannot be ruled out, however no phase separation
was visible by eye in the bulk (2 mL) samples used to prepare GVs. Regardless, the
improvements in encapsulation were achieved at much lower [PEG], so any aggregation and/or
phase separation can be readily avoided while maintaining the benefits of crowding by addition of
polymeric co-solutes.

Effect of Co-Encapsulated Polymer Identity on EEind:
The increase in EEind value and homogeneity were not unique to PEG 8 kDa; similar
results were observed for FITC-dextran 500 and 2,000 kDa with non-fluorescent PEG 4.6 and 20
kDa (Figure 3-5). If the mechanism for increased encapsulation efficiency is reduction of solute
hydrodynamic radii via macromolecular crowding, then any volume excluding polymer should be
able to increase EEind, even dextran itself. Previously, we varied solute concentration and did not
see an effect on encapsulation, however the concentrations used were quite low and therefore not
effective volume excluders (e.g., 0.04 vs. 0.24 µM FITC-dextran 500 kDa, both well below 1 wt
%).10 Here, we explored the effect of 1 – 20 wt% added nonfluorescent dextran on the
encapsulation of fluorescent dextrans 500 and 2,000 kDa.
Histograms showing EEind for the FITC-dextrans co-encapsulated with increasing
amounts of unlabeled dextran of the same MW are shown in Figure 3-6 (2,000 kDa) and Figure
3-7 (500 kDa). As unlabeled dextran is added from 1 – 3 wt%, the mean EEind and encapsulation
homogeneity increase steadily for both MW dextrans, after which it remains essentially constant
from 3 – 20 wt%. When 3 wt% unlabeled dextran 500 kDa is added, the FITC-dextran 500 kDa
encapsulation increases substantially, with the mean interior concentration rising from 0.14 to
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0.23 µM, as compared to the external concentration of 0.24 µM. Similar improvements in mean
EEind are also seen for FITC-dextran 2,000 kDa. The distribution of EEind within a GV population
also improves considerably in the presence of several wt% dextran.
Table 3-1 compares mean EEind and GV-to-GV variability for encapsulation of labeled
dextrans with and without crowding agents. The improved encapsulation observed when several
wt % PEG or dextran co-solutes are added during GV formation provides a simple route to
improved control over the internal concentrations of macromolecular solutes in GV. We used
light scattering to test the hypothesis that the observed improvement in encapsulation was due to
crowding-induced condensation. Figure 3-8 shows the relationship of hydrodynamic radius and
EEind to crowder concentration for dextrans -500 and -2,000 kDa. There is a strong correlation
between decreased rh and increased EEind as [dextran] increases. The rh for dextran 500 kDa
decreased > 80% when the concentration was increased from 0.1 – 3%, while dextran 2,000 kDa
had >90% decrease in rh over the same concentration range. Extrapolating to infinite dilution
gives rh of 12.5 and 25 nm for dextran 500 and 2,000 kDa, respectively, comparable to the
literature values of ~15 and ~27.5 nm.17
These light scattering data are consistent with our interpretation that increased EEind
results from crowding-induced solute condensation. Additionally, they shed light on the improved
homogeneity of EEind for different GV within a batch, as seen in Figures 3-3, 3-6, 3-7, and Table
3-1. The insets in Figure 3-8 show the distribution of dextran hydrodynamic radii in terms of
volume % vs dextran rh. As more dextran was added (from the right-most peak to the left), the
dextran size distribution both shifted to a smaller rh, and became narrower. This improvement in
dextran size monodispersity could explain the improved homogeneity of encapsulation at these
higher dextran concentrations. Together, these data support the hypothesis that the inclusion of
polymeric co-solutes not only aids in the encapsulation process by decreasing the rh for
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macromolecular solutes to be encapsulated, it also improves the homogeneity of EEind by
decreasing the heterogeneity of solute size distribution.

Improved Homogeneity for Smaller Solutes:
We previously reported that lower MW polymeric solutes (dextran 4 kDa and PEG 8, 10
and 20 kDa) encapsulated efficiently in the absence of macromolecular crowding, however there
was considerable variability in EEind between individual GVs within a batch.10 To test whether
the uniformity of encapsulation for these lower MW polymers could be improved by
macromolecular crowding as it was for the higher MW polymers discussed above, we coencapsulated these polymers under crowding conditions.
FITC-dextran 4 kDa (Co = 186 µM) encapsulated with no added crowding agent had a
mean EEind of 1.02× Co, with 93% of GVs encapsulating internal concentrations between 158 214 µM (i.e. within 15% of Co). When 3 wt% unlabeled PEG 8 kDa was added, the mean EEind
was essentially unchanged, but 100% of the GVs encapsulated internal concentrations between
158 - 214 µM. (Figure 3-9). Improvements in EEind homogeneity were also observed for
encapsulation of labeled PEGs when several wt % dextran 500 or PEG 20 kDa was present
(Figure 3-10). Figure 3-11 shows the average concentration ratio (Ci/Co) for Alexa Fluor 488 –
PEG 20 kDa with increasing amounts of unlabeled PEG 20 kDa. The error bars represent the
standard deviations about the mean EEind. Note that while the mean EEind remains relatively
unchanged in the presence of increased crowders, the narrowing of the error bars upon adding as
little as 1 wt% PEG 20 kDa represents a decrease in heterogeneity in encapsulated concentrations.
Although the PEG rh is much smaller than that of the dextran 500 and 2,000 kDa
polymers described above (~5 nm vs ~15 – 27.5 nm, respectively), 17 a decrease in rh (~60%) and
in heterogeneity is still seen with an increase in concentration (Figures 3-10 and 3-12). The
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trend of decreasing PEG rh with increasing concentration of crowder has been previously reported
in the literature.20,50 Extrapolation to infinite dilution for PEG 20 kDa results in hydrodynamic
radii of 4.5 (~5 nm has been reported in the literature).17
Reducing the heterogeneity in hydrodynamic radius upon condensation explains the
improved encapsulation homogeneity observed for dextrans 500 and 2,000 kDa, which initially
give poor EEind due to large rh. For PEG 20 kDa and dextran 4 kDa, homogeneity increased with
increasing concentration of crowding agent, however the mean EEind was unchanged. This
implies that reduced mean hydrodynamic radius is not always correlated with encapsulation
efficiency. Presumably below a critical size, EEind does not respond to rh. How then to explain
the improved monodispersity of lower MW polymer encapsulation in the presence of PEG or
dextran polymers at several wt %? To understand why the EEind distribution narrows upon
addition of several wt % PEG or dextran, we must revisit the possible reasons for the initial
heterogeneity. It does not depend strongly on solute size for PEG 20 kDa and below.10 Indeed, we
previously reported rather heterogeneous encapsulation of the small molecule, carboxyfluorescein
(CF).10
Possible explanations for the heterogeneity in EEind of small solutes (e.g., CF) include:
(1) the fluorescent solute balances osmotic pressure due to other, unintentional solutes (e.g.
submicroscopic lipid assemblies, ionic or molecular impurities) that are not equally distributed
among the vesicles, (2) it persists from the GV formation process, during which time variations in
the local structure of the lipid lamella may have facilitated or hindered solute encapsulation
within different vesicles. Neither of these possible causes of heterogeneity would be expected to
respond to macromolecular crowding. Polymeric co-solutes such as PEG or dextran not only act
as crowding agents, they also increase the viscosity and osmotic pressure of the solutions.
Increased viscosity could improve EEind homogeneity by facilitating pore formation in the lipid
bilayer, allowing solutes to equilibrate.51 Increased total solute concentration could act as an
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“osmotic pressure buffer,” reducing the impact of a low concentration of submicroscopic lipid
structures or other unintentional solutes. The observed differences in EEind are associated with
very slight differences in osmotic pressures (too small to measure on our vapor phase
osmometer). Indeed, large differences in osmotic pressure between the GV interior and the
external solution cannot be maintained; vesicles would change size and/or open pores to equalize
the pressure.52
We explored the possibility of an osmotic pressure buffer by adding glucose or ethylene
glycol as co-solutes during encapsulation of FITC-dextrans (4 and 2,000 kDa). These monomeric
co-solutes had essentially no impact on mean EEind (Figure 3-13), nor on hydrodynamic radii for
the dextran, verifying that the PEG and dextran co-solutes indeed functioned as crowding agents
as described above. Interestingly, the glucose and ethylene glycol co-solutes did somewhat
narrow the EEind range for FITC-dextran 4 kDa (Figure 3-14), consistent with the osmotic
pressure explanation introduced above. The EEind range for the FITC-dextran 2,000 kDa was not
narrowed by glucose or ethylene glycol. This is understandable since unlike the smaller solutes,
the high MW dextran is initially nonuniformly encapsulated due to its large and heterogeneous rh
to a much greater extent than to osmotic pressure effects. In summary, when co-solutes capable of
crowding were used (e.g., PEG or dextran), mean EEind was increased due to solute condensation,
which along with the added osmotic pressure from the co-solutes served to narrow the EEind.
When co-solutes such as ethylene glycol and glucose –not effective crowders– were used, only
the osmotic pressure mechanism was operative, somewhat narrowing the range of EEind for wellencapsulated solutes but not improving the mean EEind.
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Effect of Co-Encapsulant Addition on GV Number and Diameter:
As shown in this chapter, the addition of polymeric co-encapsulants is a simple way to
improve encapsulation and homogeneity in a batch of vesicles. Since it has been reported that
additives, such as high salt concentrations, can prevent GV formation,53,54 we paid close attention
to the way our polymeric co-encapsulants affected the number and diameter of GVs in a single
batch. We found that in all cases, the addition of increasing weight percents (especially 10 & 20
wt%) of either PEG or dextran produced fewer GVs (Figure 3-15). Average diameters for GVs
encapsulating FITC-dextrans 500 and 2,000 kDa with PEG 8 kDa as a co-encapsulant ranged
between 16 – 19 µm for the control (0 wt% PEG added) through 20 wt% PEG added. When
dextran 500 or 2,000 kDa was included during GV formation, the average diameters ranged from
13 – 19 µm for 0 – 3 wt%, but decreased to 6 – 10 µm with 10 – 20 wt% dextran. The decrease in
average diameter when these high dextran concentrations were added is possibly due to increased
viscosity. The addition of just 3 wt% provides essentially the full benefit of crowding agent,
while minimizing impact on GV formation or diameter. Thus, we suggest ~3 wt% added PEG or
dextran crowding agent for improving the encapsulation efficiency and heterogeneity of solute
encapsulation in GVs.

Conclusions
Our results indicate that the addition of polymeric co-encapsulants as macromolecular
crowding agents can substantially increase both EEind and encapsulation homogeneity for
otherwise poorly encapsulated macromolecules. Even for lower MW polymers that encapsulate
efficiently alone, addition of a crowding co-encapsulant improves homogeneity. Light scattering
data indicate that the reason for the increased EEind and homogeneity is due to the decrease in
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solute (e.g., dextran) hydrodynamic radius with an increase in concentration of crowding agent.
Although even the uncondensed forms of these polymeric solutes are clearly small enough to be
accommodated in the GV interior, encapsulation requires diffusion between the lipid lamella
during GV hydration. Thus, we hypothesize that the condensed polymers are more effectively
encapsulated during vesicle formation due to their increased access to the inter-lamellar space.
This is consistent with the observation that lower MW polymers are in general more effectively
encapsulated than higher MW counterparts.10,55
Importantly, the mechanism for increased EEind is general, such that crowding agents
need not be varied with the identity of the solute. This is in contrast to conventional means of
condensing DNA for encapsulation, which rely on cationic or polycationic reagents for
electrostatic condensation.34d, 56 We anticipate that the work reported here will be helpful for
researchers encapsulating any macromolecule in GVs. In our own work, PEG and dextran
polymers are commonly co-encapsulated to form aqueous two-phase systems (ATPS) within the
vesicles.46 The fact that several weight percent PEG or dextran can effectively condense and
improve encapsulation for either polymer helps explain why our encapsulated ATPS follow bulk
phase diagrams as well as they do; their internal PEG and dextran concentrations are quite close
to those in the external solution.
Our success in increasing encapsulation efficiency for high MW dextrans in GVs
suggests that macromolecular crowding might also be effective as a general method for
increasing macromolecule encapsulation within submicroscopic vesicles. This would be exciting
both because submicroscopic vesicles have myriad commercial or potentially commercial
applications and because the crowding approach is compatible with other encapsulation
maximization methods currently in use. For example, nucleic acids are generally condensed
using cationic ions or cationic polymers. In the presence of volume excluders such as PEG or
dextran, less cation/polycation is required for condensation.57 Reduced use of cationic condensing
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agents would improve the versatility of the approach, and might facilitate decondensation after
the nucleic acids have been delivered to their biological target. Experiments to validate
crowding-induced condensation for biomacromolecule encapsulation in GVs and to explore the
effect of crowding agents on encapsulation in submicroscopic vesicles are explained in Chapter 4.
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Figure 3-1. FITC-dextran 500 kDa (0.24 µM) and increasing amounts of PEG 8 kDa
encapsulated in membranes consisting of 3:7 egg PC:DOPG with 0.05 mole % RhodamineDOPE. Red represents Rhodamine fluorescence, and green represents FITC fluorescence. The
scale bar is 20 µm.
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Figure 3-2. Red (Rhodamine-DOPE) and green (FITC-dextran) channels from overlaid data in
Figure 3-1. From top to bottom: FITC-dextran 500 kDa control, with 3% PEG 8 kDa added,
with 20% PEG 8 kDa added. The scale bar is 20 microns.
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Figure 3-3. Histograms of the concentration ratio (Ci/Co) for encapsulation of FITC-dextran 500
kDa in individual GVs with increasing amounts of PEG 8 kDa (Co = 0.24 µM).
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Figure 3-4. Histograms of the concentration ratio (Ci/Co) for encapsulation of 0.082 µM (Co)
FITC-dextran 2,000 kDa with increasing amounts of PEG 8 kDa (top to bottom, left to right
panels) in individual GVs (EEind).
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Figure 3-5. Plots of average concentration ratio (Ci/Co) vs wt% PEG (molecular weights 4.6, 8,
and 20 kDa). Left – FITC-dextran 500 kDa (0.24 µM), Right – FITC-dextran 2000 kDa (0.082
µM).
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Figure 3-6. Histograms of the concentration ratio (Ci/Co) for encapsulation of 0.082 µM (Co)
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Figure 3-7. Histograms of the concentration ratio (Ci/Co) for encapsulation of 0.24 µM (Co)
FITC-dextran 500 kDa in individual GVs with increasing amounts of unlabeled dextran 500 kDa.

92

Table 3-1: Effect of crowding agents on encapsulation of dextrans in giant vesicles.
Solute (concentration)

Crowding
agent

Mean EEind
(Ci/Co)

FITC-dextran 500 kDa
(0.24 µM)

% GVs w/
Ci = Co ±
15%

0.20-0.28 µM
none
3% PEGa
10% PEGa
3% dextranb
10% dextranb

FITC-dextran 2,000 kDa
(0.082 µM)

Co ± 15%d

0.59
0.98
0.97
0.97
1.03

˝
˝
˝
˝
˝

27
95
96
90
96

0.070-0.094 µM

none
0.44
˝
5
3% PEGa
0.79
˝
47
a
10% PEG
1.01
˝
83
3% dextranc
0.98
˝
85
10% dextranc
1.08
˝
79
a
8 kDa; b 500 kDa; c 2,000 kDa; d ±15% is used here to compare encapsulation homogeneity.
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Figure 3-8. (solid lines/circles) Average concentration ratios (Ci/Co) for dextrans 500 kDa (Co =
0.24 µM) (top panel) and 2,000 kDa (Co = 0.082 µM) (bottom panel) with increasing amounts of
dextran 500 kDa and 2,000 kDa, respectively. (dashed lines/squares) Dextran hydrodynamic
radius (rh) as a function of increasing concentrations of dextran. Error bars for Ci/Co represent
95% confidence intervals, and those for (rh) are the standard deviation of at least 3 measurements.
Insets: Volume distribution of dextran radii as a function of increasing amounts of dextran.
From the right-most peak to the left-most represents 0.1, 0.5, 1.0, 2.0, and 3.0 wt% dextran added.
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95% confidence intervals.

99

25
20
dextran
25
2,000 kDa

20
10

5

5
+ 3%
glucose

+ 3%
glucose

16
12

10

8

5

4

0.25
0.5
0.75
1.0
1.25
1.5
1.75

15

0.25
0.5
0.75
1.0
1.25
1.5
1.75

Number of Vesicles

Number of Vesicles

10

Concentration Ratio

Concentration Ratio

Number of Vesicles

15

15

10

10

5

20

5
+ 3%
glucose

+ 3%
glucose

16

15

12

10

8

5

4

0.25
0.5
0.75
1.0
1.25
1.5
1.75

dextran
4 kDa

15

20

20

0.25
0.5
0.75
1.0
1.25
1.5
1.75

20

dextran
25
2,000 kDa

15

Number of Vesicles

25

dextran
4 kDa

Concentration Ratio

Concentration Ratio

Figure 3-14. Histograms of the concentration ratio (Ci/Co) for encapsulation of 186 µM (Co)
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Figure 3-15. Typical images for FITC-dextran 2,000 kDa with increasing amounts of unlabeled
dextran 2,000 kDa (top) and PEG 8 kDa (bottom). From left to right: control (0.082 µM FITCdextran 2,000 kDa), with 3 wt%, and with 20 wt% unlabeled dextran 2,000 kDa (top)/PEG 8 kDa
(bottom) added. The scale bars are 20 µm.

Chapter 4

Macromolecular Crowding Improves Solute Encapsulation in Giant and
Submicron Lipid Vesicles
(Dominak, L.M.; Omiatek, D. M.a; Gundermann, E. L.b; Heien, M. L.; Ewing, A. G.;
Keating, C.D. Manuscript in preparation)
a

D. M. Omiatek is a graduate student in the Heien/Ewing lab who prepared the submicron lipid
vesicles.; b E. L. Gundermann is an undergraduate student in the Keating lab who assisted with
data collection and analysis.
Giant vesicles (GVs, 1 - 100 µm) are widely used as models for studying membrane
heterogeneity and dynamics,1 as well as for complex interior reactions such as transcription,2
protein synthesis,3 and enzymatic reactions.4 These reactions can become quite complex; indeed,
several components generally must be encapsulated in a single GV for a reaction to occur (e.g.
mRNA synthesis).2 Since GV populations are heterogeneous and individual GVs are large
enough to be visualized under an optical microscope, most reactions in GVs are monitored via
fluorescence microscopy. Understanding the reaction kinetics requires not only quantification of
product formation, but also that the concentrations of the encapsulated starting materials be
known. Microinjection7 and vesicle formation from water-in-oil emulsion (spontaneous transfer
method)8 can provide excellent control over internal solute concentrations, however,
microinjection must be performed one vesicle at a time, while the spontaneous transfer method of
GV formation is still in its early stages. The most common GV formation techniques,
electroformation5 and gentle hydration,6 passively encapsulate solutes. Although it is often
assumed that GV-encapsulated solute concentrations are equal to initially added solute
concentrations, we have measured considerable variability between GVs in the same batch.9,10
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The concentrations of polymers encapsulated in individual giant lipid vesicles have been
quantified by confocal fluorescence microscopy, both on intact vesicles9, 10 and on released
contents after photolysis.11 Higher molecular weight (MW) polymers are encapsulated less
effectively than their smaller counterparts.9 In addition, for vesicles formed in dilute solutions,
the concentration of solute can vary considerably between individual vesicles in a batch.
Encapsulation in GVs was found to be dependent largely on solute size – membrane composition,
incubation temperature, and GV size had insignificant impacts on encapsulation in GVs.9
Previously, we reported the ability to control the encapsulated concentration of polymers
and small molecules in GVs by adding a polymeric co-solute to a batch of vesicles during
formation.10 These polymeric co-solutes (i.e. PEG or dextran) acted as macromolecular crowding
agents, which crowded large polymers (e.g. dextran 500 kDa) to smaller hydrodynamic radii
(verified by light scattering), allowing them to be more easily encapsulated in GVs. The addition
of PEG or dextran also led to a more homogeneous encapsulation over a batch of vesicles, even
for small polymers and carboxyfluorescein, possibly due to an increase in viscosity and osmotic
pressure of the hydrating solution, allowing more time for solutes to equilibrate. Demonstrating
control over the encapsulation of polymers in GVs is useful when the formation of an aqueous
two-phase system (ATPS)12 or gelation13, 14 is desired in the GV interior; however, GVs are used
more often as bioreactors and artificial cells, where the quantification of a biomolecule, such as a
protein or nucleic acid, is important to following the progression of a reaction, such as with a
fluorescent product. Macromolecular crowding is an effective and general method for improving
encapsulation of polymers in GVs - and as reported in this chapter, is an appropriate method for
improving biomacromolecule encapsulation as well.
Macromolecular crowding not only influences the conformation of polymers, as was
explained above, it also is widely reported to influence the conformation and activity of
biomolecules.15 The addition of a crowding agent, typically PEG, to dilute solutions of DNA
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generally results in the formation of compact DNA structures by non-covalent interactions that
can be readily reversed.16,17 Kleideiter and Nordmeier showed that the addition of 5 wt% PEG 8
kDa was sufficient to condense calf thymus DNA from an expanded coil to a compact globular
state.17 The addition of a crowder has been widely reported to skew the distribution of
conformations of other biomacromolecules in solution to a more compact state as well.18-26
Sasahara et al. showed that acid-unfolded cytochrome c refolds back to a more compact state with
the addition of dextran 35 kDa,21 while Charlton et al. showed that the globular protein
chymotrypsin inhibitor 2 showed a 100-fold increase in stability when exposed to a high
concentration of poly(vinylpyrrolidone).23 Indeed, the addition of any flexible, high MW neutral
polymer chain can act as a crowding agent for the reversible condensation of biomolecules. In
this chapter, we report the use of 3 wt% PEG 8 kDa or dextran 500 kDa as macromolecular
crowding agents to improve encapsulation efficiency in individual GVs via condensation of
biomacromolecule structure.
However, the question still lingers: will macromolecular crowding improve bulk
encapsulation efficiency (BEE) in submicron vesicles? BEE, which refers to the percentage of
total solute that has been encapsulated within vesicles, is important for submicroscopic vesicles
for which internal concentrations cannot be readily determined. BEE is expected to be low for
passive uptake (typically <1%), since most of the volume is outside of the vesicles. For example,
in a preparation of 200 nm diameter vesicles with 500 µM total lipid, only a very small fraction of
the total volume (less than 0.4%) will be encapsulated within vesicles. Improvements in BEE are
made by increasing the lipid concentration to raise the fraction of encapsulated volume, and by
taking advantage of binding interactions between solute molecules and the vesicles. Submicron
vesicles, typically used in pharmaceutical and industrial applications (e.g. food technology,
cosmetics)27 and in artificial cell research,28 have notoriously low (< 50%) BEE.29-37 BEE is much
different from EEind in that BEE only takes into account the total amount of solute encapsulated in
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a batch of vesicles, while EEind quantifies encapsulation in individual GVs. So far, there is no
way to determine EEind for submicron vesicles, since they cannot be easily visualized under an
optical microscope, and are too small for accurate analysis with flow cytometry.
Often, researchers try to increase BEE by manipulating interactions between the solute
and membrane, so that the increase in BEE is not universal, but rather specific to a certain solute
and membrane combination.29,38 Other methods of increasing BEE use pH, osmotic, and potential
gradients to drive solute into preformed vesicles, 32,39,40 while others simply increase the amount
of lipid, making more volume available for encapsulation.29,30,41 A commonly used method to
increase nucleic acid encapsulation in submicron vesicles is to introduce a cationic lipid into the
vesicle membrane.42-45 In one study, DNA encapsulation was increased from less than 5% to over
80% by the introduction of 30 mol% cationic lipid into the membrane of 80-140 nm diameter
vesicles.42 This increase can be attributed to electrostatic interactions between the negatively
charged nucleic acid and the positively charged liposome. In another method, a peptide modified
with a lipid moiety was encapsulated with 99% efficiency as compared to its un-modified
counterpart (8% BEE).33 The lipid tail increased BEE because it allowed the peptide to interact
with and “stick” in the lipid membrane. In an even more complex effort to increase BEE, In3+
was loaded into 700 nm vesicles with a BEE over 90%. These vesicles contained nitrilotriacetic
acid (NTA) and the ionophore A23187, so that when indium ions were externally added to a
solution of vesicles, they were carried across the membrane via the ionophore to the chelator
(NTA).46 While some of these methods have been reported to produce BEE over 80%, they are
specific to certain solute/lipid combinations and thus cannot be universally applied.33,46,47
Macromolecular crowding, a general and efficient method for increasing EEind for GVs,
was tested as a way to increase BEE of polymers. We recently reported that the EEind of 0.24 µM
FITC-dextran 500 kDa was very low in GVs in dilute solution (average = 0.14 µM (±50%)), but
increased tremendously in the presence of just 3wt% unlabeled PEG 8 kDa (average = 0.24 µM
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(±12%)).10 The BEE of FITC-dextran 500 kDa was also increased with the addition of 3 wt%
PEG 8 kDa – BEE increased from 0.12% (±0.07%) in dilute solution to 0.45% (±0.18%) in a
solution crowded with 3wt% PEG 8 kDa. Compared to the predicted BEE for passive
encapsulation based on a batch of 200 nm vesicles, which was 0.38%, these values correspond to
~31% of the predicted encapsulation in dilute solution to slightly over 100% in the presence of a
crowding agent. Therefore, the addition of a crowding agent (such as PEG) is a universal way to
increase BEE – and this can easily be scaled up on an industrial level by adding more lipid,
thereby creating more vesicles in which to encapsulate solute.29

Experimental

Materials:
L-α-phosphatidylcholine (egg PC), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1glycerol)](sodium salt) (DOPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(ammonium salt) (DOPE-PEG 2 kDa), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
cholesterol, and 1,2-dioleolyl-sn-glycero-3(phosphoethanolamine-N-lissamine Rhodamine b
sulfonyl) (ammonium salt) (Rhodamine-DOPE) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Carboxyfluorescein, fluorescein isothiocyanate (FITC) – labeled and unlabeled
dextrans and poly(ethylene glycol) (PEG) were obtained from Sigma. Alexa Fluor 488 and FITC
labeling kits along with Alexa Fluor 488 - fibrinogen were purchased from Molecular Probes, Inc.
(Eugene, OR). A fluorescein nucleic acid labeling kit was purchased from Mirus Bio (Madison,
WI). Human serum albumin, fraction V (HSA), α-1-antitrypsin from human plasma (AAT),
catalase from aspergillus niger, and thyroglobulin from human thyroid were purchased from
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Calbiochem (San Diego, CA) and fluorescently labeled with a kit from Molecular Probes, Inc.
(above). A 173 base pair double-stranded oligomer with the sequence for influenza B was
purchased from Integrated DNA Technologies, Inc. (Coralville, IA) and labeled with fluorescein
via a kit from Mirus Bio (above). Water used in these experiments was deionized to a resistance
of 18 MΩ with a NANOpure Diamond water system from Barnstead Int. (Dubuque, IA).

Preparation of Giant Lipid Vesicles:
We used the gentle hydration method to form lipid vesicles, as previously described.6, 10
Silanized borosilicate glass culture tubes, 12 x 75 mm, were used to prevent biomolecules from
sticking to the glass surface during formation (Kimble Chase, Vineland, NJ). We first prepared a
chloroform solution of lipids containing a 3:7 molar ratio of egg PC:DOPG at a concentration of
0.26 mg/mL with 0.05 mole % Rhodamine-DOPE. (Alternatively, we also used a 44:1 molar ratio
of DOPC:DOPE-PEG 2 kDa at a concentration of 0.27 mg/mL with 0.05 mole% RhodamineDOPE). Lipid solutions were dried under Ar (g) to form a thin, uniform lipid film and then the
vials were vacuum desiccated for ~2 hours to remove any residual organic solvent. Then, an
aqueous solution containing a fluorescent biomolecule with or without 3 wt% unlabeled PEG or
dextran heated to 37oC was added along the wall of the tube, and the lipids were hydrated 48 h at
this temperature. We chose 3 wt% polymeric co-encapsulant since we previously reported that it
was sufficient to condense FITC-dextran 500 kDa without compromising GV integrity (GVs
formed in the presence of higher wt% PEG were smaller and less numerous than those formed in
a PEG solution less than or equal to 3 wt%).10 Following incubation, the solutions were allowed
to cool to room temperature. The contents of the vials, which remained undiluted, were removed
with a micropipette and transferred to a microscope slide silanized with N-(triethoxysilylpropyl)o-polyethylene oxide urethane (Gelest, Inc., Morrisville, PA) for analysis. Coverslips were
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coated with the aforementioned silane to prevent the adhesion of fluorescently-labeled
biomolecules to the glass surface.
The concentrations of crowding agents added are referred to in wt% since this is the
common notation used for crowding agents in the macromolecular crowding literature.
Concentrations for fluorescently-labeled solutes, which are considerably lower than for the
crowding agents, are given as molarities.

Determination of Encapsulated Solute Concentrations:
A fluorescence line scan was taken across each vesicle to determine the fluorescence
intensity of the Alexa Fluor 488, FITC, or fluorescein inside the vesicle (Ii) and in the undiluted
bulk solution (Io, outside the vesicle), as reported previously.9, 10 The concentration of
biomolecule inside (Ci) and outside (Co) the GV was determined directly from the intensities (Ii,
Io) by a calibration curve of the labeled biomolecule free in solution. From the calibration curves
it was determined that the bulk concentration (Co) was equal to the initial concentration used to
hydrate the vesicles. A ratio of Ci/Co was taken to determine the EEind.

Microscopy:
Imaging was performed using an LSM-5 Pascal laser scanning confocal microscope from
Carl Zeiss, Inc. (Oberkochen, Germany) with a Plan-Apochromat 63x oil immersion objective
(1.4 NA), and Pascal software as previously reported.9, 10 Scan time was 1.97 s for a 512 x 512
pixel image. Only vesicles that were greater than 3 µm in diameter and appeared to be uni- or
oligo-lamellar were analyzed.
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Preparation of Submicron Lipid Vesicles:
DPPC/cholesterol vesicles (80:20 mol ratio) were prepared using a technique to yield
large unilamellar vesicles by extrusion (LUVET) as previously reported.48,49 Briefly, DPPC and
cholesterol were combined with chloroform in a round bottom flask and evaporated for 4 h.
Following this, 5 mL of the solute to be encapsulated was added in water to yield a final lipid
concentration of 0.34 mg/mL. The lipid mixture was allowed to incubate in this solution at room
temperature for 30 minutes. Then, the flask was subjected to five freeze/thaw cycles to promote
entrapment of water-soluble compounds into the vesicles.50 The mixture was then extruded
through a 0.2 µm polycarbonate membrane for a total of 20 passes (Mini Extruder Kit, Avanti
Polar Lipids, Inc., Alabaster, AL) to yield a monodisperse suspension of unilamellar vesicles.
Excess solute was removed from the vesicle suspension by washing with a 10 000 MW dialysis
cassette in DI water for 48 h (Slide-A-Lyzer, Thermo Scientific, Rockford, IL) and then
centrifuging at 16,100 × g, removing the supernatant, and replacing it with a solution free of
fluorescent molecules. Vesicle diameter was confirmed using dynamic light scattering (Zetasizer
Nano S, Malvern Instruments, Worcestershire, U. K.).

Determination of Bulk Encapsulation Efficiency in Submicron Lipid Vesicles:
After centrifugation, the vesicles were lysed in 0.5% Triton-X 100, and the encapsulated
concentration was determined via fluorescence measurements on a Jobin Yvon Horiba FL3-21
fluorimeter.
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Results and Discussion
Biomacromolecules are known to have more condensed structures in macromolecularly
crowded environments than in dilute solution.15 Macromolecular crowding has been used to
improve the EEind for high MW dextran polymers in giant lipid vesicles.10 Here, we applied this
principle to the encapsulation of proteins, enzymes and nucleic acids in GVs, and dextrans in
submicroscopic (200-nm diameter) vesicles. Volume exclusion induced condensation is expected
to have the greatest impact on large, extended molecular conformations. Therefore, the
macromolecules used in this manuscript were chosen to give a range of molecular sizes and
shapes.

Effect of PEG on Biomacromolecule Encapsulation within Individual GVs (EEind):
We began by encapsulating fibrinogen since it has a hydrodynamic radius (rh) of ~11 nm,
which is similar to that of dextran 500 kDa (~15 nm) – a polymer that we have extensively
studied encapsulation of in GVs. It has been reported that fibrinogen condenses in size to
approximately one-half of its original length during polymerization.52,54 Fibrinogen is a 340 kDa
protein important in coagulation and thrombosis, and is often administered to patients who have
suffered severe blood loss or have lost the ability to clot blood on their own.51-53
We began by encapsulating 33 nM Alexa Fluor 488 (AF488) – fibrinogen (340 kDa) first
in dilute solution (DI water), and then co-encapsulated with 3 wt% nonfluorescent PEG 8 kDa in
solution during GV formation by gentle swelling. GVs were imaged without removing them from
the hydration solution, such that the external fibrinogen concentration remained 33 nM. Figure 41 shows representative confocal fluorescence images of GVs formed in the presence of fibrinogen
alone and co-encapsulated with 3wt% PEG 8 kDa. In the absence of added PEG, encapsulation
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efficiency is quite poor, and the GV interiors appear dark. When PEG is added, the GV interiors
appear just as bright as external solution, indicating an increase in EEind.
Figure 4-1 also shows the corresponding histograms of EEind for these vesicle
preparations, where EEind is defined as the concentration ratio between the vesicle interior (Ci)
and the external solution (Co) used during vesicle formation. The concentration ratio (Ci/Co) for
each vesicle was plotted against the number of vesicles at each ratio. A vertical line is included at
Ci/Co = 1 to facilitate comparison to the external AF488 - fibrinogen concentration. AF488 –
fibrinogen concentration varied widely from vesicle to vesicle within the 0 wt % PEG control
batch, ranging from 1 to 54 nM (0.04 – 1.64 × Co) with a mean of 21 nM (0.64 × Co). While just
6% of the GVs had a mean internal concentration falling within 15% of Co (28 – 38 nM), the
addition of 3 wt% PEG 8 kDa led to higher and more homogeneous EEind, with 65% of the GVs
encapsulating internal concentrations between 28 – 38 nM, and a mean of 34 nM.
The increase in EEind is most likely due to the condensation of the fibrinogen structure,
which as mentioned earlier, has been reported to shrink to half its original size. We do not
believe there were any significant fibrinogen/lipid interactions due to charge since we did not see
any evidence of AF488 fluorescence in the membrane, and the pH of the solvent (DI water, pH
5.5) did not change between GVs formed in dilute solution or in the presence of PEG. While the
membrane is negatively charged, fibrinogen should be either near neutral or slightly positively
charged, based on the range of isoelectric points (pI) given in the literature (5.5 – 6).55 In order to
validate that an electrostatic interaction was not responsible for the increase in EEind, we repeated
the experiment under the same conditions, this time with a neutral membrane, containing a 44:1
ratio of DOPC:DOPE-PEG 2kDa. The PEGylated lipid was included to promote the formation of
several large, uni- or oligolamellar vesicles – lipids with charged or polymeric headgroups are
thought to aid in the separation of lipid lamellae during GV formation.56-58 While the average
encapsulated AF488 fibrinogen concentration was 21 nM (0.64 × Co) in dilute solution when the
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negatively charged Egg PC:DOPG membrane was used, it dropped to 18 nM (0.55 × Co) in dilute
solution with the neutral DOPC:DOPE-PEG 2 kDa membrane. Statistical analysis shows that
although slightly lower, there difference between the two values is not significant, therefore
ruling out any significant electrostatic interactions between the fibrinogen and the membrane
under the aforementioned conditions.
We repeated this experiment with two other proteins having relatively large rh to test if
the method of increasing EEind via macromolecular crowding would work for several different
biomacromolecules. Thyroglobulin is a 660 kDa protein with a pI of 4.6 that is important in the
synthesis, storage, and secretion of thyroid hormones.59,60 The native structure has two slightly
elongated subunits, with an rh of 10 nm.61 In vivo, thyroglobulin structure is known to condense
in order to increase the storage capacity of the thyroid.62 Encapsulation of AF488 - thyroglobulin
(18 nM) in GVs in dilute solution and with 3 wt% PEG 8 kDa produced results similar to those of
AF488 – fibrinogen (Figure 4-2), which is not surprising due to their similar rh and ability to
compact. We then repeated the experiment with AF488 – catalase, a 250 kDa enzyme with a pI of
5.4 and an rh of 10.4 nm.63,64 Catalase catalyzes the decomposition of hydrogen peroxide to water
and oxygen.65 It has been encapsulated in submicron liposomes along with superoxide dismutase
and injected to protect against oxygen toxicity in rats.66 Results of the encapsulation of 130 nM
AF488-catalase in dilute solution and in the presence of 3 wt% PEG 8 kDa provided similar
results as the fibrinogen and thyroglobulin, as shown in Figure 4-3. Average EEind values for all
three aforementioned proteins are presented in Table 4-1.
Overall, the EEind of these biomolecules was improved substantially by addition of PEG 8
kDa co-solute, both in the mean encapsulated concentration and in the homogeneity of internal
concentrations for vesicles within a batch. Crowding agents, like PEG, exclude available volume
for biomolecules, which leads to their eventual condensation and subsequent aggregation.18-26
Proteins, nucleic acids, and enzymes are all known to adopt condensed structures in crowded
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solution. 16-26 Addition of 3 wt% PEG 8 kDa presumably resulted in condensation of fibrinogen,
thyroglobulin, and catalase, which in turn caused them to be encapsulated just as effectively as
much smaller MW biomolecules due to their reduced hydrodynamic radii.

Improved Homogeneity for Smaller Solutes:
While the magnitude of EEind increased substantially for the aforementioned
biomacromolecules when formed in the presence of 3 wt% PEG as compared to dilute solution,
the homogeneity of encapsulation for a range of GVs in a particular batch showed a large
improvement as well. The increase in encapsulation homogeneity - defined by the percent of
GVs encapsulating an internal concentration within 15% of the initial concentration – increased
on average ~566% when formed in a 3 wt% PEG solution as opposed to DI water alone. Based
on previous work with low MW, small rh (<5 nm) polymers and small molecules and with the
improvement for large biomacromolecules as shown above, we anticipated improvement in the
encapsulation homogeneity of smaller biomacromolecules in the presence of a crowding agent as
well.10 We chose two smaller proteins and an oligomer based on their size to test whether the
uniformity of encapsulation could be improved by macromolecular crowding.
α-1-Antitrypsin (AAT) is a 52 kDa protein with an rh of 3.8 nm and a pI between 4.9 –
5.1.67,68 It is responsible for inhibiting elastase in vivo, which destroys elastin on connective
tissues.68 AAT deficiency often leads to lung diseases, and clinical trials have been reported
where patients are given AAT infusions, which showed beneficial effects.69 It has also been
delivered to mice via encapsulation in submicron liposomes.70 We began by encapsulating 1.9 µM
AF488 – AAT in GVs formed in dilute solution and with 3 wt% PEG 8 kDa. AF488 - AAT with
no added crowding agent encapsulated on average 1.96 µM (1.03× Co), with 80% of GVs
encapsulating internal concentrations between 1.8 - 2 µM (i.e. within 5% of Co). When 3 wt%
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unlabeled PEG 8 kDa was added, the mean EEind was essentially unchanged, but the
encapsulation homogeneity increased, with 93% of the GVs encapsulated internal concentrations
between 1.8 - 2 µM. (Figure 4-4).
Improvements in EEind homogeneity were also observed for encapsulation of labeled
human serum albumin (HSA) in PEG solution as compared to DI water (Figure 4-5), which has
similar characteristics as AAT (i.e. HSA has a MW of 67 kDa, pI of 4.9-5.1, and rh of 3.51).67,68
We also studied the encapsulation of a fluorescein (FAM)-labeled double-stranded 173 base pair
oligomer (53 kDa). Nucleic acids are often encapsulated in submicron vesicles for gene delivery,
and in GVs to study reactions.42-45 Indeed, larger plasmid DNA is known to undergo a large
degree of condensation when in crowded solutions - a study has been reported that the
encapsulation of T4DNA (165 kbp) in GVs was increased by over 4000% when in condensed
form (due to the addition of Mg2+) as compared to the extended form.71 Figure 4-6 shows that the
encapsulation homogeneity of the FAM-oligomer also increased when in a crowded environment
as compared to dilute solution.
The increase in encapsulation homogeneity may be due somewhat in part to
condensation of the smaller biomacromolecules, which has been reported for AAT and other
small polymers,72-74 but is more likely due to the PEG increasing the viscosity and osmotic
pressure of the solutions.10 As explained in chapter 3, the increase in viscosity could improve
encapsulation heterogeneity by facilitating pore formation in the membrane, allowing more time
for solutes to equilibrate between internal and external solutions.75 A higher solute concentration
due to the inclusion of PEG may cause higher osmotic pressure differences across the membrane.
These differences cannot be maintained due to GVs either changing size or opening pores to
allow equilibration across the membrane to equalize the pressure, thereby equalizing the
biomolecule encapsulation as well.10,76
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We also showed previously that an improvement in EEind magnitude and homogeneity
could be caused by the addition of PEG or dextran as a crowding agent..10 The EEind of high MW
fluorescently labeled dextrans (500 & 2000 kDa) was markedly increased not only when several
wt% unlabeled PEG (>4600 Da) were added to a batch during the formation process, but this
increase was also seen when unlabeled dextrans of the same MW were added (e.g. unlabeled
dextran 500 kDa added to a batch encapsulating FITC-dextran 500 kDa). 10 To test whether both
PEG and dextran acted as good crowding agents for proteins as well, we co-encapsulated
fluorescently labeled fibrinogen and α1-antitrypsin with 3 wt% dextran 500 kDa for comparison.
Results showed that both 3 wt% PEG 8 kDa and 3 wt% dextran 500 kDa had the same effects on
encapsulation: the higher MW protein, fibrinogen, showed an increase in EEind magnitude and
homogeneity with the introduction of either PEG or dextran, and the lower MW protein, AAT,
showed essentially no change in EEind magnitude, but had an increase in encapsulation
homogeneity when either crowding agent was added.
Table 4-1 compares mean EEind and GV-to-GV variability for encapsulation of labeled
biomolecules with and without crowding agents. The improved encapsulation observed when 3
wt % PEG or dextran co-solutes are added during GV formation provides a simple route to
improved control over the internal concentrations of macromolecular solutes in GV.

Effect of Co-Encapsulant Addition on Bulk Encapsulation Efficiency (BEE):
BEE is defined as the percentage of the total concentration of solute encapsulated within
a batch of submicron vesicles as compared to the initial concentration. For example, if 100 nM of
a 1 mM initial protein solution was encapsulated in a batch of submicron vesicles, the BEE would
be 0.01%. BEE is determined by removing all of the un-encapsulated solute from a batch of
vesicles, then lysing the vesicles and quantifying the encapsulated solute. While quantification of
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encapsulated material is possible in individual giant vesicles via optical microscopy, submicron
vesicles are too small to be accurately quantified this way.
Passive encapsulation techniques often produce very low BEE – indeed, researchers are
often trying to improve the BEE of submicron vesicles due to their use in pharmaceutical and
other industrial settings, where a precious solute is often encapsulated. A high BEE in these
settings is of importance since the vesicles are often made on an industrial scale and the solute
can be quite expensive; however, most studies report BEEs much less than 50%.29-37 BEE has
been increased in some cases to more than 90% via loading gradients.39 Indeed, these efforts are
not universal, and are application specific. For example, Murakami et al showed that the BEE of
FITC – bovine serum albumin (BSA) increased from 15% to 47% when a co-encapsulant
(diglucosamine) was added at pH 5.38 However, the increase in BEE was due to the specific
interactions between diglucosamine and BSA, and required that the vesicles be prepared in a
particular way.77 Therefore, this would not be helpful in increasing BEE of other proteins or
biomolecules that do not have those specific interactions with diglucosamine. Since we have
shown here and previously that adding low weight percents of PEG or dextran markedly improve
the EEind and homogeneity of a variety of polymers, proteins, enzymes and nucleic acids in GVs,
we applied this principle to increasing BEE in submicron vesicles.10
Table 4-2 shows the average BEE for two encapsulated solutes (carboxyfluorescein (CF)
and FITC-dextran 500 kDa) with and without added crowding agents in 200 nm diameter
vesicles. The theoretical BEE for this system is 0.38%, calculated by estimating the number of
vesicles formed based on the amount of lipid added to the system (500 µM) – and then
calculating the volume encapsulated by those vesicles as compared to the initial volume. We
estimated that there were 3.4 x 105 lipid molecules per 200 nm diameter vesicle, based on
calculations for similar systems.79,80 Dynamic light scattering verified that vesicle diameter

116
remained constant whether in dilute or crowded solution, while the addition of a fluorescent lipid
in the membrane proved that a negligible amount of lipid was lost to the filter during extrusion.
Overall, the BEE of CF did not change significantly with or without PEG present. It was
expected that the effect of the co-encapsulation of PEG would be negligible, since the addition of
PEG did not significantly impact the encapsulation efficiency of CF in GVs.10
While the BEE of CF did not significantly change when in the presence of PEG, the BEE
of FITC-dextran 500 kDa did show a significant difference between dilute and crowded solutions
– the BEE was nearly four times higher in the solution containing PEG 8 kDa than when in water
alone. Experimentally determined BEE for FITC-dextran 500 kDa was 31% of the theoretically
predicted value – this low BEE is most likely due to the large size of dextran 500 kDa (rh ~15
nm).36 It has been reported that solute size greatly influences encapsulation in submicron
vesicles.36 In one study, large unilamellar vesicles were found to encapsulate proteins up to 120
kDa with the same efficiency as sucrose; above this, a progressive decrease in the BEE was
observed with increasing protein molecular weight.36 Therefore, the large rh of dextran coupled
with the small size of the vesicles may have caused it to be less efficiently encapsulated than the
much smaller CF. Since we reported that the large size of the dextran 500 kDa caused it to be
less efficiently encapsulated in GVs, it is not surprising that it would have a lower encapsulated
concentration in submicron vesicles as well.10
The co-encapsulation of 3wt% PEG 8 kDa significantly increased the BEE of FITCdextran in submicron vesicles to almost 4x that of vesicles formed in water. This large increase is
presumably due to the condensation of the dextran structure via macromolecular
crowding.10These data are exciting in that BEE was significantly increased without chemically
modifying the vesicle or solute to utilize specific attractive interactions. While the large increase
in BEE is most likely due to condensation of the FITC-dextran 500 kDa structure to a smaller,
more easily encapsulated rh, this value is 1.5x larger than that for BEE of CF. However, these
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values (CF vs FITC-dextran in PEG) are not significantly different based on a 95% confidence
interval. Any difference is most likely due to the BEE of CF being slightly low due to CF loss
from the vesicle interior, which is commonly reported in submicron vesicles.78
Although all of the BEE values reported herein were less than 1%, the increase in the
BEE of FITC-dextran caused by the addition of a crowding agent is significant based on
theoretical values for passive encapsulation. Increasing the amount of lipid used in a batch would
further increase BEEs, as has been shown in previous reports.29,30 These data are exciting because
while the majority of reports published on BEE utilize specific interactions between
liposome/solute, this method is universal, and should apply to a variety of solutes.

Conclusions
Our results indicate that the addition of polymeric co-encapsulants as macromolecular
crowding agents substantially increase both EEind magnitude and homogeneity for otherwise
poorly encapsulated high MW proteins and enzymes in giant vesicles. The addition of a
crowding agent also improves homogeneity for lower MW proteins and nucleic acids that already
encapsulate efficiently in dilute solution. Importantly, the mechanism for increased EEind is
general, such that crowding agents need not be varied with the identity of the solute. This work is
important to those using GVs as bioreactors, where knowledge of encapsulated concentration is
critical to quantifying the progression of products formed during a reaction.
Initial attempts to increase bulk encapsulation efficiency (BEE) of large polymers with
the addition of a polymeric co-encapsulant in submicron vesicles have shown significant
improvements over encapsulation in dilute solution. This increase was accomplished by a noninvasive means of encapsulation – it should work for a plethora of membrane/solute
combinations. In order to determine whether encapsulation in submicron vesicles was increasing
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due to macromolecular crowding, or due to some other mechanism, analysis of encapsulation
efficiency in individual submicron vesicles would be needed. While previously impossible, a
recent report by Omiatek et al. described the use of a microfluidic device for the electrochemical
detection of the contents of individual submicron vesicles, which could prove quite useful for the
determination of encapsulation efficiency of a variety of electroactive molecules in submicron
vesicles.48 Further investigations are underway to see if the encapsulation efficiency in individual
submicron vesicles is increased with the co-encapsulation of PEG via a
microfluidic/electrochemical detection device.
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Figure 4-1. (Right) Alexa Fluor 488 – fibrinogen (33 nM) in dilute solution (top) and in 3 wt%
PEG 8 kDa (bottom) encapsulated in membranes consisting of 3:7 egg PC:DOPG with 0.05 mole
% Rhodamine-DOPE. Red represents Rhodamine fluorescence, and green represents Alexa Fluor
488 fluorescence. The scale bar is 20 µm. (Left) Histograms of the concentration ratio (Ci/Co) for
encapsulation of Alexa Fluor 488 - fibrinogen in individual GVs in dilute solution (top) and with
3wt% PEG 8 kDa (bottom)(Co = 33 nM).
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Figure 4-2. (Right) Alexa Fluor 488 – thyroglobulin (18 nM) in dilute solution (top) and in 3
wt% PEG 8 kDa (bottom) encapsulated in membranes consisting of 3:7 egg PC:DOPG with 0.05
mole % Rhodamine-DOPE. Red represents Rhodamine fluorescence, and green represents Alexa
Fluor 488 fluorescence. The scale bar is 20 µm. (Left) Histograms of the concentration ratio
(Ci/Co) for encapsulation of Alexa Fluor 488 - thyroglobulin in individual GVs in dilute solution
(top) and with 3wt% PEG 8 kDa (bottom)(Co = 18 nM).
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Figure 4-3. (Right) Alexa Fluor 488 – catalase (130 nM) in dilute solution (top) and in 3 wt%
PEG 8 kDa (bottom) encapsulated in membranes consisting of 3:7 egg PC:DOPG with 0.05 mole
% Rhodamine-DOPE. Red represents Rhodamine fluorescence, and green represents Alexa Fluor
488 fluorescence. The scale bar is 20 µm. (Left) Histograms of the concentration ratio (Ci/Co) for
encapsulation of Alexa Fluor 488 - catalase in individual GVs in dilute solution (top) and with
3wt% PEG 8 kDa (bottom)(Co = 130 nM).
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Table 4-1: Effect of crowding agents on encapsulation of biomolecules in giant vesicles.
Solute (concentration)

Crowding
agent

Mean EEind
(Ci/Co)

Fibrinogenc; 340 kDa (33
nM)

Thyroglobulinc; 660 kDa (18
nM)
Catalasec; 250 kDa (0.13
µM)
α-1-Antitrypsinc; 52 kDa
(1.9 µM)

Human Serum Albumine; 67
kDa (3.3 µM)
173 bp oligomer f; 53 kDa
(0.24 µM)

a

Co ± 15%d

% GVs w/
Ci = Co ±
15%

28 - 38 nM
none
3% PEGa
3% Dextranb

0.64
1.04
1.01

˝
˝
˝
15 – 21 nM

6
65
88

none
3% PEGa

0.67
1.00

˝
˝
0.11 – 0.15 µM

20
69

none
3% PEGa

0.53
1.06

˝
˝
1.6 – 2.2 µM

13
74

none
3% PEGa
3% Dextranb

1.03
1.02
1.03

˝
˝
˝
2.8 – 3.8 µM

100
99
100

none
3% PEGa

1.07
0.98

˝
˝
0.20 – 0.28 µM

95
100

none
3% PEGa

1.03
1.04

˝
˝

80
100

8 kDa; b 500 kDa; c Alexa Fluor 488 - labeled; d ±15% is used here to compare encapsulation
homogeneity; e FITC – labeled; f fluorescein - labeled
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Figure 4-4. (Right) Alexa Fluor 488 – α-1-antitrypsin (1.9 µM) in dilute solution (top) and in 3
wt% PEG 8 kDa (bottom) encapsulated in membranes consisting of 3:7 egg PC:DOPG with 0.05
mole % Rhodamine-DOPE. Red represents Rhodamine fluorescence, and green represents Alexa
Fluor 488 fluorescence. The scale bar is 20 µm. (Left) Histograms of the concentration ratio
(Ci/Co) for encapsulation of Alexa Fluor 488 - α-1-antitrypsin in individual GVs in dilute solution
(top) and with 3wt% PEG 8 kDa (bottom)(Co = 1.9 µM).
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Figure 4-5. (Right) FITC – human serum albumin (3.3 µM) in dilute solution (top) and in 3 wt%
PEG 8 kDa (bottom) encapsulated in membranes consisting of 3:7 egg PC:DOPG with 0.05 mole
% Rhodamine-DOPE. Red represents Rhodamine fluorescence, and green represents FITC
fluorescence. The scale bar is 20 µm. (Left) Histograms of the concentration ratio (Ci/Co) for
encapsulation of FITC – human serum albumin in individual GVs in dilute solution (top) and
with 3wt% PEG 8 kDa (bottom)(Co = 3.3 µM).
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Figure 4-6. (Right) FAM – 173mer (0.24 µM) in dilute solution (top) and in 3 wt% PEG 8 kDa
(bottom) encapsulated in membranes consisting of 3:7 egg PC:DOPG with 0.05 mole %
Rhodamine-DOPE. Red represents Rhodamine fluorescence, and green represents FAM
fluorescence. The scale bar is 20 µm. (Left) Histograms of the concentration ratio (Ci/Co) for
encapsulation of FAM – 173mer in individual GVs in dilute solution (top) and with 3wt% PEG 8
kDa (bottom)(Co = 0.24 µM).
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Table 4-2: Bulk encapsulation efficiency in submicron vesicles.
Solute (concentration)

Crowding agent

BEE (%)

% of Theoretical
BEEa

none
3% PEG 8 kDa

0.27 ± 0.01b
0.24 ± 0.01

72 ± 3
64 ± 3

none
3% PEG 8 kDa

0.12 ± 0.07
0.45 ± 0.18

31 ± 18
118 ± 46

Carboxyfluorescein; 376 Da (53 M)
FITC-dextran; 500 kDa (0.82 M)

a

Theoretical BEE = 0.38%; bErrors represent the standard deviation of BEE
measurements taken for three separate batches of vesicles on three different days.

Chapter 5

pH-Responsive Protein Microcompartmentation in Model Cells
(Dominak, L. M., Gundermann, E. L.*, Keating, C. D. manuscript in preparation)
*E. L. Gundermann is an undergraduate student in the Keating lab who assisted with data collection and
analysis.

Giant lipid vesicles are typically used as models for studying membrane heterogeneity
and dynamics,1 and more recently have also found use as microreactors2-5and artificial cells.3,6
Reactions modeled within the GV interior include transcription,5 protein synthesis,7 and enzyme
kinetics.8 Typically, these reactions involve only dilute solutions of reactants; in contrast, the
cytoplasm of biological cells is very crowded, and has been reported to contain 30 wt%
macromolecules.9 This crowded environment may have profound effects on biological processes
– including biochemical equilibria, reaction rates, and conformations of macromolecules.10,11 In
vitro experiments in which simple polymers were added to mimic the macromolecular crowding
of cytoplasm have shown for example increased melting temperatures (Tm) by as much as 1520oC, accelerated protein association rates (up to 10-fold), and enzyme activity up to more than
20 times what is reported in dilute solution.11-14 Although the aforementioned effects of
macromolecular crowding are far from negligible, biological reactions modeled in GVs are
typically performed in dilute solutions. Therefore, in order to more closely mimic the crowded,
heterogeneous, and dynamic cell cytoplasm, our lab encapsulates aqueous-two phase systems
(ATPS) containing weight percents of poly(ethylene glycol) (PEG) and dextran that mimic
volume exclusion by cytoplasmic macromolecules within the interior of GVs.15,16
Above a critical concentration, PEG and dextran will separate into two distinct phases –
one rich in PEG, the other rich in dextran.17-20 ATPS are typically used for the separation of
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fragile cell particles or macromolecules due to their mild conditions (ATPS are 80-90% water)
and low interfacial tension.17-20 However, when encapsulated within GVs, the PEG/dextran ATPS
provides a crowded (typically between 8-20 wt% polymer) environment, with chemically distinct
PEG-rich and dextran-rich phases that are not bounded by a membrane. Previously, we have
shown that protein localization within the ATPS-containing GV interior can be controlled with
slight changes in temperature or osmotic pressure.15 Therefore, not only does our primitive model
of the cytoplasm mimic a crowded environment, it also creates a heterogeneous and dynamic
“cellular interior” not bounded by membranes.
While variations in temperature or osmotic pressure can lead to dynamic changes in local
protein concentrations within an ATPS-encapsulated GV, these methods rely on manipulating the
phase behavior of the aqueous environment rather than utilizing chemical stimuli, and are not
biologically relevant.15 One might also expect that the passage of ions or molecules across the
membrane would influence the localization of proteins therein without manipulation of phase
behavior. Indeed, the distribution of macromolecules within living cells is not static –
intracellular organization can change throughout the course of the cell cycle and in response to
stimuli.9,21,22 For example, association of glycolytic enzymes with the cytoskeleton is highly
influenced by factors such as calcium ion concentration and pH.22 In biological systems, almost
all processes are dependent on pH, which is tightly regulated.23,24 Proper pH is critical for the
activity and synthesis of enzymes, proteins, nucleic acids, and ion channels because it can greatly
affect the charge and structure of biomolecules.25 For example, α-1 antitrypsin (AAT) is a
protein that functions normally between pH 5 and 8 as an inhibitor of elastase, which destroys
elastin on connective tissues.26 However, when the pH drops below 4, AAT begins to
polymerize, leading to a plasma deficiency that can lead to the onset of emphysema.26
The localization of proteins in an ATPS depends highly on protein charge and
conformation.17-20 Since pH affects these, many studies have shown that directed localization of a
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protein is possible in an ATPS simply by changing the pH of the system. For example,
Albertsson et al. and others have shown that several proteins, including serum albumin,
hemoglobin, transferrin, and papain show differences in localization due to pH.17,18,27,28 Human
serum albumin (HSA) was found to partition with varying degrees to the dextran-rich phase of a
PEG/dextran ATPS between pH 5 and 8, but at lower pH values (< pH 4.2) the protein highly
preferred the PEG-rich phase.17 Di Nucci et al. found similar results with HSA and AAT (both
isoelectric points (pI) between 4.9-5.1) – however, in this system it was also reported that HSA
preferred the PEG-rich phase at much more basic pH values (>pH 8) as well.29 It is important to
note that ions are known to distribute somewhat unevenly between the phases of a PEG/dextran
ATPS, thereby creating an electrical potential difference between the two phases, which can also
affect protein localization.28,30-32 Therefore, care must be taken to keep the ionic strength equal
when comparing protein localization across a series of ATPS so that relocalization can be
contributed to pH alone.
Herein we report on the use of a pH change as an external chemical stimulus to
dynamically control the localization of protein encapsulated within an ATPS-containing GV.
Localization of fluorescent HSA within ATPS/GVs was quantified via confocal fluorescence
microscopy. We describe the localization of HSA as a function of the pH in which the
ATPS/GVs were formed and then as a function of the pH to which they were changed. We find
in general that HSA in ATPS/GVs formed at pH 4.1 typically partitions to the PEG-rich phase,
while those at pH 6.5 prefer the dextran-rich phase. GVs formed in pH 4.1 can be changed to pH
6.5, with HSA relocalizing from the PEG-rich to the dextran-rich phase, while further dilution
from pH 6.5 to 12 results in HSA again preferring the PEG-rich phase. Several other proteins
varying in size and isoelectric point were also found to relocalize within ATPS-encapsulated GVs
as a result of external pH change, indicating the generality of this mechanism. These results are
important in that they demonstrate dynamic control over the location of a protein within the GV
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interior due to an external chemical stimulus. Our PEG/dextran ATPS encapsulated within GVs
therefore suggests that phase separation in living cells may lead to the microcompartmentation of
proteins in response to an external chemical stimulus such as a change in pH, ion, or other
molecule concentration.

Experimental

Materials:
L-α-phosphatidylcholine (Egg PC), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
(sodium salt) (DOPG), and 1,2-dioleoyl-sn-glycero-3(phosphoethanolamine-N-lissamine
Rhodamine b sulfonyl) (ammonium salt) (Rhodamine-DOPE) were purchased as CHCl3 solutions
from Avanti Polar Lipids, Inc. (Alabaster, AL). Poly(ethylene glycol) (PEG) 8 kDa, dextran 500
kDa, 2-(N-Morpholino)ethanesulfonic acid (MES) buffer salts, α-crystallin from bovine eye lens,
and horseradish peroxidase, type VI (HRP) were from Sigma Chemical Co. (St. Louis, MO). An
Alexa Fluor 488 labeling kit, Alexa Fluor 488, 633, and 647 carboxylic acid, succinimidyl esters,
Alexa Fluor 488 – fibrinogen from human plasma, amino dextran 500 kDa, and 8hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt (HPTS or pyranine) were purchased from
Molecular Probes, Inc. (Eugene, OR). Human serum albumin (HSA) and α1-antitrypsin from
human plasma (AAT) were from Calbiochem (San Diego, CA). Amino PEG 20 kDa and amino
PEG 5 kDa were purchased from Nektar Therapeutics (Huntsville, AL). Water used in these
experiments was deionized to a resistance of 18.2 MΩ with a NANOpure Diamond water system
from Barnstead International (Dubuque, IA).
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Bulk Polymer Solutions and Analysis:
ATPS phase diagrams were determined by cloud point titration for PEG 8 kDa and
dextran 500 kDa in 1mM MES buffer (pKa = 6.15) and water as described by Albertsson.19 From
these phase diagrams, we selected 3.9 wt% PEG 8 kDa and 3.9 wt% dextran 500 kDa for use
throughout these experiments, because phase transition temperature lies between 37oC and 25oC –
allowing for encapsulation in GVs (described below). Bulk partitioning of biomolecules and
polymers between the PEG-rich and dextran-rich phases was determined by fluorescence analysis
with a Jobin Yvon Horiba FL3-21 fluorimeter.

Preparation of ATPS-Containing Giant Lipid Vesicles (GVs):
We used the gentle hydration method to form lipid vesicles, as previously described.33-35
In a typical procedure, a chloroform solution of lipids containing a 3:7 molar ratio of Egg
PC:DOPG was prepared at a concentration of 0.26 mg/mL with 0.05 mole % Rhodamine-DOPE.
In a 10 x 75 mm test tube (Durex borosilicate glass, VWR Int., West Chester, PA), the above
lipid solution was added and dried under Ar (g) to form a thin, uniform lipid film and then the
vials were vacuum desiccated for ~2 hours to remove any residual organic solvent. Then, the 3.9
wt% PEG 8 kDa/3.9 wt% dextran 500 kDa solution (as a homogeneous solution/not phaseseparated) containing fluorescent protein, PEG, dextran, or some combination thereof heated to
37oC was added along the wall of the tube, and the lipids were hydrated for 48 hours at this
temperature. Following incubation at 37oC, the solutions were incubated at 4oC for 12 hours, and
then finally left to equilibrate at room temperature. ATPS-containing GVs were collected at the
bulk interface and diluted in the top PEG-rich phase from the original bulk polymer solution/or
from a bulk polymer solution of a different pH (lipid- and fluorophore-free). To this was added an
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aliquot of sucrose to a final concentration of 31 mM, and then the ATPS/GVs were transferred to
a microscope slide for analysis.

Preparation of Buffer-Containing GVs:
GVs containing 0.5 mM HPTS/pyranine and Alexa Fluor 647 – PEG 5 kDa in MES
buffer at pH 4.1 and 6.5 were prepared as the ATPS/GVs above, although after incubation for 48
h at 37oC, the solutions were left to cool to room temperature (without incubation at 4oC). GVs
were collected from the tube and diluted 16-fold in fluorophore-free buffer either of the same pH
(i.e. GVs formed at pH 4.1 were diluted in pH 4.1) or of a different pH (i.e. GVs formed at pH 4.1
were diluted in pH 6.5) to assess the ability of the pH to change across the GV membrane. After
dilution, the GVs (without added sucrose) were transferred to a microscope slide for analysis.

Microscopy:
Imaging was performed using an LSM-5 Pascal Laser Scanning confocal Microscope
from Carl Zeiss, Inc. (Oberkochen, Germany) with a Plan-Apochromat 63x oil immersion
objective (1.4 NA), and Pascal software as previously described.33,34 Excitation wavelengths for
the dyes were as follows: HPTS/pyranine - 458 nm, Alexa Fluor 488 - 488 nm, Alexa Fluor 633
and 647 - 633 nm, Rhodamine - 543 nm. At least 35 vesicles were analyzed per batch. Only
vesicles that were greater than 5 µm in diameter with both the PEG-rich and dextran-rich phases
clearly visible were analyzed in the case of ATPS/GVs, and only GVs that appeared to be uni- or
oligo-lamellar were analyzed.
Solute concentrations were determined from their fluorescence intensities by taking a
fluorescence line scan across each vesicle (spanning both the PEG-rich and dextran-rich phases in
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ATPS/GVs) as previously reported.15,16 The concentration of labeled macromolecule in each
phase (or buffer) was determined directly from the fluorescence intensities via a calibration curve
of the labeled macromolecule or dye free in solution. The extent of protein localization to a
particular phase was quantified by the partition coefficient, K, which is defined as the
concentration of labeled macromolecule in the PEG-rich phase (Cp) as compared to that in the
dextran-rich phase (Cd) (K = Cp/Cd). All images within this chapter have been false-colored for
clarity.

Assessment of Protein Structure via Circular Dichroism:
Circular dichroism spectra for 0.04 mg/ml HSA in buffer, in 3.9 wt% PEG 8 kDa, and in
3.9 wt% dextran 500 kDa at various pH values were collected on a JASCO 810
spectrapolarimeter from 260 to 200 nm with a step of 1.0 nm and a 2 s averaging time. All CD
spectra in this chapter are the average of three scans.

Dynamic Light Scattering:
The hydrodynamic radii (rh) of HSA as a function of pH was determined with a light
scattering instrument (Malvern Zetasizer Nano S, Malvern Instruments Ltd., U.K.) equipped with
a 4 mW 633 nm He-Ne laser with a detection angle of 173o. The rh values reported are based on
volume distributions for unlabeled HSA at 0.04 mg/ml. The rh was obtained by converting the
diffusion coefficient (determined via the Cumulants analysis algorithm in the software) to rh using
the Stokes-Einstein equation.36,37 Each measurement was done in triplicate to ensure validity of
the data and to obtain a standard deviation. Because larger particles, including dust, scatter more
efficiently than smaller particles, they can dominate the distribution and shift the average to a

140
larger radius.37 We therefore converted the raw intensity distributions to volume distributions
using Mie theory, which takes into account how much a particle of a certain radius scatters.37

Results and Discussion
Several factors dictate to which phase a protein might localize in an ATPS, including the
identity, concentration, and molecular weight of the phase-forming polymers, temperature,
presence of salts, and the pH of the system.17-20 Our lab typically encapsulates PEG/dextran ATPS
in GVs as a primitive cell mimic, and we have controlled the localization of proteins in the
interior via changes in osmotic pressure and temperature.15,16 These means of control rely solely
on the alteration of the composition of the phase-forming polymers encapsulated within the
interior of pre-formed GVs. In biological cells, protein localization is controlled via responses to
specific chemical stimuli, such as the import or export of small ions or molecules across the cell
membrane. 9,21,22 Therefore, in order to more closely mimic the processes of biological cells
without modification of the GV-encapsulated ATPS, we chose pH change as a chemical stimulus
to control the localization of a protein within the synthetic cytoplasm.
Protein localization in bulk ATPS can be controlled via pH.17,18,28,29 Since we wanted to
mimic pH-controlled protein localization in an ATPS-encapsulated GV, we chose a protein from
the literature that showed a phase change in response to the pH of the system. Previously, Di
Nucci et al. showed that human serum albumin (HSA, isoelectric point (pI) = 4.9-5.1) localized to
the PEG-rich phase at pH 4 and to the dextran-rich phase at pH 6.5 in an 8.4 wt% PEG 8 kDa/5.8
wt% dextran 500 kDa bulk ATPS.29 To test whether the same would hold true in ATPS/GVs, we
added 19 nM of Alexa Fluor 488 (AF488) - HSA to a bulk ATPS comprised of 3.9% PEG 8 kDa
and 3.9% dextran 500 kDa at pH 4.1 and pH 6.5. Although partitioning is expected to be less
effective for the lower weight percents used in our experiments, encapsulation of ATPS in GVs is
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more difficult for higher weight percents. Experiments revealed that the HSA favored the PEGrich phase at pH 4.1 (K = 2.2 ± 0.58), and favored the dextran-rich phase at pH 6.5 (K = 0.36 ±
0.01), where K (the partition coefficient) is defined as the concentration of HSA in the PEG-rich
phase as compared to that in the dextran-rich phase.

Protein Localization at pH 4.1:
After confirming that HSA relocalized in response to a change in pH in bulk, we
encapsulated the 3.9% PEG 8kDa/3.9% dextran 500 kDa ATPS (containing 0.19 µM AF488 –
HSA) in GVs formed at pH 4.1 and 6.5 using the gentle hydration method. We then concentrated
the internal polymer solution to induce phase separation by adding a hypertonic solution (31 mM
sucrose, a difference of 20 mOsm from solution in which vesicles were formed). This resulted in
a mixture of GV morphologies, both spherical or budded, as previously described.16b,c
Figure 5-1(A) shows confocal fluorescence images for a typical vesicle formed at pH
4.1. AF488 – HSA is indicated in green and AF647 – PEG 5 kDa in blue; red indicates the lipid
membrane (Rhodamine-DOPE). The protein is localized to the PEG-rich phase with a partition
coefficient (K) of 1.4. Partitioning for the AF647-PEG was only slightly higher, K = 1.9. This
particular vesicle has a budded morphology, however all of the vesicle populations investigated
showed heterogeneity in both morphology (spherical and multiply budded vesicles were also
present) and partitioning – based on the addition of sucrose to the external solution, as described
above. The average K for AF488- HSA in 46 ATPS/GVs formed at pH 4.1 was 1.8 ± 1.3, while
the average K for AF647- PEG 5 kDa in the same GVs was 1.9 ± 0.5 Although on average the
HSA was more concentrated in the PEG-rich phase in these vesicles, the preference for this phase
was not strong; indeed, some vesicles in this batch had Cd > Cp .
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Figure 5-1(B) shows a plot of HSA partitioning (K) vs. PEG partitioning (K), which
illustrates the heterogeneity in partitioning between GVs formed under the same conditions. The
strength of a relation between two variables can be assessed by the correlation coefficient, r,
which ranges between -1 and +1, with the extremes indicating the strongest relationships, and
zero being no correlation.39 The plot shows that there is a slight positive correlation (r = 0.36)
between HSA and PEG partitioning. The GVs with the highest HSA K values also had high PEG
K values – but for GVs having PEG K values around 2, there was a wide range of HSA K. As
explained below, this is most likely due to partitioning of HSA to the ATPS-interface (between
the PEG-rich and dextran-rich phases) in some cases. It has been reported that higher
concentrations of phase-forming polymers in an ATPS are conducive to better partitioning.15,16
Our data show only a slight positive correlation between the [PEG] in the PEG-rich phase and
HSA K (r = 0.17) and a somewhat more negative correlation (r = -0.36) between the [PEG] in the
dextran-rich phase and HSA K, suggesting that PEG localization was more important than
concentration alone.
To determine the role of the dextran concentration and localization on HSA localization,
we repeated the experiment with ATPS/GVs formed at pH 4.1, this time including labeled
dextran 500 kDa in place of labeled PEG. Figure 5-2(A) shows a representative confocal image
of a GV at pH 4.1. As in Figure 5-1(A), the AF633 - HSA shows a preference for the PEG-rich
phase (K = 1.4), as indicated by the partitioning of the AF488 - dextran 500 kDa (K = 0.23). The
partition coefficient for AF633 - HSA in these vesicles ranged from 0.21 to 2.3, with an average
of 1.1 ± 0.4 (N = 40) and an average AF488 – dextran K of 0.28 ± 0.1. The partitioning of HSA
spanned from higher concentrations in the PEG-rich phase to higher concentrations in the
dextran-rich phase. Again, while most of the GVs had a positive partition coefficient, indicating
preference of the PEG-rich phase, there were 15 GVs (37.5% of the total) that showed a slight
preference for the dextran-rich phase.
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The HSA K values in the presence of labeled PEG (K = 1.8 ± 1.3) were statistically
higher than when HSA was in the presence of dextran (K = 1.1 ± 0.4) based on a t-test at 95%
confidence. Possible explanations for this discrepancy include that these values came from two
different batches of vesicles, and we have reported small variations in ATPS encapsulation from
batch-to-batch,15or that there could be some contribution based on the different dye combinations
that were used. We were unable to use AF647 – dextran 500 kDa since it favored partitioning to
the GV membrane, leaving no discernable fluorescence within the GV interior. Instead, we used
AF488 – dextran and AF633 – HSA.
Figure 5-2(B) shows a plot of HSA partitioning (K) vs dextran 500 kDa (K) partitioning.
As with the plot of HSA vs PEG partitioning in Figure 5-1(B), this plot also shows much
heterogeneity in K for vesicles in the same batch. However, while HSA partitioning showed only
a slight dependence on PEG partitioning, the positive correlation between HSA K and dextran K
is much more pronounced (r = 0.59). This is most likely because the concentration of dextran in
each phase is also more strongly related to HSA K. The correlation value between [dextran] in
the PEG-rich phase and HSA K is 0.18, while between [dextran] in the dextran-rich phase and
HSA K r = -0.49. The higher correlation values indicate that higher encapsulated [dextran]
relates to higher overall encapsulated polymer concentration, which in turn leads to higher HSA
K. Dextran 500 kDa partitioning might also have more of an influence than PEG partitioning on
HSA because the protein is more like dextran in its surface interactions with the solvent than it is
like PEG. Dextran is known to stabilize some proteins,40,41 such as bovine serum albumin (BSA),
while PEG 8 kDa has been reported to perturb the structure of the protein surface by changing the
water structure around it.42 Therefore, the labeled HSA may have been more inclined to partition
with the dextran rather than with the PEG.

144
Heterogeneity in pH 4.1 ATPS/GVs:
Previously, our group has shown that ATPS encapsulation in a batch of GVs is heterogeneous –
in ATPS GVs formed in a batch where the bulk dextran-rich phase volume was approximately
33%, encapsulated dextran-rich phase volume ranged from <10% to >70%.15 These variations in
polymer concentration lead to differences in protein partitioning, which means that some
encapsulated ATPS compositions produce better protein partitioning than others.15,16 Also, when
sucrose is added to the exterior of preformed ATPS/GVs, not all GVs undergo the same volume
change – which taken together leads to different morphologies and interfacial tensions in addition
to a wide range of K values. The GVs with the highest interfacial tension most likely will give
the highest K values, and in some cases even cause protein to aggregate at the interface.
There are three possibilities in which the HSA can localize in an ATPS/GVs formed at pH 4.1:
all of the HSA can aggregate at the aqueous/aqueous interface between the PEG-rich and dextranrich phases, some of the HSA can aggregate at the ATPS interface, while some can partition to
either phase, or all of the HSA can partition between the PEG-rich and dextran-rich phases, with
none aggregating at the interface. Figure 5-3 and Figure 5-4 show representative confocal
images and the corresponding fluorescence linescans of budded and spherical ATPS-containing
GVs with each of the aforementioned conditions formed at pH 4.1, respectively. These GVs
contain only AF488 – HSA without a fluorescent polymer encapsulated for clarity in interpreting
the linescans.
Overall, the average AF488 - HSA K value for all 36 GVs (including all morphologies and
HSA partitioning variations) was 2.17 ± 0.85. In Figure 5-3 and Figure 5-4, the top panel shows
both budded and spherical GVs, respectively, with all of the HSA aggregated at the interface. Of
the 36 GVs counted, 7 (2 budded and 5 round – 19.4%) fit this criterion, with an average K of
1.13 ± 0.2. Removing them from the average for HSA K in ATPS/GV formed at pH 4.1 resulted
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in an average K value of 2.42 ± 0.74. The middle panels of Figures 5-3 and 5-4 show budded
and spherical vesicles with some HSA aggregation at the interface along with some HSA in the
PEG-rich and dextran-rich phases. Twelve vesicles (3 budded and 9 round – 33.3%) fit into this
category, with an average K of 1.8 ± 0.23. The remaining GVs (having no discernable HSA
aggregated at the interface) had an average K value of 2.85 ± 0.67. In our calculations throughout
this paper, we only included partition coefficients for HSA localized in the latter two scenarios –
GVs containing HSA only aggregated at the interface were not counted towards the average
partition coefficient. In these GVs, we assumed that all 0.19 µM HSA was accumulated at the
interface since there was no other discernable fluorescence within the GV interior.

Protein Localization at pH 6.5:
While the experiments explained above showed that partitioning in ATPS/GVs formed at
pH 4.1 followed the same trend as in bulk solution (HSA favoring the PEG-rich phase), we
repeated the experiments with ATPS/GVs formed in pH 6.5 buffer. Based on experiments with
bulk ATPS, we expected that the HSA would localize in the dextran-rich phase. Figure 5-5(A)
shows typical images of a spherical GV formed at pH 6.5 containing AF488 – HSA and AF647 –
PEG 5 kDa. As seen in the figure, the HSA prefers the dextran-rich phase (K = 0.26) (as
indicated by the partitioning of the AF647 - PEG 5 kDa (K = 1.7). Average K for Alexa HSA in
ATPS/GVs formed at pH 6.5 was 0.25 ± 0.09 (N = 35), while the average K for Alexa PEG 5
kDa in the same GVs was 2.2 ± 0.5. While mentioned earlier that some of the HSA in GVs
formed at pH 4.1 actually slightly preferred the dextran-rich phase instead of the PEG-rich phase,
HSA in GVs formed at 6.5 never preferred the PEG-rich phase. Figure 5-5(B) shows a plot of
HSA partitioning (K) vs PEG partitioning (K), which illustrates the heterogeneity in partitioning
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between GVs formed under the same conditions. Higher K values for AF647 - PEG correlate
slightly (r = 0.36) with higher K values for AF488 - HSA.
As with the GVs formed at pH 4.1, we not only wanted to know the partitioning behavior
of HSA in the presence of labeled PEG – we wanted to know how HSA K was influenced by the
partitioning of labeled dextran as well. Therefore, we repeated the experiment again at pH 6.5,
this time with AF 488 – dextran 500 kDa and AF633 – HSA. Figure 5-6(A) shows
representative confocal images of a GV formed at pH 6.5 with HSA showing a strong preference
to the dextran-rich phase (K = 0.27) (as indicated by the location of the AF488 - dextran 500 kDa
(K = 0.1)). The batch of 40 GVs has an average HSA K of 0.37 ± 0.14 and an average dextran
500 kDa K of 0.15 ± 0.08. Again, all of these vesicles strongly preferred the dextran-rich phase
over the PEG-rich phase. Figure 5-6(B) shows a plot of HSA vs dextran partitioning, which
indicates that there is a very strong correlation (r = 0.83) between labeled dextran and HSA
partitioning. This very strong correlation relates to a higher overall concentrated of encapsulated
polymers within GVs – the correlation value between [dextran] in the PEG-rich phase and HSA is
also extremely high (r = 0.68).

Heterogeneity in pH 6.5 ATPS/GVs:
Overall, the partitioning of both HSA and the fluorescent polymers in ATPS/GVs formed
at pH 6.5 was much more homogeneous than those formed at pH 4.1. This is mostly due to the
strong preference of the HSA to be in the dextran-rich phase at pH 6.5 and at pH 5 (data not
shown) since it is in its native conformation within this range.44,45 GVs formed at pH 6.5
typically did not have HSA aggregated at the interface. However, there was more heterogeneity
in partitioning between vesicle morphologies (i.e. spherical vs budded), and over half of the 36
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GVs containing AF488 - HSA showed evidence of lipid tube formation at the interface between
the encapsulated PEG-rich and dextran-rich phases, as shown in Figure 5-7.
Membrane tubes have been found to form in GVs that have been exposed to external
solutions of higher osmolarity, such as sucrose.43 After exposure to the solution of higher
osmolarity, water leaves the interior of the vesicle through the membrane in order to equalize
osmotic pressure, essentially shrinking the GV. As the volume decreases, excess membrane is
released, forming tubular structures that prefer to settle at the aqueous/aqueous interface.43 These
lipid tubes do not form an impermeable membrane – confocal fluorescence shows that there is a
discontinuity of lipid fluorescence at the interface – meaning that transfer of solutes between the
PEG-rich and dextran-rich phase is still possible.43 Of the 20 GVs with evidence of lipid tubes at
the aqueous/aqueous interface, only two were spherical, while 18 were budded, with an overall
partition coefficient of 0.23 ± 0.05. Of the 16 vesicles that did not have lipid tethers at the
aqueous/aqueous interface, the average HSA K was 0.36 ± 0.06, which is significantly higher
than that in the aforementioned GVs. The reason the HSA K is higher in GVs with lipid tubes at
the interface is most likely either because: (a) there was a greater amount of vesicle shrinkage,
allowing more lipid available to be at the interface, also meaning the polymers were more
concentrated within the GV, leading to better partitioning, or (b) the interfacial tension in these
GVs is higher, such that membrane accumulates there, also indicating a higher polymer
concentration leading to better partitioning.

Dynamic pH-Controlled Protein Localization in GVs (pH 4.1 to 6.5 and reverse):
Figure 5-8 shows a histogram of ln K for AF488 - HSA in ATPS-containing GVs formed
at pH 4.1 and at pH 6.5. These data prove that pH is significantly controlling the localization of
HSA in ATPS-encapsulated GVs, even though the localization is somewhat heterogeneous. In
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order to more accurately model the cell cytoplasm, we not only want to have a crowded,
heterogeneous interior – it must also be dynamic. Since we verified that HSA localization could
be controlled by changing the pH in which the ATPS/GVs were formed, we wanted to show that
we could dynamically control the interior HSA localization with a change in external pH of preformed vesicles. It has previously been reported that pH can be changed across vesicle
membranes in the absence of any ion channels or proton pumps.44 In order to verify that a pH
change from 4.1 to 6.5 (and vice versa) could take place across the membranes of our synthetic
cells, we encapsulated the pH-sensitive dye, pyranine, along with a pH-insensitive dye, AF647,
into buffer-containing GVs at pH 4 and 6.5, and recorded their fluorescence intensities within the
GV interiors. Pyranine fluorescence increases with increasing pH. Figure 5-9 shows
representative confocal fluorescence images of pyranine (green) and AF647 (blue)-containing
GVs formed at pH 4.1 and 6.5 (top panels). The average fluorescence intensity at pH 4.1 for
pyranine was 47.3 ± 3.4 and for AF647 was 114.6 ± 18.7 for a batch of 38 GVs, while at pH 6.5
the fluorescence intensity of pyranine was 122.2 ± 13.4 and AF647 was 114.2 ± 19.2 for a batch
of the same number. Note that while the pyranine fluorescence increased substantially between
GVs formed at pH 4.1 and those formed at pH 6.5, the AF647 fluorescence remained relatively
constant.
To verify a pH change across the membrane in both directions, a batch of vesicles formed
at pH 4.1 were diluted 16-fold into the pH 6.5 buffer, and vice versa. Representative confocal
images of pyranine and AF647 fluorescence after the pH change in either direction show that the
pH was successfully changed within the vesicles to the desired pH. GVs formed in pH 4.1 buffer
diluted to pH 6.5 increased pyranine fluorescence to an average of 105.6 ± 15.8 while AF647
fluorescence was 99.7 ± 25.6 in a batch of 38 GVs, and GVs formed at pH 6.5 and diluted to pH
4.1 decreased the pyranine fluorescence to an average of 54 ± 13.3, with an average AF647
fluorescence of 139.6 ± 18.7 for a batch of 39 GVs. From these data, we can conclude that an
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external pH change leads to a pH change within GVs. Although the AF647 intensities varied
slightly when the pH was changed across the membrane, they did not vary with the same intensity
as the pyranine (increased pyranine fluorescence from pH 4.1 to 6.5 while AF647 intensity
decreased slightly over that range), meaning that they were not caused by changes in pH.
Since it was verified that the pH at which GVs are formed can control the localization of
HSA in ATPS-containing GVs formed at pH 4.1 and pH 6.5, and that the pH within the GV
interior can be manipulated by changing the pH of the bulk solution surrounding GVs, we put
these two findings together to dynamically control the localization of HSA in ATPS/GVs via an
external pH change. Figure 5-10 shows representative sequential confocal microscopy images of
a budded ATPS/GV formed at pH 4.1 and diluted to pH 6.5. Transmitted light images were
included with the fluorescence images to show that the locations of the phases remain constant
over time. While the HSA (green) is clearly partitioned to the PEG-rich phase (K = 2.8, [HSA] =
0.2 µM in PEG-rich phase, 0.07 µM in dextran-rich) and somewhat to the interface at pH 4.1
(before dilution), by 92.7s after the addition of the pH 6.5 buffer, the HSA shows a lesser
preference to the PEG-rich phase (K = 1.5) and to the interface, and by 103.7s, is slightly
preferring the dextran-rich phase (K = 0.75). Just 132.7s after the addition of the pH 6.5 buffer,
the HSA moves to the dextran-rich phase (K = 0.3, [HSA] = 0.06 µM in PEG-rich phase, 0.21
µM in dextran-rich), and lipid tubes can be seen forming at the interface. These lipid tubes most
likely came from the small “bud” that is most of the time out of the plane-of-focus but can be
seen in panels 2 and 3 of the sequence, or from other areas of the membrane.43 The accumulation
of lipid tubes at the interface is representative of many of the budded GVs formed at pH 6.5, as
mentioned earlier in the chapter.
Since the previous relocalization was followed in a budded ATPS/GV, we also wanted to
follow this phenomenon in a spherical vesicle, to show that the phase change was independent of
GV morphology. Figure 5-11 shows a spherical ATPS/GV formed at pH 4.1 and diluted to pH
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6.5. A panel including AF647 – PEG 5 kDa partitioning is included in the top panel to indicate
the location of the PEG-rich phase, while the transmitted light images also indicate that the
location of the phases remain constant throughout the sequence. While the HSA inside the
budded vesicle in Figure 5-10 did not completely switch from preferring the PEG-rich phase to
the dextran-rich phase until after 103.7s, the HSA encapsulated in the vesicle in this sequence
(Figure 5-11) had completely switched from the PEG-phase/interface to the dextran-rich
phase/interface in under 30s. There was a large variation in the amount of time it took for the
HSA in GVs starting at pH 4.1 (PEG-rich phase) to switch to the dextran-rich phase after dilution
to pH 6.5. Time for protein relocalization after dilution from pH 4.1 to 6.5 ranged from ~30s to
over 100s. However, this is hard to quantify because the time it takes depends on many factors,
including GV size and morphology, concentration of phase-forming polymers inside the GV,
[HSA] inside GV, extent of partitioning to PEG-rich phase, and even the location at which the
diluent was added on the slide.
Since ATPS/GVs formed at pH 4.1 and 6.5 had heterogeneous HSA partitioning between
GVs in the same batch, with slight correlations between HSA and PEG K and much stronger
correlations between HSA and dextran K, we hypothesized that there would be a correlation
between protein and polymer K for GVs formed at pH 4.1 and diluted to pH 6.5 as well. Figure
5-12 shows plots of HSA partitioning (K) vs labeled PEG partitioning (K) and vs labeled dextran
partitioning (K) for GVs that were formed in pH 4.1 and diluted in pH 6.5 buffer. Not
surprisingly, there is heterogeneity in HSA partitioning between vesicles formed in and diluted in
the same batch. For the GVs containing both labeled HSA and PEG 5 kDa, the average HSA K
was 0.54 ± 0.33 for 89 GVs, while the average PEG K was 2.02 ± 0.46. While the PEG K was
nearly the same as that in GVs containing fluorescent HSA and PEG, the HSA K was
significantly higher than was found in GVs formed at pH 6.5 (was 0.25 ± 0.09), indicating a
somewhat lesser preference to the dextran-rich phase. However, there were 6 GVs that did not
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switch from the PEG-rich phase to the dextran-rich phase after dilution. There was no evidence
as to why the HSA did not re-localize in response to pH for these particular vesicles – 3 had no
visible aggregation or lipid at the interface, 2 had HSA aggregated there, and one had evidence of
lipid tubes. There is a slight dependence of HSA K on PEG K (r = 0.3), with HSA K strongly
dependent on [PEG] encapsulated within GVs (r = -0.59 for PEG-rich phase and r = -0.45 for
dextran-rich phase) This dependence is most likely due to GVs with a higher PEG K having a
greater overall polymer concentration encapsulated within them, which would increase the
viscosity of the GV interior, making it more difficult (or just take a longer time) for the HSA to
relocalize. It also may be that a higher concentration of polymer works to stabilize the HSA
conformation, making it more resistant to change.
GVs containing labeled HSA/PEG had a significantly higher K after pH change from 4.1
to 6.5 (K = 0.54 ± 0.33) than did the GVs containing the fluorescent macromolecules formed at
pH 6.5 (K = 0.25 ± 0.09). We found that the same holds true for the GVs diluted from pH 4.1 to
6.5 containing the labeled dextran 500 kDa as well. While the average K for labeled HSA was
0.37 ± 0.14 in GVs formed at pH 6.5, the average HSA K for GVs formed at pH 4.1 and diluted
to pH 6.5 was 0.69 ± 0.3, with 6 GVs having HSA remaining in the PEG-rich phase. As with the
GVs including fluorescent HSA and PEG, these GVs show much heterogeneity in K values, with
a somewhat stronger dependence of HSA K on dextran K (r = 0.55). The same arguments for the
dependence of HSA K on PEG K hold true - a higher concentration of polymer encapsulated
within the GVs (r = 0.45 for [dextran] in PEG-rich and -0.34 for dextran-rich phases) leads to
higher viscosity and possibly resistance to or extended time necessary for relocalization.
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Explanation of pH-Controlled Dynamic Protein Localization in GVs (pH 4.1 to 6.5 and
reverse):
HSA relocalized from the PEG-rich phase to the dextran-rich phase when diluted from
pH 4.1 to 6.5. However, we were unable to perform the experiment in reverse. While GVs
formed at both pH 4.1 and pH 6.5 are stable, a dilution of the external vesicle solution from pH
6.5 to pH 4.1 resulted in destabilization of the GVs – no acceptable ATPS-containing GVs were
found. Since we were able to change the pH from 6.5 to 4.1 in GVs containing pyranine, AF647,
and buffer, as shown in Figure 5-9, we thought the destabilization may be due to the
encapsulated ATPS. Figure 5-13 shows representative confocal microscopy images of an ATPScontaining GV (including AF488 – PEG 20 kDa) formed at pH 6.5, and then a representative
image of a vesicle from a batch diluted from pH 6.5 to pH 4.1. As can be seen in the image, these
ATPS-containing vesicles were stable throughout the pH change, with an average AF488 - PEG
K of 2.9 ± 0.17 in the batch formed at pH 6.5, and an average AF488 - PEG K of 2.9 ± 0.21 in the
batch diluted from pH 6.5 to 4.1. Since the average AF488 - PEG K did not change during the
dilution, we can also safely say that the AF488 is insensitive to pH change as well.
Since the above control experiments proved that the ATPS-containing GVs were stable
when diluted from pH 6.5 to 4.1, we concluded that the destabilization must be due to the
presence of the Alexa HSA within the GV. Literature shows that HSA is most stable at pH
values between 5 and 7, where it is in a native conformation. 45 At pH values below 5 down to
~pH 3.5, HSA is said to go from a native to a partially acid expanded conformation, and at pH
values below 3.5, HSA is in a fully acid expanded conformation.45,46 Above pH 7 and up to pH 9,
HSA goes through a subtle partially base expanded conformation, while over pH 10 goes through
a steep base expanded conformation.45,46 All of these transitions have been reported to be
reversible.46-48 We used circular dichroism (CD) in order to determine whether there was a
conformation change in the HSA being used in our experiments, since CD is commonly used to
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probe the effects of various stimuli on HSA conformation.47,49 Figure 5-14(A) shows CD
spectra in the far – UV region (200 – 260 nm) for 0.04 mg/ml non-fluorescent HSA at various pH
values in buffer (left panel), 3.9% PEG 8 kDa (center panel), and 3.9% dextran 500 kDa (right
panel). As can be seen in each of the panels listed above, the HSA is most stable at pH 6.5 in all
three media, as indicated by the strongest CD signal (green line). The CD value at 222 nm is a
characteristic of the α-helical structure of a protein, and can be used to show the extent of protein
denaturation. Figure 5-14(B) shows a plot of the CD values at 222 nm for each pH value tested
in buffer, 3.9% PEG 8 kDa, and 3.9% dextran 500 kDa. Again, this plot shows that the HSA had
the most α-helical content at pH 6.5, verifying that it was in the most stable conformation at this
pH, followed by pH 4.1, 12, and then 2 and 14. These CD data show that the HSA and solvent
conditions used in the experiments presented in this chapter are analogous to those presented in
the literature.
In addition to taking CD spectra, we also ran dynamic light scattering (DLS)
measurements on 0.04 mg/ml non-fluorescent HSA in buffer at the same pH values as used in the
CD experiments. DLS has previously been used to discern between the native, acid-expanded
and base-expanded forms of HSA.50 We were unable to analyze HSA in PEG or dextran since the
DLS spectra can not discern between different species in solution, and due to the high
concentrations of polymer (3.9 wt%) as compared to the HSA in solution (0.004 wt%), the
spectra were dominated by scattering from the polymers. Figure 5-15 shows a plot of the
average HSA hydrodynamic radius (rh) (nm) as a function of pH in buffer solution. As with the
CD data presented above, the most stable HSA conformation was found at pH 6.5, as indicated by
the smallest rh out of all the pH values analyzed. At pH 6.5, the rh of HSA was 3.3 ± 0.3 nm,
while literature values for HSA under the same condition gave an rh of 3.5 nm according to
Armstrong et al.51 The larger rh values for pH values higher and lower than pH 6.5 most likely
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represent the partial acid (pH 4.1) expansion mentioned in the literature, while rh values at pH 2,
12 and 14 represent the fully acid and basic expanded conformations of HSA, respectively.
The aforementioned CD and DLS data, along with information from the literature,
explain the reason for HSA’s preference for the dextran-rich phase at pH 6.5 and for the PEG-rich
phase at pH 4.1. As noted in the literature, most biological molecules in their native
conformation prefer the dextran-rich phase in a PEG/dextran ATPS, while denatured proteins
tend to favor the more hydrophobic PEG-rich phase.30,38 This is because in an extended
conformation, proteins tend to have greater surface hydrophobicity than when in a native
conformation, due to the exposure of previously hidden residues.2 It has been shown that PEG
molecules actually skew protein surface hydrophobicity measurements due to competition and
prevention of binding for 1-anilino-8 naphthalene sulfonate (ANS), the fluorescent molecule
commonly used for determination of surface hydrophobicity.38 Tubio et al. also showed a strong
positive correlation between increasing partition coefficient (ln K) and surface hydrophobicity (ln
So) for a variety of serum albumin proteins in a PEG/dextran ATPS, again showing the preference
of more hydrophobic, extended conformations of proteins for the PEG-rich phase.38 Indeed,
Albertsson reported that the partitioning of HSA to the dextran-rich phase was constant between
the pH values of 5 and 10 for a PEG/dextran and dextran/methylcellulose ATPS, but outside this
region the K values increased (indicating a preference for the PEG-rich phase) due to
denaturation and/or precipitation.17

pH-Controlled Dynamic Localization of HSA in ATPS/GVs – pH 6.5 to 12:
In the transition from pH 4.1 to 6.5, the HSA undergoes a transition from a partially acid
expanded conformation to a native conformation. According to many literature reports, the
denaturation of HSA caused by pH, temperature, or other chemical denaturants are completely
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reversible.45-48 However, relocalization from the dextran-rich phase to the PEG-rich phase during
a pH change from pH 6.5 to 4.1 was not possible in our system. Since the CD and DLS data, as
well as the literature, showed that HSA conformation followed the same trend in more basic
solution as in acidic solution, we decided to dilute the ATPS/GVs formed at pH 6.5 to pH 12.
Figure 5-16 shows representative sequential confocal microscopy images of an
ATPS/GV containing AF647 – PEG 5 kDa (blue) and AF488 – HSA (green), as well as
transmitted light images to show that the location of the encapsulated phases remains constant
over time. Before dilution with pH 12 buffer, the ATPS/GV (formed at pH 6.5) had an Alexa
HSA K of 0.55 ([HSA] was 0.14 µM in the PEG-rich and 0.26 µM in the dextran-rich phases)
and an Alexa PEG K of 2.6. At 80s after dilution, the HSA K is near unity, while the HSA
progressively favors the PEG-rich phase more clearly over time (HSA K = 1.26, 1.66, and 2.33 at
128, 224, and 290 s after dilution in pH 12 buffer). After 290 s, [HSA] was 0.23 µM in the PEGrich and 0.1 µM in the dextran-rich phase. The amount of time it took for HSA to travel from the
PEG-rich to dextran-rich phase also varied between vesicles, but on average was much longer
than the time it took to travel from the dextran-rich to the PEG-rich phase when diluted from pH
4.1 to pH 6.5. While most of the ATPS/GVs diluted from pH 4.1 to 6.5 switched phases in under
100 s, the phase change between pH 6.5 and 12 took between 157 and 290 s. The reason may be
due to the fact that the pH change for the former was much smaller – while the pH only needed to
change from 4.1 to almost 5 to go from the PEG-rich to the dextran-rich phase, the pH change
from 6.5 to 12 was much larger – GVs diluted to pH 11 still showed a preference for the dextranrich phase 1h after dilution. The extended time necessary for phase relocalization could also be
due to slower diffusion caused by aggregation in PEG, or because the HSA interacts with the
interface before moving into the PEG-rich phase.
Figure 5-17 shows a plot of Alexa HSA vs Alexa PEG partitioning in GVs formed at pH
6.5 after they had been diluted to pH 12. GVs did not form in pH 12 ATPS. Although there was
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heterogeneity between the partition coefficients from GV to GV, the HSA and PEG K showed a
very strong positive correlation with one another (r = 0.7), along with a strong correlation on
encapsulated [PEG] (r = -0.57). Average K for both HSA and PEG were significantly higher than
in GVs diluted to pH 4.1 – average HSA K for GVs diluted to pH 12 was 3.1 ± 1.3 (pH 4.1 GVs
K = 2.1 ± 0.85) and the average PEG K was 4.6 ± 0.94 (K ~ 2 for all experiments described
previously herein). The increased HSA partition coefficient may be because HSA was never
detected at the aqueous/aqueous interface - while at pH 4.1, some amount of HSA aggregate was
seen in more than half of the ATPS/GVs analyzed. The reason for the increase in PEG partition
coefficient is unclear – in order to determine whether the increase in PEG partitioning was real,
we ran a control experiment with only AF488 - PEG included in the ATPS/GV (no Alexa HSA
was present).
Figure 5-18 shows representative confocal images of ATPS/GV containing AF488 –
PEG 20 kDa formed at pH 6.5 before (left) and after dilution in pH 12 buffer (right). The
partition coefficient for Alexa PEG in pH 6.5 was 2.9 ± 0.17, while after dilution to pH 12 Alexa
PEG K was 3.1 ± 0.4. This increase is not statistically significant. Since we have presented
several experiments with ATPS/GVs containing both Alexa HSA and Alexa PEG and have not
previously seen this trend, it is most likely due to spectral overlap from imaging on the confocal.

pH-Controlled Localization of Other Proteins:
Protein conformation is generally responsive to pH. We therefore tested whether this
simple approach could be applied to control local concentrations of other proteins in model cells.
Table 5-1 lists the molecular weight (MW), isoelectric point (pI), the sign of net charge at various
pH values, and the corresponding partitioning preference for the proteins investigated here. α−1Antitrypsin (AAT) has many similarities to HSA – the MW and pI are quite similar, while all of
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the charges and partitioning habits are also the same.26,29 Fibrinogen and α-crystallin were
selected since they have much larger MW than HSA or AAT, but with similar pI.52,53
While results showed that most of the partitioning habits of these larger proteins were
similar to those of the smaller HSA and AAT, there were more instances where all of the protein
aggregated at the encapsulated ATPS interface. This makes sense, in that it is widely reported
that larger proteins and biomolecules aggregate at the ATPS interface more frequently than their
smaller counterparts.17-20 However, one interesting note is that while ATPS/GVs containing either
HSA or AAT did not survive the transition from pH 6.5 to 4.1, the ATPS/GVs containing these
larger proteins did survive. Therefore, further studies need to be done in order to determine why
certain proteins cause the GVs to collapse when undergoing the pH transition from pH 6.5 to 4.1,
while others do not.
Along with the aforementioned proteins, we also studied the enzyme horseradish
peroxidase (HRP) due to its much higher pI (5.5 - 9).54 The partitioning of HRP was much less
noticeable than that of the other proteins – it only slightly favored the PEG-rich phase at pH 4.1,
while showing no preference at pH 6.5. The only prominent partitioning seen with ATPS/GVs
containing HRP was during the transition from pH 6.5 to 12 – HRP K was nearly 5 for those
GVs. Although each of the previously described biomolecules behaved somewhat differently in
GVs formed in and diluted to various pH values, it is clear that an external pH change is a general
way to control the localization of a biomolecule inside ATPS/GVs.

Conclusions
We have demonstrated that protein localization within giant vesicles encapsulating a
PEG/dextran aqueous two-phase system can be dynamically controlled via an external chemical
stimulus. Here, the preferential localization of human serum albumin and other proteins to a
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particular aqueous phase encapsulated within a giant vesicle was caused by changes to the charge
and conformation of the protein as a result of an external pH change. This control over local
concentration within ATPS-encapsulated giant vesicles occurred over very short timescales, so
that protein relocalization could be followed with confocal fluorescence microscopy. Therefore,
pH is a very general and universal way in which to control the localization of a protein within the
interior of an ATPS-encapsulated giant vesicle.
Several recent studies have reported transient compartmentalization of
biomacromolecules within living cells.55 The simple model system presented here provides a
framework for which the consequences of protein microcompartmentation can be tested. With
this model, we can reversibly control the local protein concentration in a cell-sized,
macromolecularly crowded environment. Our PEG/dextran ATPS encapsulated within GVs
therefore suggests that phase separation in living cells may lead to the microcompartmentation of
proteins, nucleic acids, and other biomacromolecules in response to an external chemical stimulus
such as a change in pH, ion, or other molecule concentration.
One could build upon the data in this chapter by using ATPS/GVs to control local protein
activity, binding, or catalysis due to changes in local concentrations or conformations – or to
control on/off binding events or catalytic reactions locally in response to pH. A way to add more
complexity and biological relevance to our system would be to add a charged polymer (such as
dextran sulfate or trimethylamino-PEG) to more closely mimic the charges on the phase-forming
biomacromolecules in the cytoplasm. Charged aqueous two-phase systems have shown profound
effects on the partitioning of proteins as compared to that in analogous neutral systems56– studies
in our lab are currently underway.
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Figure 5-1: Partitioning of labeled HSA and PEG in ATPS/GVs formed at pH 4.1.
(A) Confocal microscopy images of an ATPS-containing GV formed at pH 4.1. Red indicates
Rhodamine-DOPE fluorescence, green indicates Alexa Fluor 488 - HSA fluorescence, and blue
represents Alexa Fluor 647 - PEG 5 kDa fluorescence. (B) Relationship between the partition
coefficients of HSA and PEG. The scale bar is 10 microns.
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Figure 5-2: Partitioning of labeled HSA and dextran in ATPS/GVs formed at pH 4.1.
(A) Confocal microscopy images of an ATPS-containing GV formed at pH 4.1. Red indicates
Rhodamine-DOPE fluorescence, green indicates Alexa Fluor 633 - HSA fluorescence, and blue
represents Alexa Fluor 488 - dextran 500 kDa fluorescence. (B) Relationship between the
partition coefficients of HSA and dextran. The scale bar is 10 microns.
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Figure 5-3: Localization of HSA in budded ATPS/GVs formed at pH 4.1. (Left) Confocal
microscopy images of ATPS-containing budded GVs formed at pH 4.1. Red indicates
Rhodamine-DOPE fluorescence, green indicates Alexa Fluor 488 - HSA fluorescence. (Right)
Fluorescence line scans corresponding to the GVs at the left. The scale bars are 10 microns.

167

200
200
150

Rhodamine-DOPE Fluorescence Intensity

100

50

50
0

5
10
15
Distance (µm)

200

250

150

200
150

100

100
50
50
0

5
10
Distance (µm)

15

200

150

150
100
100
50

Alexa Fluor 488 - HSA Fluorescence Intensity

150
100

50
0

5
10
Distance (µm)

Figure 5-4: Localization of HSA in spherical ATPS/GVs formed at pH 4.1. (Left) Confocal
microscopy images of ATPS-containing spherical GVs formed at pH 4.1. Red indicates
Rhodamine-DOPE fluorescence, green indicates Alexa Fluor 488 - HSA fluorescence. (Right)
Fluorescence line scans corresponding to the GVs at the left. The scale bars are 10 microns.
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Figure 5-5: Partitioning of labeled HSA and PEG in ATPS/GVs formed at pH 6.5. (A)
Confocal microscopy images of an ATPS-containing GV formed at pH 6.5. Red indicates
Rhodamine-DOPE fluorescence, green indicates Alexa Fluor 488 - HSA fluorescence, and blue
represents Alexa Fluor 647 - PEG 5 kDa fluorescence. (B) Relationship between the partition
coefficients of HSA and PEG. The scale bar is 10 microns.
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Figure 5-6: Partitioning of labeled HSA and dextran in ATPS/GVs formed at pH 6.5.
(A) Confocal microscopy images of an ATPS-containing GV formed at pH 6.5. Red indicates
Rhodamine-DOPE fluorescence, green indicates Alexa Fluor 633 - HSA fluorescence, and blue
represents Alexa Fluor 488 - dextran 500 kDa fluorescence. (B) Relationship between the
partition coefficients of HSA and dextran. The scale bar is 10 microns.
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Figure 5-7:Localization of HSA in budded and spherical ATPS/GVs formed at pH 6.5.
(Left) Confocal microscopy images of ATPS-containing GVs formed at pH 6.5. Red indicates
Rhodamine-DOPE fluorescence, green indicates Alexa Fluor 488 - HSA fluorescence. (Right)
Fluorescence line scans corresponding to the GVs at the left. The scale bars are 10 microns.
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Figure 5-8: Histograms comparing partitioning (ln K) of Alexa Fluor 488 - HSA in ATPScontaining GVs formed at pH 4.1 (red) and pH 6.5 (blue).
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Figure 5-9: Fluorescence of pyranine and Alexa Fluor 647 indicate pH change in GVs.
Confocal microscopy images of GVs containing the pH-sensitive dye pyranine (green) and pHinsensitive Alexa Fluor 647 - PEG 5 kDa (blue). Red indicates Rhodamine-DOPE fluorescence.
The scale bars are 10 microns.
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Figure 5-10: Partitioning of labeled HSA in an ATPS/GV formed at pH 4.1 and changed to
pH 6.5. (A) Sequential confocal microscopy images of an ATPS-containing GV formed at pH 4.1
and changed to pH 6.5. Red indicates Rhodamine-DOPE fluorescence, green indicates Alexa
Fluor 488 - HSA fluorescence, and the grey panel indicates transmitted light. (B) HSA
partitioning (ln K) over time. The scale bars are 10 microns.
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Figure 5-11: Partitioning of labeled HSA in an ATPS/GV formed at pH 4.1 and changed to
pH 6.5. (A) Sequential confocal microscopy images of an ATPS-containing GV formed at pH 4.1
and changed to pH 6.5. Red indicates Rhodamine-DOPE fluorescence, green indicates Alexa
Fluor 488 - HSA fluorescence, blue represents Alexa Fluor 647 - PEG 5 kDa fluorescence, and
the grey panel indicates transmitted light. (B) HSA partitioning (ln K) over time. The scale bars
are 10 microns.
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Figure 5-12: Partitioning of labeled HSA and PEG or dextran in ATPS/GVs formed at pH
4.1 and changed to pH 6.5. (A) Relationship between the partition coefficients of Alexa Fluor
488 - HSA and Alexa Fluor 647 - PEG 5 kDa. (B) Relationship between the partition coefficients
of Alexa Fluor 633 - HSA and Alexa Fluor 488 - dextran 500 kDa.
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Figure 5-13: Partitioning of labeled PEG in ATPS/GVs formed at pH 6.5 and changed to
pH 4.1. Confocal microscopy images of ATPS-containing GVs formed at pH 6.5 (left) and
changed to pH 4.1 (right). Red indicates Rhodamine-DOPE fluorescence, green indicates Alexa
Fluor 488 - PEG 20 kDa fluorescence. The scale bars are 10 microns.
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Figure 5-14: CD spectra for HSA at various pH values. (A) CD spectra of 0.04 mg/mL HSA
in buffer (left), 3.9% PEG 8 kDa (middle), and 3.9% dextran 500 kDa (right). (B) CD parameter
of HSA at 222 nm (measure of α-helicity) as a function of pH in buffer, 3.9% PEG 8 kDa, and
3.9% dextran 500 kDa.
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Figure 5-15: Hydrodynamic radius of HSA in buffer as a function of pH. Scale bars represent
the standard deviation of three measurements.
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Figure 5-16: Partitioning of labeled HSA in an ATPS/GV formed at pH 6.5 and changed to
pH 12. (A) Sequential confocal microscopy images of an ATPS-containing GV formed at pH 6.5
and changed to pH 12. Red indicates Rhodamine-DOPE fluorescence, green indicates Alexa
Fluor 488 - HSA fluorescence, blue represents Alexa Fluor 647 - PEG 5 kDa fluorescence, and
the grey panel indicates transmitted light. (B) HSA partitioning (ln K) over time. The scale bars
are 10 microns.
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Figure 5-17: Partitioning of labeled HSA and PEG in ATPS/GVs formed at pH 6.5 and
changed to pH 12.
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Figure 5-18: Partitioning of labeled PEG in ATPS/GVs formed at pH 6.5 and changed to
pH 12. Confocal microscopy images of ATPS-containing GVs formed at pH 6.5 (left) and
changed to pH 12 (right). Red indicates Rhodamine-DOPE fluorescence, green indicates Alexa
Fluor 488 - PEG 20 kDa fluorescence. The scale bars are 10 microns.
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Table 5-1: Behavior of proteins encapsulated in ATPS/GVs at various pH values.

Pg = protein prefers the PEG-rich phase, int. = protein prefers the ATPS interface, Dx = protein
prefers the dextran-rich phase, slt. Dx = protein slightly prefers the dextran-rich phase, slt. Pg =
protein slightly prefers the PEG-rich phase, DNF = GVs did not form, DNS = GVs did not
survive, NP = protein had no preference for either phase, N/A = not applicable (experiment not
performed),
= protein or buffer carries a net positive charge,
= protein or buffer carries a
net negative charge

Chapter 6

Conclusions and Future Directions

Conclusions
This thesis describes fundamental studies towards the elucidation of giant vesicle (GV)
behavior – namely the factors that dictate the encapsulation of macromolecules within the GV
interior – as well as their use as vessels in which to model dynamic control over protein
localization in a synthetic cytoplasm. While the main objective of the work presented herein was
to create a synthetic cell in which we were capable of dynamically controlling internal protein
localization in response to an external chemical stimulus, this work also led to important findings
on solute encapsulation behavior within giant and submicron lipid vesicles.
This thesis presented data showing that fluorescence intensity ratioing via confocal
microscopy provides a simple means of determining encapsulation efficiency for multiple GVs
per image, and when external solute concentration is known, of estimating the internal solute
molarity. While the concentration of a macromolecular or small molecule solute within
individual GVs varies from vesicle to vesicle within a batch, the average encapsulated
concentration will generally be close to or slightly above the solute concentration present during
vesicle formation. However, very large solutes such as dextrans 500 and 2,000 kDa were
encapsulated with much lower efficiency in dilute solutions.1
Building upon this, we found that the addition of polymeric co-encapsulants as
macromolecular crowding agents substantially increases both encapsulation efficiency and
homogeneity for otherwise poorly encapsulated macromolecules. Even for lower MW polymers
that encapsulate efficiently alone, the addition of a crowding agent improved encapsulation
homogeneity. Light scattering data indicated that the reason for the increased encapsulation
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efficiency and homogeneity is due to the decrease in solute (e.g., dextran) hydrodynamic radius
with an increase in concentration of crowding agent. Although even the uncondensed forms of
these polymeric solutes are clearly small enough to be accommodated in the GV interior,
encapsulation requires diffusion between the lipid lamella during GV hydration. Thus, we
hypothesized that the condensed polymers are more effectively encapsulated during vesicle
formation due to their increased access to the inter-lamellar space. This is consistent with the
observation that lower MW polymers are in general more effectively encapsulated than their
higher MW counterparts.2
Since quantification of biomolecule encapsulation within giant vesicles is important for
their use as bioreactors and artificial cells,3 we also presented data showing that the addition of
crowding agents substantially increased both encapsulation magnitude and homogeneity for
otherwise poorly encapsulated proteins and enzymes. Homogeneity for lower MW proteins and
nucleic acids that encapsulated efficiently in dilute solution was increased in the presence of a
crowder as well. Importantly, the mechanism for increased biomacromolecule encapsulation is
general, such that crowding agents need not be varied with the identity of the solute.4
Along with the studies on encapsulation in giant vesicles, we also showed that the coencapsulation of crowding agents resulted in a significant improvement in the bulk encapsulation
efficiency of a large dextran within submicron vesicles. This work is important because the
increase was accomplished by a non-invasive means of encapsulation – and should work for a
variety of membrane/solute combinations.4
All of the previous data led to the elucidation of factors that dictate solute encapsulation
in giant vesicles. In particular, we were able to better understand the encapsulation of the
polymers that we typically use in our aqueous two-phase systems, poly(ethylene glycol) and
dextran – which explained the encapsulation behavior of ATPS within GVs. With a better
understanding of our system, we added complexity by demonstrating control over protein
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localization within ATPS/GVs via an external chemical stimulus. In biological cells, the passage
of ions or molecules across the membrane influences localization of biomolecules therein.
Several recent studies have reported transient compartmentalization of biomacromolecules within
living cells.5,6 For example, Figure 6-1 shows the dynamic localization of the enzymes of the
purine de novo biosynthesis pathway in response to the cells being placed in either purine-rich or
purine-depleted media.6 In our model system, the preferential localization of human serum
albumin and other proteins to a particular aqueous phase was caused by changes to the charge and
conformation of the protein as a result of the most basic chemical stimulus - an external pH
change. This control over local concentration within ATPS-encapsulated GVs occurred over very
short timescales, so that protein relocalization could be followed with confocal fluorescence
microscopy. We concluded that pH is a general and universal way in which to control the
localization of a protein within the interior of an ATPS-encapsulated giant vesicle.7
Our simple model system provides a framework for which the consequences of protein
microcompartmentation can be tested. With this model, we can reversibly control the local
protein concentration in a cell-sized, macromolecularly crowded environment. Our PEG/dextran
ATPS encapsulated within GVs therefore gives us the ability to use this model system to explore
the consequences of the variations in local concentrations for various intracellular reactions and
processes, such as metabolic pathways.8 Our system does not model exactly what happens in
living cells – but from it we gain valuable information about what might be possible in them.

Future Directions
While the work in this thesis has made strides towards understanding solute
encapsulation in giant and submicron lipid vesicles, as well as creating a synthetic cytoplasm
capable of responding to external chemical stimuli – there is still much work to be done. While
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we showed that macromolecular crowding could be used to increase encapsulation in a batch of
submicron vesicles, we were unable to determine their individual encapsulated solute
concentrations. Since submicron vesicles often encapsulate precious solutes, such as
pharmaceuticals, it would be useful to have the ability to quantify their contents.9 A new method
has been recently developed and reported by Omiatek et al. in which a microfluidic device was
used for the electrochemical detection of the contents of individual submicron vesicles.10 While
limited to the use of electroactive molecules, this device, coupled with macromolecular crowdinginduced solute condensation, could prove quite useful to understanding the mechanism by which
solutes are encapsulated in submicron vesicles.
One could build upon the data using ATPS/GVs as model cells to control local protein
activity, binding, or catalysis due to changes in local concentrations or conformations – or to
control on/off binding events or catalytic reactions locally in response to pH. Another way to add
more complexity and biological relevance to our system would be to add a charged polymer (such
as dextran sulfate or trimethylamino-PEG) to more closely mimic the charges on the phaseforming biomacromolecules in the cytoplasm. Charged aqueous two-phase systems have shown
profound effects on the partitioning of proteins as compared to that in analogous neutral systems
– studies in our lab are currently underway.11
Overall, the work presented within this thesis has the potential to impact and influence
research not only on giant and submicron vesicles, but understanding of cell biology as well.
Understanding factors that dictate encapsulation of macromolecules within giant vesicles will add
improved quantification in experiments where they are used as vessels for modeling biological
reactions, while improving encapsulation in submicron vesicles is important to their use in
industry. In addition, the work with two-phase systems encapsulated in giant vesicles provides a
framework for which the consequences of protein microcompartmentation can be tested – and
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this may lead us to hypotheses ultimately creating a better understanding of the complex reactions
occurring within the cellular interior.
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Figure 6-1: Reversible formation of enzyme clusters of the purine de novo biosynthesis
pathway. (A) Enzyme clusters form when HeLa cells are exposed to purine-depleted medium.
(B) Clusters disperse within ~0.5 to 1.5 hours upon incubation with purine-rich medium. (C) The
clusters begin to re-form within ~1 to 2 hours after purine-depleted medium is restored. Image
taken from An et al. Science 2008, 320, 103-106.6
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