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ABSTRACT
This thesis presents two platforms developed to assess transport activities of
multidrug resistance (MDR) efflux pump, called P-glycoprotein (Pgp). Pgp is a
transmembrane protein that is believed to be responsible for MDR of cells against broad
range of small molecules. This nonspecific transport activity limits the efficacy of a
number of orally induced drugs, as Pgp is expressed on the membranes of various cell
types including apical surface of abdomen, epithelial cells of blood-brain barrier, and
especially cancer cells. Food and Drug Administration stresses criticality of Pgp in the
drug development phase by reinforcing drug screening against Pgp in the approval
process. Therefore, effective and efficient techniques to screen the intercations between
candidate drugs and Pgp are in high demand. To this end, we developed two assay
platforms employing model membrane systems: 1) giant proteoliposome-based assay and
2) a platform with pore-spanning bilayer over an array of nanosized wells.
Giant proteoliposomes bearing Pgp with size and composition similar to that of
cell plasma membrane are excellent biomimetic system to exclusively monitor the
interaction between Pgp and its substrates. In this thesis, transport activity of Pgp across
the giant proteoliposome membrane was assessed by translocation of Pgp fluorescent
substrate, rhodamine123 (Rho123). We monitored Rho123 transport into the giant
proteoliposome lumen upon activation by ATP. The results showed that Rho123 transport
rate with ATP concentration followed Michaelis-Menton kinetics, and complete
inhibition was achieved with 40 µM verapamil, a Pgp competitive inhibitor.
For the nanowell-based Pgp transport activity, an array of nanowells with 200 nm
diameter and 800 nm depth was fabricated on a quartz substrate. Giant proteoliposome

	
  

iv
ruptured on the substrate surface, forming pore-spanning bilayer. Using this platform, we
monitored Rho123 transport into the nanowells by active Pgp.
In conclusion, giant-proteoliposome and nanowell-based platforms were
developed to assess the transport activity of Pgp. This thesis presents the detailed records
of optimization processes and assay results and analysis from the two platforms. Finally,
we anticipate that these techniques will provide outstanding platforms to assess
interactions between Pgp and drug candidates under development in near future.
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CHAPTER 1 INTRODUCTION

Multidrug resistance (MDR), which refers to an anomaly that cells become resilient to
various drugs, is a major obstacle in treatment of bacterial infections and a number of human
cancers including leukemia and solid tumors.[9-12] Several ATP-binding cassette (ABC)
transporters including P-glycoprotein (Pgp, ABCB1), multidrug resistance associated protein 1
(MRP1, ABCC1), breast cancer resistance protein (BCRP), and cholesterol transporter (ABCA1)
are presumed to contribute to MDR by transporting drugs out of the targeted cells and thus
impeding their therapeutic effects.[12-13] In order to increase the success of chemotherapy, several
strategies can be adapted; one could 1) directly inhibit MDR efflux pumps, 2) bypass, or 3) lower
the expression levels of MDR transporters on cancer cells. Inhibition of these transporters would
have adverse effects on healthy cells, causing the activation of undesired signaling cascades.
Therefore, much effort has been focused on studying biophysical and biochemical properties of
MDR transporters in order to develop drugs that would bypass MDR or inhibitors that would
specifically target MDR transporters on cancer cells.[12, 14]
Therefore, screening the effects of newly developed drugs on MDR transporters is critical.
Current methods to assess drug efflux by MDR transporters are largely categorized into in vitro,
in vivo, and liposome-based methods. In vitro studies employ isolated capillaries, primary or
immortalized endothelial cell lines, or peripheral tissue cells to reveal Pgp-drug interaction via
biochemical assays. On the other hand, in vivo studies utilize knockout mice or natural mutants
and imaging techniques such as positron emission tomography and autoradiography to track
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traces of administered drugs.[15-18] Yet, these strategies are expensive, labor intensive, and
complicated and hence, responses from cells or animals upon drug treatment may not solely
reflect drug interactions with MDR transporters. Thus, more straightforward methods that apply
purified MDR transporters are being favored to retrieve pharmacokinetic parameters.
In this context, proteoliposomes with reconstituted MDR transporters have been
employed to study the efflux pump transport activity.[6, 19-22] Proteoliposomes (PLs) are vesicular
phospholipid bilayer with protein reconstituted. Details of the liposome system will be discussed
later in this chapter, but briefly, liposomes mimic compositions of the cellular membrane in
absence of complexity of real cells, such as cytoplasmic compartments and cytoskeletal
structures.[23-24] In other words, components of the PL-based system are simply lipid and protein,
which provide an excellent platform to exclusively study membrane protein functions. PLs with
MDR efflux pumps reconstituted have been applied to measure levels of ATPase activity, if the
protein is in ABC protein family, substrate transport, and binding kinetics using spectroscopic
detection methods. Though more efficient compared to the in vitro and in vivo strategies, the
currently available PL-based transport assays offer neither a fine-control over the number of Pgp
on the membrane nor simple manipulation over the transport activity environment.
To overcome such limitations, this thesis presents the design and development of smart
platforms to monitor transport activity of the best-characterized MDR efflux pump, Pgp. We will
address biophysical, biochemical, and pharmacokinetic properties of Pgp in the first section of
the chapter to provide comprehensive understanding of the transport activity of Pgp. In the
second section of the chapter, bases of the proposed platforms, the model membrane systems,
will be introduced. Also, we will discuss strategies applied to employ the model membrane
systems to accompany transmembrane proteins to assess functions of transmembrane proteins
along with literature reviews.
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1.1 P-Glycoprotein

Pgp is a 170 KDa transmembrane protein with ATP binding cassettes on the cytosolic
domain and substrate binding sites in transmembrane (TM) domain.[10, 25] Distribution of Pgp is
concentrated at the apical membranes of tissues that require protection from external
environment, such as digestive systems, central nervous systems, and placenta. Thus, Pgp is
mostly expressed at the apical surface of epithelial cells in intestinal tissues, liver, blood-brain
barrier, and tumors.[9, 26-27]. Normally, Pgp is involved in clearance of foreign molecules and
toxins from organs, which explains its abundance in kidneys and guts.[10, 26] Yet, Pgp in cancer
cells and epithelial cells of blood-brain barrier works against the efficacy of a number of
therapeutic agents.[11, 28] In this section of the chapter, we will introduce Pgp.

1.1.1 P-glycoprotein in cancer
MDR in cancer is a concern for the anti-cancer therapy, and Pgp is probably the most
notorious MDR efflux pump in fighting cancer. Indeed, a number of anticancer drugs including
doxorubicin and vinblastine are substrates of Pgp.[15, 28] Availability of anti-cancer therapeutic
agents is reduced by Pgp molecules that are highly expressed in tumors, and thus hindering the
efficacy of the drugs. While there may be other mechanisms causing MDR in vivo, Pgp is
presumed to be the most critical player, as very little expression of Pgp on cancer cells can result
in severe MDR. Significance of Pgp in anti-cancer therapy is further emphasized in the U.S. by
Food and Drug Administration (FDA). FDA recently required the screening the interactions of
Pgp and candidate drugs in the approval process to check whether the drug is specifically
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A

B

Figure 1-1. Structure of Pgp. (A) The secondary structures of two homologous halves
of Pgp. (B) Ribbon presentation of Pgp with the color-coded homologous from the
secondary structure on (A). The figure was adapted from Jin et al.[1]
targeting Pgp or not.[29] This required screening demands that the newly approved drugs are not a
direct candidate of Pgp, which would ensure the efficacy of the drugs when administered to
patients. Therefore, effective screening platform to study Pgp and drug interaction is on high
demand. In this context, this thesis endeavored to develop exclusive and efficient assay systems
to monitor Pgp transport activity.

1.1.2 Structure of P-glycoprotein
Recent advancements in studies of Pgp crystal structure have revealed intriguing
information regarding Pgp properties.[30-31] The best resolution crystallography was achieved a
few years ago by Jin and colleagues and presented 3.4 Å resolution crystallography of Pgp,
expressed in caenorhabditis.elegans (c.elegans), providing atomic structures of the inward
facing Pgp molecule.[1] As illustrated in Figure 1-1, Pgp has two homologous halves with 2
nuclear binding domains and 6 TM domains on each side. The two homologous halves are
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Figure 1-2. Structures of inward and outward-facing Pgp. (A) A cartoon illustration of
inward-facing Pgp molecules with TM substrate binding sites are marked in green,
Pgp substrate is presented in pink, and ATP molecules are marked in yellow. (B) A
hypothetic illustration of outward-facing Pgp molecules based on other bacterial
transporter, MsbA shows that ATP hydrolysis driven conformational change of Pgp to
open its substrate binding pocket to extracellular medium, providing an effluxing path
for Pgp substrates. The figure was adapted from Aller et al.[3]
connected by a flexible linker between the C-terminal of TM domain and N-terminal of the
nucleobinding domain (Figure 1-1A).[1, 3, 7]
The nucleobinding sites are conserved among the ABC protein family and very similar to
other MDR transporters as well. Binding of ATP molecules to the nucleobinding sites on both
homologues resulted in energy-driven conformational change of Pgp. In other words, Pgp seems
to rotate between the two conformations. In inward-facing conformation, the nucleotide binding
sites at the cytosolic domain remain apart like open scissors with the linker neck in close
proximity (Figure 1-2A). This inward-facing conformation opens a relatively large space (1600
Å3) within the cytosolic and inner bilayer leaflet domains, and this cavity is presumed to provide
substrate-binding pockets.[7, 10] Several studies on the crystal structure of Pgp have reported
atomic positions of the inward-facing conformation of Pgp with detailed piece by piece
information regarding how Pgp may engage with its substrate within the cavity.[1 Szewczyk, 2015 #997,
3]
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conformational change, which occurs upon the substrate binding and ATP hydrolysis, and 2)
crystal structure of the outward-facing conformation, which would explain the exit pathway of
Pgp substrates. Aller and colleagues hypothesized outward-facing conformation based on other
membrane transporters as shown in Figure 1-2B. This presumed outward-facing conformation
has two homologues of Pgp in 90º shift from the inward-facing conformation so that it opens
hydrophilic cavity toward the extracellular medium from the bilayer outer leaflet. Yet, this was
only estimated based on the crystal structures of bacterial MDR transporter, MsbA,[32] and actual
crystal structure of the Pgp outward-facing conformation remains unresolved homework in Pgp
research.

1.1.3 Mechanisms of P-glycoprotein substrate transport
Crystal structures of Pgp revealed physical locations of substrate binding sites, but
evidences that substrate recognition occurs in the TM domain were first proposed by multiple
biochemical experiments.[33-37]For example, Sharom group performed a series of Forster
resonance energy transfer (FRET) experiments with fluorescent substrates of Pgp that did not
fluoresce in the aqueous environment: Hoechst 33342 (H33342) and LDS-751.[33, 37]FRET was
able to pinpoint the location of H33342 and LDS-751 in the lipid bilayer, and the results showed
that both substrates engaged with Pgp molecules in the TM domains. Although there are
substantial evidences that Pgp substrates are recognized within the TM domains, there is still no
consensus on how those substrates are translocated by Pgp.
Two major hypotheses on the Pgp effluxing mechanisms are 1) hydrophobic vacuum
cleaner and 2) flippase. The vacuum cleaner mechanism, illustrated on the left side of Figure 13, argues that Pgp substrate is recognized in the inner leaflet of the bilayer when Pgp is in the
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Figure 1-3. A cartoon illustration of two proposed Pgp transport mechanisms:
hydrophobic “vacuum cleaner” and “flippase”. Figure was adapted from
Sharom.[7]

inward-facing conformation, capturing the substrate in the inner pocket regions within the TM
domain. Then, energy driven by ATP hydrolysis upon engagement of ATP molecules at the
nucleobinding domains results in the conformational change of Pgp to outward-facing
conformation and opens a pathway for the substrate to diffuse out to the extracellular medium.
This mechanism was first introduced by Higgins and Gottesman in 1992,[38] and has been
supported by a number of crystal structure snapshots of Pgps from crystallography. However, the
direct evidence picturing the outward-facing conformation is still lacking.
On the other hand, the flippase mechanism, on the right side of Figure 1-3B, is supported
by the evidence that Pgp binds to lipid molecules and can flip lipid in the inner leaflet to outer
leaflet or vice versa, causing lipid flip-flop. ATP hydrolysis driven flippase causes the
translocation of the substrate along with lipids to the outer leaflet from the inner leaflet, and
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diffusion of the substrate out of the bilayer reduces the substrate concentration in cytoplasm.
This theory was supported by observations that fluorescent-labeled phosphatidylcholine (PC)
were flip-flopped between inner and outer leaflet of bilayers by Pgp in vitro,[39] which was also
confirmed from liposome-based experimental studies.[7, 40-41]
However, there is no evidence to confirm which of the two mechanisms is true, and the
two proposed mechanisms are not mutually exclusive that it would be difficult to draw a single
conclusion. Some argues that the flippase mechanism is energetically favorable, as opening of
the TM domain to the extracellular medium in the vacuum cleaning mechanism requires
rehydration of substrates to travel back to extracellular medium from dehydrated state in the TM
compartment. Yet, some argues that the flip-flop rates are usually too slow to maintain the
concentration gradients and to cause MDR; thus, flip-flop may not be the sole contributor to Pgp
transport activity. Further studies are required to accurately untangle the transport mechanism of
Pgp and other MDR transporters.

1.1.4 P-glycoprotein substrates
Pgp interacts with a broad spectrum of substrates including anticancer drugs,
immunosuppressive agents, corticoids, analgesics, HIV protease inhibitors, cytokines,
antidiarrheal agents, anthelminthic agents, anti-gout agents, antipsychotic agents, histamine H1receptor antagonists, histamine H2-receptor antagonists, β-Adrenoceptor antagonists, calcium
channel blocker, antiepileptic drugs, antiemetics, cardiac glycosides, diagnostic fluorescent dyes,
antidepressants, antibiotics, and lipid-lowering agents. Examples of Pgp substrates have been
summarized in multiple reviews.[9-10, 13, 15]
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Generally speaking, Pgp substrates are relatively large in size that its molecular weights
range 200-1900 Da.[10] The substrates are generally lipophilic but also amphiphilic that they
often align themselves at the first few acyl chains of the phospholipid molecules with the
hydrophilic side interacting with the lipid head group while the lipophilic side positions with the
acyl chains.[42] Pgp substrates contain at least two aromatic rings and slightly positively charged
at physiological pH, which is also common properties of a number of xenobiotic drugs.
In this context, Pgp substrates partition into the lipid bilayer for relatively long time,
which makes their availability high for Pgp. Klip, a kinetic parameter that defines a ratio between
substrate concentrations in oil and water phase, is often used to assess how substrates interact
with Pgp in the lipid bilayer. Higher Klip indicates abundance of substrates in the bilayer. With
the diversity of Pgp substrates, Klip values of Pgp record from 50 to 105.[7]Another kinetic
parameter that can define Pgp interaction with its substrate is a dissociation constant (Kd), which
can be experimentally measured using intrinsic Tryptophan (Trp) signal of Pgp that is quenched
upon binding of substrates.[34] Melchoir and colleagues have used the fluorosome-trans-Pgp to
measure Kd values of Pgp to several drugs that are known to be Pgp substrates.[21] Kd values from
these studies indicated that the range of Kd values are in mM ranges but it could vary depending
on substrate properties.
Pgp inhibitors may work as Pgp substrates to reduce transport activity of Pgp. In this case,
the binding of Pgp inhibitors is favored than the binding of co-administered therapeutic agents,
and overall it increases the availability of therapeutic agents in cells. These inhibitors require
minimal cytotoxicity with the level that could inhibit or lower Pgp transport activity. For
example, verapamil, a calcium channel blocker, is often employed to modulate Pgp functions as
a competitive inhibitor in the presence of other Pgp substrates.
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1.1.5 Kinetics of Pgp transport activity
As mentioned in section 1.1.3, there are two hypotheses that explain how Pgp transports
its substrates from the TM domain to extracellular medium. The theories argue that substrates are
recognized within the inner leaflet of the bilayer and are either flip-flopped to the outer leaflet or
translocated to open space toward the extracellular medium via conformational change. This
transport activity of Pgp causes the efflux of Pgp substrates reducing cytoplasmic substrate
concentration. Generally speaking, a molecule can be defined as a Pgp substrate if the efflux/
influx rate is at least 2.
Transport of substrates by Pgp molecules has been evaluated via various techniques in
vitro and also using liposome-based systems.[19-21, 43-44] In vitro strategies can be simple as a
measurement of drug uptake via fluorescence or immunostaining, or biochemical assays to
measure the ATP hydrolysis rates can be adapted. Liposome-based systems offer more explicit
studies of Pgp transport activity and utilize fluorescence techniques to monitor intensity changes
of fluorescent substrates of Pgp (i.e. Rhodamine derivatives, H33342, LDS-751) using
spectroscopic techniques or optical microscopes. Biochemical assays like ATPase assay is also
readily performed with the liposome-based systems. Rates of transport or rates of ATPase
hydrolysis can be fitted to reaction kinetic models, such as Michaelis-Menten kinetics for
substrate and ATP concentration dependent transport activities of Pgp and dose-response curves
for transport rates for Pgp inhibitors.
Michaelis-Menten constant (Km), which defines the substrate concentration with halfmaximum rate of transport when fitted to Michaelis-Menten equation, is often employed to
evaluate the transport activity of Pgp. For instance, Km of ATP for Pgp ranges from 0.4 – 0.8
mM depending on the system it was measured.[7] Yet, these values are retrieved from the bulk
assays using a population of cells or liposomes, which only provides estimates of activities of
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Pgp molecules. Single molecular kinetic parameters of Pgp transport activity still needs to be
determined.

1.1.6 Influence of lipid environment on the Pgp transport activity
As Pgp is known to perform lipid flip-flops, the effect of lipid environment on the
transport activity of Pgp has been a great interest of Pgp research. Indeed, roles of various
aspects of lipid properties in Pgp functions have been assessed in a number of studies.[19, 38, 41, 4549]

In this context, a role of cholesterol, which is an essential component in the plasma membrane

and have controls over the integrity and fluidity of the membrane system, has been mostly
exploited. It has been reported that extension of cholesterol content in the membrane system did
not change the ATPase activity of Pgp significantly,[48] but the binding of Pgp substrates and
transport activity of Pgp was affected by membrane fluidity changing with cholesterol content.
Transport of substrates by Pgp occurs in two steps: 1) substrate partition into bilayer and
2) substrate binding to Pgp. As mentioned previously, partition coefficients of Pgp substrates are
high that substrates are most likely concentrated in the lipid bilayer than in the aqueous
environment. However, binding of substrates to Pgp in TM domain is not a fast process with Kd
values in millimolar range. Previous studies have shown that affinity of substrates to Pgp was not
affected by the packing density of the membrane, but partition of substrates depended on the
membrane lateral packing density.[50] The membrane packing density may depend on the content
of cholesterol and sphingomyelin in the lipid composition. Increasing cholesterol and
sphingomyelin content in the membrane results in higher packing density. In this context, the
blood-brain barrier, which has high packing density, would provide good environment for Pgp to
efflux its subtrates and cause severe MDR than other tissues.[7]
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Besides, the membrane packing density, the fluidity of the membrane is another factor
that may affect the substrate partition into the lipid bilayer. Studies have demonstrated that the
partition of the drugs was most efficient in liquid-crystalline phase compared to the gel phase.
However, the affinity of substrates to Pgp was increased in the gel phase; the rigidity of the
membrane fluidity may limit the free diffusion of substrates and allows easier access to the
substrate binding sites. The effect of lipid phases in Pgp transport activity could explain the
presence of Pgp on the lipid rafts (liquid-ordered phase with relatively high content of
cholesterol and sphingomyelin) of some cells. [51] In short, the dynamic of the lipid composition
could greatly affect the partition and affinity of substrates to Pgp and thus could change the
transport activity of Pgp. It would be, therefore, an interesting strategy to modulate Pgp transport
activity.
Recent finding demonstrated that the sphingolipid singling might reduce Pgp transport
activity in renal proximal tubule.[43] This was surprising because a previous study showed that
there was no change in Pgp transport activity when Pgp was reconstituted into cholesterol- and
sphingolipid- rich environments.[52] Yet, Miller presumed that the reduction in the Pgp transport
activity in the renal proximal tubule was caused by the signaling cascade from sphingolipid (S1P)
and sphingolipid receptor (S1PR) signaling. The downstream of S1P and S1PR signaling
activated TNF-α signaling pathways, which increased the membrane permeability and reduced
transport activity of Pgp. This study enlightened the possibility that the lipid signaling could be
employed to modulate Pgp functions.

1.2 Model Membrane Systems
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Supported Lipid Bilayer (SLB)

Black Lipid Membrane (BLM)

Planar Lipid Bilayers

Small (SUV)

Large (LUV)

Giant (GUV)

Liposomes
(Unilamellar Vesicles)
> 1 µm
< 100 nm

< 500 nm

Figure 1-4. Illustration of model membrane systems. Model membranes are largely
categorized into planar lipid bilayers (on top) and liposomes (on bottom). Planar lipid
bilayers can be supported on one end, as supported lipid bilayers (SLB), or can be
freestanding as black lipid membranes (BLM). On the other hand, liposomes are spherical
vesicles of lipid bilayer. Depending on their sizes, liposomes are categorized into small
unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), and giant unilamellar
vesicles (GUVs). 	
  
In this thesis, two types of the model membrane systems were employed as bases of Pgp
transport activity assays. In this section, we will review basics of the model membrane systems
and groundwork of our platforms. Model membranes are self-assembled bilayers of natural
and/or synthetic lipid molecules that form planar or vesicular lipid bilayers (liposomes) (Figure
1-4). Model membrane systems aim to mimic natural membranes of cells or organelles without
complexity of subcellular or sub-organelle structures and thus provide excellent platforms for
studying transport across membranes in simple formats.[53] The planar lipid bilayers can be either
supported by a solid substrate (supported lipid bilayer (SLB)) or freestanding (black lipid
membrane (BLM)) (top panel in Figure 1-4). On the other hand, liposomes are spherical vesicles
composed of lipid bilayers and are categorized into small unilamellar vesicles (SUV, < 100 nm),
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large unilamellar vesicles (LUV, < 500 nm), and giant unilamellar vesicles (GUV, > 1 µm)
depending on their sizes (bottom panel in Figure 1-4).[23, 54] The model membrane systems with
reconstituted proteins are advantageous over in vitro and in vivo systems in that fine-tuning of
experimental environment is possible.[23, 54] For example, lipid composition can be manipulated
to generate lipid rafts or phase-separated regions,[19, 55] and buffers in- and outside of liposomes
can be differed to induce osmotic pressure, pH gradient, or encapsulate drugs or testing
molecules.[5]

1.2.1 Reconstitution of membrane protein on model membrane systems
Reconstitution of proteins into model membrane systems not only offers stable
environment for the membrane bound proteins, but also enables screening of the protein
functions. The commonly employed techniques to reconstitute transmembrane proteins in lipid
bilayers include gel filtration chromatography and self-insertion. The self-insertion of
transmembrane proteins is feasible only for some toxins, channel proteins, and pore-forming
proteins, such as alpha-hemolysin, mycobacterial porin, outer membrane protein A, and
gramicidin.[56-57] In this case, purified proteins self-insert and orient in the membranes of planar
lipid bilayers or liposomes.[57-58] In other cases, purified proteins can be reconstituted onto the
model membrane system through gel filtration chromatography and be prepared as small PLs
(SUV with membrane protein reconstituted).[19-20, 22, 59-60] While the gel filtration chromatography
is more challenging than self-insertion, it is applicable to a larger group of transmembrane
proteins including active transporters[19, 22, 59] and ion channels.[60] The reconstituted proteins can
then be applied to study lipid-protein, protein-protein, ligand-receptor, or drug-transporter
interactions.
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Despite above-mentioned advantages of the transmembrane protein bearing model
membrane system, there are challenges facing reconstituting transmembrane proteins to lipid
bilayers. As its nomenclature indicates, these proteins position themselves across a lipid bilayer,
which indicates that there are alternative lipophilic and hydrophilic domains. Also,
transmembrane proteins are large in size, over 100 KDa, with complex subunit structures. Thus,
not only that it is challenging to express and extract large size proteins without losing their
tertiary structures, but also that transmembrane proteins must be stabilized in amphiphilic
environment, such as detergent or lipid bilayer. Furthermore, the presence of detergent in the
purified transmembrane proteins could hinder its function. [45, 47, 61-62]Yet, it is still very attractive
system, as it allows exclusive studies on the transmembrane function, which is not affordable in
vitro and in vivo systems.
Pgp, the protein of the focus in this thesis, does suffer from the challenge discussed
previously. While expression and purification of the rodent Pgps was successful in maintaining
Pgp ATPase activities and functions, human Pgps are still facing difficulties in reconstitution
with full functions due to its instability and fragility. Our collaborator Dr. Frances J. Sharom at
the University of Guelph, ON, Canada is an expert in Pgp research with numerous
publications.[19, 34, 45, 48, 63-64] Dr. Sharom’s laboratory pioneered the use of novel fluorescence
approaches to characterize structure, biochemical properties, and drug transport kinetics of
hamster Pgp on the PL-based platform. The reconstitution of hamster Pgp to small PL was
achieved via gel filtration and detergent extraction methods. Since a trace of detergent in Pgp
reconstituted small PL can hinder the proper activity of Pgp on liposomes, it was crucial to
remove all the detergent during the reconstitution process.[47] The Sharom group has successfully
developed protocols to overexpress Pgp molecules on Chinese Hamster Ovary B30 cells, to
extract and purify Pgp, and to reconstitute Pgp on small PLs.[19-20, 22] Finally, Pgp on small PL
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was utilized in various assays to reveal biochemical properties of Pgp via fluorescence
spectroscopic techniques. For instance, the intrinsic fluorescence of tryptophan on Pgp, which is
quenched upon the substrate binding, has been employed to extrapolate the dissociation constant
of substrate. Likewise, the transportation of fluorescent substrate in and out of small PLs was
monitored by time-course fluorimetry.[19, 21, 48] These methods, however, represented data from a
population of Pgps on small PLs and did not permit microscopic techniques to monitor the
substrate transport visually. With aims to overcome these limitations, we have reconstituted Pgp
molecules to giant PL in this thesis and studied functions of Pgp to transport its substrates.

1.2.2 Preparation of giant liposomes with reconstituted proteins
As discussed previously, GUVs are vesicular model membrane system with scale
comparable to actual cells (> 1 µm). Thus, GUVs are considered to be a better representative of
plasma membrane than SUVs and LUVs. Due to smaller sizes, SUVs and LUVs exhibit different
curvature and line tension than the actual cellular plasma membrane.[24, 54, 65-66] Thus, it would be
interesting to study whether Pgp molecules would function similarly when reconstituted to
GUVs compared to SUVs or LUVs. To this end, we prepared the GUVs bearing Pgp.
Traditionally, GUVs are prepared via a technique developed by Angelova and Dimitrov in 1986,
called ‘electroformation’ of liposomes.[67] Briefly, this process involves dehydration of lipid
molecules, followed by rehydration, and application of AC electric field. The dehydration of the
lipid molecules results in multiple layers of lipid films, which becomes multilayer lipid vesicles
when rehydrated in the solution by swelling. The application of the static electric field then
allows the vesicles to fuse together and finally generate giant unilamellar vesicles (GUVs). Ever
since its development, electroformation has been frequently employed to study mechanical
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(tension and curvature) and biochemical properties (lipid rafts and phase separation) of
liposomes.[68-73]
Yet, the traditional electroformation technique did not offer a control over sizes or
numbers of GUVs produced. To overcome this limitation, the lipid film had to be deposited in
identical thickness, and an easy strategy to achieve this was through micropatterning. Cell
membrane, lipid, and lipid bilayer microarrays have been developed for high throughput
screening of lipid-protein, lipid-lipid interactions through various lithographic techniques.[74-76]
Among those, our lab is specialized in patterning lipid molecules using hydrogel-based soft
lithography. Hydrogels are composed of a network of natural or synthetic polymer with
capabilities to hold relatively high water content (> 98 %).[75,

77]

Hydrophilicity enables

hydrogels to absorb and store hydrophilic molecules in their 3-D network. Further, due to their
tunable softness that can be rendered similar to that of human tissue, hydrogels have been
expected to serve important roles in biomedical research.[78-79]
To exploit the advantages of the hydrogel, Dr. Majd and colleagues employed a
topographically patterned agarose hydrogel to load SUVs and to transfer these materials to glass
substrates with desired patterns.[80] The transferred lipid molecules on the glass substrate selfassembled into lipid bilayers and formed SLBs. Fluorescence recovery after photobleaching
experiment on fluorescently labeled SLBs confirmed the lateral fluidity of the lipids on the
bilayer with a diffusion coefficient of 0.2 µm2/s. These authors further advanced this hydrogelbased microcontact printing technique by individually inking the hydrogel with solutions of PLs
or cellular membrane fragments to minimize the material consumption but to maximize the
concentration of inking materials as Figure 1-5A illustrates.[4] This technique enabled simple
and rapid fabrication of many copies of membrane arrays with or without functional proteins and
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Figure 1-5. Microcontact printing of lipid membrane arrays via agarose hydrogel stamps.
(A) Schematic drawings of the fabrication of giant proteoliposome arrays by loading
small proteoliposomes onto an agarose stamp and subsequent transfer of the ink materials
onto glass by stamping. Figure was adapted from Majd et al.[4] (B) An illustration of
electroformation of GUVs from stamped lipid films on the left and the fluorescent
micrograph of an array of single GUVs on the right. The figure was adapted from Kang et
al.[5]
	
  
with a number of distinct compositions for parallel drug or protein-interaction screening.[4, 56, 8081]

Finally, our group had presented an interesting modification of the abovementioned
hydrogel-based microcontact printing in order to create microarrays of GUVs with size control.[45, 80]

In this method, as Figure 1-5B describes, lipid molecules were patterned onto conductive

indium tin oxide (ITO) substrates using the agarose hydrogel as a stamp. The patterned lipid
films were then exposed to an AC electric field that induced formation of large vesicles and their
subsequent fusion to grow into GUVs. The size of these GUVs was well controlled by the
feature size of the agarose hydrogel stamps. The authors achieved single GUV formation per
spot using an agarose stamp with 40 µm features. Furthermore, this method enabled the
incorporation of membrane proteins such as aquaporin Z water channel into GUVs. We applied
this neat technique in this thesis to prepare giant PLs bearing Pgps.
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1.2.3 Proteoliposome-based assay of P-glycoprotein transport activity
In order to assess transport activities in the model membrane systems, it is necessary to
track substrate translocation across the membrane. For this reason, applications of transport
activity assay using the model membrane systems are limited to liposomes and freestanding
bilayer (BLM), as one side of the bilayer is blocked by a solid support in the case of the
supported lipid bilayer (SLB). BLM-based sensing, often referred to as single channel recording,
monitors current changes in the confined chambers, which occur due to the transport of ions or
charged molecules through the transmembrane protein channels or pores, mostly generated by
the abovementioned self-inserting pore forming proteins.[56, 58] However, when substrate is not a
charged molecule, as it is the case of many Pgp substrates, detection strategies have to be
adjusted. Therefore, PL-based system was preferred over the BLMs, and the detection scheme
was mainly based on fluorescence techniques for the assessment of the transport activity of MDR
membrane transporters.
Thus, we benchmarked the strategy developed by Dr. Sharom[19] to monitor the transport
of substrates by Pgp across the giant PL membrane. For this assay, orientations of Pgp in the
reconstituted PLs were assumed to be 50:50 inside-in and inside-out positions, where inside-in is
the natural orientation in cells and inside-out position is opposite of the inside-in with nucleotide
binding domains exposed. However, ATP that initiated the transport activity of Pgp was not
accessible in the liposome due to its hydrophilicity; thus, active transport was only in one
direction. In Dr. Sharom’s study, the authors used tetramethylrhosamine (TMR) as Pgp substrate,
which is a hydrophobic red fluorescent molecule that can freely partition into the membrane
compartment. Briefly, TMR was introduced to the small PL and was allowed to diffuse into the
membranes. Subsequent introduction of ATP into the system initiated the transport activity of
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Pgp, and TMR was translocated from the outer leaflet to the inner compartment of PL as ATP
was only accessible to the Pgp molecules that were inside-out oriented. The accumulation of
TMR in the nanoscale compartment of the small PL resulted in fluorescence self-quenching, and
the rate of the self-quenching was measured via fluorescence spectroscopy techniques.[19]
In another study, the transport activity of a single PL bearing Pgp was assessed in
microfluidic channels.[82] Here, the authors anchored the PLs with Pgp on the microfluidic
chamber by attaching DNA duplex to substrate surface and PLs. Then, the transport activity of
Pgp was evaluated at several time points with ATP and hydrophilic fluorescent substrate of Pgp,
rhodamine123 (Rho123). Briefly, the anchored liposomes were exposed to solution containing
ATP and Rho123 for certain amount of time and washed with a buffer. Then, the microfluidic
system was brought either to the plate reader to measure the bulk signal or to microscope to
visually assess the Rho123 fluorescence intensity in the PLs. While this study nicely presented
the estimation of single vesicular transport activity of Pgp, the PLs employed here were LUVs,
which made the imaging of single liposome challenging. Probably due to this reason, the authors
did not perform live imagining of the Pgp transport activity, and measured the end-time
fluorescence intensities instead. However, in this thesis, we monitored the real-time transport
activity of Pgp under the confocal microscope, as we were able to resolve a confocal plane
through the giant PLs as the sizes of giant PLs were ~ 10 µm.
Finally, the Mayer group employed giant PLs with human Pgp reconstituted to monitor
Rho123 transport across the membrane.[6] In this study, the authors used ‘hydrogel-assisted
formation of giant PLs’, which used dehydration of small PL in a thin layer of agarose film
followed by subsequent rehydration of lipid vesicles inside the agarose film. Unlike our
hydrogel-mediated electroformation, this strategy allowed the formation of giant PL in strong
salt solutions because there was no application of current.[83] After formation of the giant PL
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Figure 1-6. Change in the normalized Rho123 intensity change inside the giant PL
bearing human Pgp against time in various transport conditions (A) with 1 mM ATP, (B)
without ATP, (C) with 1 mM ATP and 30 µM verapamil, and (D) GUVs without Pgp but
with 1mM ATP. The figure was adapted from Horger et al.[6]
bearing human Pgp, Rho123 along with ATP was introduced to the system, and flux of Rho123
into the giant PL lumen was monitored under the optical microscope. This study nicely
elaborated the possibility of the employment of giant PL for monitoring transportation of
fluorescent molecules in and out of the liposome membrane. However, the authors focused on
the development of the technique rather than the evaluation of biochemical functions of Pgp, and
as the authors adapted human Pgp, which is relatively unstable when reconstituted on the
membrane compared to hamster or mouse Pgp, the ATPase specific activity was extremely low
(8 nmol/mg protein/ min).[6] Further, there were apparent problems with Rho123 leakage into the
liposome lumen without active transport (Figure 1-6B), which led them to break down the
transport activity between the passive diffusion and active transport by Pgp. Our strategy to
overcome such problems was the manipulation of the lipid environment on the giant PL to
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improve the integrity of the membrane and reduce the effect of free diffusion of Rho123 to
minimal.
Together, several studies have proposed PL-based systems to assess the transport activity
of Pgp in hamster, mouse, and human forms, and each had advantages over another. For
example, small PL-based assays were superior at producing quantitative data than giant PLbased assays. However, giant PL-based assays enabled generations of single liposome data,
which was not possible with small PL-based bulk assays. Integrating advantages and overcoming
pitfalls of each study, we, in this thesis, reconstituted hamster Pgp into giant PLs for the first
time and studied functions of Pgp in various transport conditions at a single liposome level. Then,
we applied the giant PL bearing Pgp to a lab-on-a-chip device to move toward single molecular
sensing.

1.2.4 Pore-spanning lipid bilayers and their applications in transport activity assays
PL-based platform to monitor the Pgp transport activity has benefits discussed in
previous sections, but the ultimate goal of this project is a single molecular sensing of Pgp
transport activity. However, with the scale of giant PL, it may be quite challenging to observe the
fluorescence intensity change by substrate transport over time because transport rate of Pgp is
markedly on the slower side compared to other membrane transporters or channels.[7, 10] In order
to overcome this limitation, we needed to decrease the spatial volume that Pgp substrates were
transported into. However, if we use smaller liposomes, it would be technically challenging to
live-track the molecular transport across a single liposome membrane. Hence, we searched for
different types of platform to move toward the single molecular sensing.
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As we briefly discussed previously, BLM is another form of the model membrane system
that would afford the monitoring of molecular transports through the membrane. The
freestanding bilayer with a solid support on the sides provides an excellent fixed platform unlike
liposome-based system that requires extra processes to anchor the liposomes on the surface in
order to visualize under the light microscope. Yet, the traditional method to form BLMs is not
favorable for the incorporation of membrane proteins, especially when it is not self-inserting, due
to the presence of organic solvent.[23, 84-85] Thus, many have endeavored to develop alternative
techniques to afford pore-spanning bilayer. Fabrication of lipid bilayers suspended over arrays of
small pores results in a formation of BLMs at areas of the pore openings. If the small pores are
blocked on their vertical ends, the enclosure of the pores by the freestanding lipid bilayer
separates the system into two confined compartments, similar to how single channel recording
system works.
In order to form pore-spanning bilayer without organic solvents, couple strategies have
been adapted. The first strategy is to bring larger vesicles to the pore substrate so that the rupture
of the LUVs or GUVs would form SLBs on the substrate surface and BLMs spanning over the
pores.[2, 86-87] Traditionally, the formation of SLBs on a substrate is performed by introduction of
SUVs on a hydrophilic substrate, but unless the pores on the substrate are smaller than the
diameter of SUVs (< 100 nm), the formation of BLMs over the wells is impossible. Therefore,
larger liposomes, such as LUVs or GUVs, are necessary depending on the size of pores. The
previous studies have demonstrated that the rupture of LUVs or GUVs on the nanopores
provided good sealing when diameters were over ~ 60 nm or ~ 4 µm respectively.[2, 87-90] For
instance, Kleefen and colleagues tested LUV rupture over the various sizes of the nanopores
ranging from 15 nm to 120 nm on a silicon nitride substrate as illustrated on Figure 1-7A.[2] The
authors have then confirmed the sealing of membrane by encapsulating hydrophilic fluorescent
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Figure 1-7. (A) Schematic illustration of nanopore sealing by ruptured LUVs and
fluorescence image of dye inclusion showing the sealing efficiency with the pores with 46
µm diameter right after the LUV rupture on the left and 24 hr after washing on the right.
The figure was adapted from Kleefen et al.[2] (B) Cartoon illustration of BLM forming on
CYTOP with 4 µm pore arrays and insertion of proton membrane transporter by vesicle
fusion on the left and fluorescence imaging during the active transport on the right. The
figures were adapted from Watanabe et al.[8]
dye to the system and discovered that the best sealing was achieved with 60 nm nanopores.
Given the fact that LUVs are about 400 nm in diameter, it was expected that GUVs could seal
larger pores than the proposed ones in this study.[2] In fact, Kusters and colleagues applied an
array of micropores with 4 µm diameter on a silicone substrate to form pore-spanning bilayer
using GUVs.[89] So, this study showed that GUVs (> 10 µm) could span over 4 µm pores. In both
studies discussed here used self-inserting protein, alpha-hemolysin, to test the efficacy of their
systems in assessing molecular transport.[2, 89]
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Another strategy to form BLMs over the nanopore with a capability to insert membrane
transporters is a membrane fusion.[8, 88] To this end, Hofer and colleagues used a LangmuirBlodgett trough to form BLM over the pores and introduced SUVs of another lipid composition
(i.e. with fluorescent labeled phospholipids) to the system and allowed the two membrane
systems to fuse. As a result, the authors were able to seal 1.2 µm diameter pores.[88] In more
recent study by Watanabe and colleagues, the authors used carbon-fluorine hydrophobic polymer
(CYTOP) with 4 µm pores as a substrate and formed pore-spanning bilayer.[8] While very
efficient, this method of forming BLMs over the pores involved the organic solvent; thus, the
incorporation of the membrane transporter was not possible during BLM preparation. Thus, the
authors brought small PL reconstituted with the membrane transporter, in this case an ATPase
proton transporter, to the system instead and allowed to fuse as shown in Figure 1-7B.
In this thesis, we aimed to form BLMs over nanopores by bringing the giant PL bearing
Pgps to the nanowell array substrate. While the previous studies have employed silicon-based
materials for the pore formations, we, for the first time, fabricated the nanowell array system on
a quartz substrate. While silicon materials hinder the light path when imaging with an optical
microscope, the quartz will provide the best resolution, as most of the optical microscope
systems are optimized to image with glass slides. Also, we attempted to form nanowells on the
quartz substrate instead of drilling pores, which was preferred by other researchers. While this
may be technically challenging, it would facilitate the formation of perfect lipid bilayer over the
substrate, as glass substrates can be rendered extremely clean and hydrophilic via Piranha
washing. Following this strategy, we designed and fabricated the nanowell substrate with 200 nm
opening, which was significantly smaller than the pore sizes that others have sealed with the
rupture of GUVs.[86, 89] Then, we applied this nanowell array substrate to afford pore-spanning
bilayer bearing Pgp and studied the transport activity of Pgp.
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1.3 Overview of the Thesis
This thesis presents two smart platforms to monitor the transport activity of membrane
transporter. While these platforms have potentials to be applied for other membrane transporters,
we had our focus on P-glycoprotein (Pgp), an ATP-binding cassette transporter. Pgp effluxes
non-specific array of substrates from multiple types of cells including cancer cells and epithelial
cells of blood-brain barrier in ATP dependent manner. As Pgp is suspected to cause severe MDR
in cancer and as it is best-characterized MDR efflux pumps, we selected to incorporate Pgp into
our assay systems first. The aim of the project is to assess the transport activity of single Pgp
molecule using our nanowell-based platform. In a journey toward the ultimate goal, we first
developed the giant-PL based assay platforms and then simultaneously employed the giant PL
for the nanowell-based Pgp transport assay.
In Chapter 2, we will present the design and development of the giant PL-based assay
system and kinetic parameters retrieved from the assays. In Chapter 3, the nanowell-based
platform will be introduced with detailed design and fabrication of the nanowell substrate and
Pgp transport activity assay on this platform. Lastly in Chapter 4, the conclusions from the two
chapters will be addressed along with detailed directions for future studies.
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CHAPTER 2

Reconstitution and Functional Studies of P-glycoprotein in Giant Liposomes

2.1 Abstract
	
  
This chapter describes the preparation of giant unilamellar vesicles with reconstituted
hamster P-glycoprotein for studying transport activity of P-glycoprotein using optical
microscopy. Expression of P-glycoprotein on cell membranes is presumed to cause multidrug
resistance against anticancer drugs and antibiotics. Thus, the efficacy of a number of therapeutic
agents is barred by this membrane transporter, and effective screening strategies to monitor the
interactions of drugs with this protein is on high demand. Here, we applied small
proteoliposomes, vesicles bearing P-glycoprotein, to prepare giant P-glycoprotein bearing
liposomes via hydrogel-assisted or regular electroformation.
We confirmed the presence of P-glycoprotein on the giant liposome membrane via
immunohistochemistry and used ATPase activity assay to evaluate functionality of Pglycoprotein in giant liposomes. ATPase specific activity in giant proteoliposomes was 439 ±
103 nmol/mg protein/ min, which was similar to the level measured in small proteoliposomes
used to produce GUVs, 428 ± 230 nmol/ mg protein/ min. This assured that we did not lose
functionality of P-glycoprotein during electroformation process. We assessed the transport
activity of P-glycoprotein in giant proteoliposomes using rhodamine 123 (Rho123), a fluorescent
substrate of P-glycoprotein. Translocation of Rho123 across the giant proteoliposome membrane
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was monitored under the confocal microscope in the presence of various concentrations of ATP
and a P-glycoprotein inhibitor, verapamil. We retrieved the Rho123 transport rate from the
change in Rho123 concentration inside the giant proteoliposome lumen to obtain MichaelisMenten constant (Km) of ATP in Rho123 transport to be 0.32 ± 0.64 mM and IC50 of verapamil
to be 26.6 ± 6.1 µM. We also retrieved permeability coefficient of Rho123 (cm/s) across the
giant liposome membrane and transport kinetic constants of Rho123 (m3/mol/s) transported by
active P-glycoprotein were determined by fitting the data to a transport kinetics model. The
results showed no significant difference between the permeability coefficients of positive
transport activity and negative control experiments, suggesting that the passive diffusion of
Rho123 had a minimal contribution to the observed transport activity. The transport rate
constants returned similar kinetic parameters as the transport rates did with 0.34 ± 0.53 for Km of
ATP and 25.2 ± 5.0 µM for IC50 of verapamil. Together, this chapter demonstrates the potential
of giant proteoliposome-based assay system in evaluating the transport kinetics of P-glycoprotein.

2.2 Introduction

This chapter describes a giant liposome-based assay system for monitoring the transport
activity of a multidrug resistance (MDR) transporter, P-glycoprotein (Pgp), using confocal
microscopy. Pgp is a transmembrane efflux pump from the ATPase-binding cassette (ABC)
protein family.[7, 10, 14, 91] As Pgp reduces availability of anti-cancer drugs in cancer cells, this
ATPase transporter is suspected to cause resistant against anti-cancer therapy.[9, 13, 28, 92] Indeed,
Food and Drug Administration (FDA) requires careful screening of candidate drugs against Pgp
to examine that the efficacy of candidate drugs is not compromised by Pgp.[29] Pgp binds to and
transports a broad range of amphiphilic substrates from inner leaflet of the bilayer to
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extracellular matrix.[7, 15, 33, 37, 93] Extensive studies on the crystal structure of Pgp have revealed
multiple substrate binding sites in the transmembrane domain of this protein,[1, 3, 31] but the
mechanism of substrate transport remains unclear.[7, 12, 38]
In search for effective strategies to inhibit or bypass Pgp during cancer treatment, much
effort has been focused on in vitro studies on biochemical properties of Pgp.[94] However, the
results often varied widely by cell lines and experimental conditions. One of the strategies that
can reduce the discrepancy is reconstitution and studying Pgp in liposomes. Liposomes, which
are model membrane systems composed of self-assembled vesicular lipid bilayers, offer a simple
platform to study molecular transport across the defined lipid bilayer in absence of complexity of
inner and outer cellular compartments.[23] Further, when membrane proteins are embedded,
proteoliposomes (PLs) enable exclusive studies of protein functions. Indeed, many
transmembrane proteins including Pgp have been reconstituted in liposomes and subjected to
functional studies such as, binding and transport kinetics.[19, 21, 40-42, 52] Yet, many of current
methods employ nanoliposomes where the transmembrane proteins are commonly reconstituted
in, and most of these studies are based on ensemble of data from population of liposomes. Thus,
it has been difficult to evaluate substrate transport by active Pgp molecules at a single liposome
level. The objective of this study is to examine the transport activity of Pgp molecules in single
liposome in real-time, which might imply the translocation of Pgp substrates in single cell.
In order to directly observe substrate transport across the membrane of a single liposome,
we prepared Pgp reconstituted giant liposomes and characterized a single vesicular transport
activity. Unlike small liposomes, giant PLs have sizes comparable to actual cells.[24, 54, 72] Hence,
it might reflect more physiologically relevant biomimetic system than small PLs in terms of lipid
packing and curvatures. Also, giant PLs offer a measurable volume comparable to actual cells, so
flux of Pgp substrates in giant PLs would indicate more physiological phenomenon and could be
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different from the substrate translocation occurring in small liposomes. In this work,
electroformation techniques including hydrogel-assisted electroformation were applied to
prepare giant liposomes bearing Pgp.[5, 95] Hydrogel-assisted electroformation enabled generating
size-controlled giant liposomes whereas traditional electroformation was favored for lowconcentration small PL samples. Both methods involved deposition of lipid/protein on
conductive indium tin-oxide (ITO) coated glass slides, followed by dehydration and rehydration
of lipid/protein deposits and application of current to fuse vesicles to giant liposomes.[67] We
ensured that the protein function was not lost during the electroformation process by gentle
dehydration in the presence of carbohydrates. The membrane protein reconstituted giant PL was
then located under the optical microscope and applied for functional studies on Pgp.
Previously, a few studies have examined transport activity of Pgp at a single vesicular
level.[6,

82]

Sasaki and colleagues employed microfluidic and DNA hybridization system to

anchor large liposomes on the chip and analyzed accumulation of Pgp substrate in the liposome
lumen after termination of the transport activity. While this was the first work that presented
single vesicular analysis of Pgp transport activity, real-time monitoring of the substrate influx
was not achieved. More recently, Mayer and his colleagues employed giant PL to reconstitute
human Pgp and performed real-time imaging of Pgp substrate influx into the liposome lumen.
While this elegant study demonstrated the possibility of employment of giant PL for assessing
transporter activity of Pgp, pharmacokinetic evaluation of Pgp transport activity, such as
concentration dependent inhibition of active Pgp transport or dissociation constants (Kd) between
substrate and Pgp, was not performed in this the giant PL-based assay.
Herein, we apply giant liposomes with reconstituted hamster Pgp to monitor the transport
activity of this pump under various conditions in an attempt to obtain kinetic parameters. We
report Michaelis-Menten constant (Km) of ATP and IC50 of Pgp inhibitor verapamil from the
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transport kinetic parameters retrieved from the giant PL-based transport activity assays. The
results showed that the kinetic parameters of Pgp transport activity on the giant PL was within
the range of the previously reported values from biochemical assays, which indicates the
reliability of the present GUV-based assay. It is also noteworthy that the present strategy enabled
easy manipulation of lipid environment on the giant PL without additional reconstitution
processes. This easy manipulation allows multifaceted and thus high-throughput studies with
very little purified proteins. Together, we believe that the present giant PL-based assay will
provide an effective screening platform for the activity of Pgp against drug candidates.

2.3 Experimental Materials and Methods

2.3.1 Materials
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-(biotinyl)

(biotinyl-PE),

1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (rho-PE), 1,2-diphytanoyl-snglycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)

(NBD-PE),

and

cholesterol were purchased from Avanti Polar lipids, Inc (Alabaster, AL). Purified Pgp extracted
from Chinese Hamster Ovary B30 cells and Pgp reconstituted small PL samples with 99 %
POPC and 1 % NBD-PE were kind gifts from Dr. Sharom. HEPES buffer (20 mM HEPES, 5
mM MgCl2, 100 mM NaCl pH 7.5), Sephadex G50, streptavidin, ATP, Rho123,
tetramedhylrhodamine ethyl ester (TMRE), and verapamil, ortho-vanadate, and rhodamine B
isothiocyanate-Drxtran (70,000 MW) (RITC-Dextran were from Sigma-Aldrich. 3-[(3cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) was from MP Biomedicals
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Inc. (Santa Ana, CA), and creatine kinase and creatine phosphate were from Roche (Basel,
Switzerland). Mouse Pgp antibody (MDR/ABCB1 antibody C219) was purchased from Novus
(Saint Charles, MO), and Alexa Fluor® 488 anti-mouse secondary antibody was from Thermo
Fisher Scientific (Waltham, MA).

2.3.2 Reconstitution of P-glycoprotein in small liposomes
Purified Pgp in 500 mM CHAPS was reconstituted into small liposomes at 10:1 (lipid:
Pgp) weight ratio via detergent extraction method following a previously published method.[19, 64,
96]

First, SUV with a molar lipid composition of 30 % cholesterol, 1 % biotinyl-PE, 0.2 % rho-PE,

and 68.8 % POPC or 99 % POPC and 1 % NBD-PE were prepared in 500 mM CHAPS in the
HEPES buffer. The SUV solution and Pgp in CHAPS were mixed together and extruded with
26G needle. Then, we passed the mixed liposome solution through Sephadex G50 column and
collected fractions at a flow rate of ~ 1 drop/ 4 seconds. The protein concentration on each
fraction was measured via Bradford assay (Bio-rad, Hercules, CA).

2.3.3 Electroformation of P-glycoprotein bearing giant liposomes
Pgp bearing small liposomes were electroformed to giant PLs for biochemical studies of
Pgp at cell-scale via either hydrogel-assisted electroformation[5] or direct deposition of aqueous
PL solution onto ITO plates[95] as shown on the schematics in Figure 2-1A. The hydrogelassisted electroformation was applied for the small PL samples that had lipid composition of 99 %
POPC and 1 % NBD-PE. These liposomes had higher protein concentration as well as higher
lipid concentration and were capable of producing multiple layers of lipid films when deposited
via hydrogel stamping. To this end, a topographically patterned agarose hydrogel was employed
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A
Electroformation

B

+

Electroformation

Figure 2-1. A cartoon illustration of the electroformation of the giant PLs from the small
PLs bearing Pgp. (A) Small PLs with reconstituted Pgp was directly electroformed to
giant PLs. (B) Small PLs were mixed with SUVs to manipulate the final lipid composition
and Pgp density on the giant PLs. These liposomes were used for the transport activity
assay of Pgp by monitoring influx/efflux of fluorescent Pgp substrate, Rho123 or TMRE,
when Pgp is activated by ATP.
	
  
as a carrier of the PL solution. By stamping the inked agarose gel on the ITO plate, we achieved
an even pattern of ~200 µm diameter lipid deposits with an ability to control the sizes of the
electroformed giant PLs. On an alternative way, for the small PL samples reconstituted with
cholesterol and rho-PE were directly deposited on the ITO plates for higher yields of giant PLs.
For the transport activity assay, the small PL solution was combined with an SUV
solution with an identical lipid concentration (with a molar ratio of 50:1:0.2:48.8 cholesterol:
biotinyl-PE: rho-PE: POPC) in 2:1 v/v ratio to meet the final lipid molar composition of
37:1:0.2:61.8 (Figure 2-1B). The increased cholesterol content in the membrane greatly
improved the integrity of the membrane and reduced the leakage of Rho123 during the transport
activity assay. The mixed PL solutions were deposited onto the ITO plates. The deposited PLs on
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the ITO plate were dried for an hour at the room temperature and rehydrated in a sucrose
solution with a matching osmolality to the HEPES buffer. The current was applied to the
rehydrated system at 50 Hz and 5 p-p V for two hours on ice, and the electroformed giant PLs
were detached from the ITO platform by decreasing the signal frequency to 1 Hz for 30 min. The
giant PLs were then harvested and used in further experiments.

2.3.4 Immunostaining against P-glycoprotein antibody on giant proteoliposomes
In order to confirm the presence of Pgp on the liposome membrane after the
electroformation process, the giant PLs were stained against the Pgp antibody. The giant PL with
30 % cholesterol, 1 % biotinyl-PE, 0.2 % rho-PE, and 68.8 % POPC in 235 mM sucrose was
harvested after electroformation and reseeded on the coverslip fluid chamber, which was precoated with 82 nM streptavidin for anchoring of the giant PL on the cover slip surface and
blocked with 1 mg/mL BSA solution to avoid rupture of giant PLs. Lastly, the fluid chamber was
filled with 235 mM glucose solution to facilitate the sedimentation of the giant PLs. After
docking of the giant PLs on the coverslip, the 1:20 mouse anti-Pgp in the HEPES buffer was
introduced to the chamber and incubated overnight at 4 oC. After primary antibody incubation,
the sample was washed with 1.5 mL HEPES buffer at a flow rate of 1 mL/ hr and incubated with
the secondary antibody, Alexa Fluor® 488 anti-mouse (1:250) at the room temperature for 2
hours. Lastly, the chamber was washed with 1.5 mL HEPES buffer, and the immunostained giant
PLs were imaged under the inverted confocal microscope at the BBIC imaging core at the
University of Houston (Olympus FV1000, Tokyo, Japan). For a negative control, the Pgp
bearing giant PLs were incubated with the secondary antibody (1:250) only and imaged under
the identical conditions as the positively stained giant PLs.
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2.3.5 ATPase activity assay
Functionality of Pgp on the giant PLs was evaluated by colorimetric ATPase activity
assay, which measures inorganic phosphates as byproducts of the ATP hydrolyses, following
previously published protocol.[19] The activity was measured at 37

o

C with various

concentrations of ATP (0.5 – 2 mM) and ATPase inhibitor, ortho-vanadate (50 – 600 µM) for 30
minutes. Pgp concentrations in the small and giant PL samples were measured either via
Bradford assay or NanoOrange Protein Quantification Kit (Thermo Fisher Scientific). The
ATPase specific activity was determined by taking the nmol of inorganic phosphate production
per minute per mg of protein (nmol/mg protein/ min).

2.3.6 Transport activity assay
The transport activity of Pgp on giant PLs was assessed by monitoring a flux of a
fluorescent Pgp substrate, Rho123 or TMRE, across the giant PL membrane by active Pgp in the
presence of ATP and Pgp modulator, verapamil (Figure 2-1B). For transport activity assay with
TMRE, a hydrophobic fluorescent substrate of Pgp, giant PLs with the lipid composition of 99 %
POPC and 1 % NBD-PE were employed. Shortly after hydrogel-assisted electroformation and
detachment of the giant PLs from the ITO surface, 1 µM of TMRE was introduced to the
chamber and diffused across the giant PL membrane. The intensity of TMRE was monitored
under inverted epi-fluorescence microscope. Then, 2 mM ATP was quickly placed to the
chamber, and time-lapse images of TMRE intensity in and outside the giant PL after ATP
introduction were collected.
For transport activity assay with Rho123, the giant PL with 37 % cholesterol, 1 %
biotinyl-PE, 0.2 % rho-PE, and 61.8 % POPC were harvested and reseeded in the fluid chamber
described in the section 2.2.4. After the docking of the giant PLs through biotin-streptavidin
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binding, 1 mL of transport cocktails containing Rho123 (fixed at 525 nM), ATP, ATP
regenerating system (creatine kinase and creatine phosphate), and/or verapamil in the HEPES
buffer was quickly introduced to the chamber. Giant PLs were then promptly located under the
inverted confocal microscope at 60x magnification using epi-fluorescence. Then, with 488 nm
and 543 nm lasers, time-lapse confocal images of Rho123 and z-sections of giant PLs were
collected at 30 – 90 s intervals for 20 - 45 min under the confocal microscope. At occasions
where giant PLs were not located at earlier time points, the image acquisition started at later time
points as long as the giant PL was not already filled with Rho123 to the level that the intensity
inside and outside the liposomes were indistinguishable. All imaging was performed under
identical acquisition settings (i.e. laser power, scanning speed, HV, offset, and gain).

2.3.7 Data analysis of P-glycoprotein transport activity with rhodamine123
Raw Rho123 intensities inside and outside giant PLs were collected using ImageJ.
Diameters of the giant PLs were also measured with ImageJ using the rho-PE signal outlining the
giant PL membrane. Background Rho123 intensity inside the giant PL at time 0 (Iinside

t=0)

was

subtracted from all measured Rho123 intensities t ≥ 0 (Iinside and Ioutside) in order to take account
for Rho123 signal from the out of focus light. In cases where the data collection started after time
0, the linear regression was performed to estimate Rho123 intensity inside the giant PL at time 0
assuming that the rate of change in fluorescence intensity was constant. A standard curve of
Rho123 intensity in the fluid chamber was plotted against Rho123 concentration administered to
ensure the linear correlation along the concentration range used. Then, Rho123 concentration
inside the giant PLs (Ci) was normalized to the Rho123 concentration outside the giant PL (Co)
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at each time point in order to account for the fluctuation in the intensity during the time-lapse
imaging. In summary, the background subtraction and normalization followed Equation 1 below.
!

!!

!

(! !"#!$% !!!"#!$%  !!! ) = ! !
!"#$%&'

!"#!$%  !!!

!

Equation 1

The normalized Rho123 concentration (Ci/Co) inside giant PLs was plotted against time
to assess Rho123 influx during the transport activity. In order to determine a transport rate (1/s),
which indicates the rate of Rho123 influx, the slope of a linear portion of the concentration
change was determined for each Ci/Co curve. The collected transport rate was plotted against the
ATP concentration during the Pgp transport activity, and Km value was estimated by fitting the
data into Michaelis-Menton (M-M) equation using Prism® (Graphpad Software, La Jolla, CA).
The transport rate was also plotted against verapamil concentration, and the half maximal
inhibitory concentration (IC50) of verapamil was determined by fitting to the one-phase
exponential decay model.
In order to further break down the Pgp transport activity and ensures that the passive
diffusion does not play a significant role during the active transport, we have fitted Ci/Co over
time into transport phenomena model. By fitting our data into this model using least-squares fit
algorithm in MATLAB®, we retrieved two transport kinetics parameter, permeability coefficient,
Ps, and transport rate constants, k, from each transport activity assay. Transport rate constants
over various ATP concentrations were fitted to Michaelis-Menten model and Km was determined,
and transport rate constants over various verapamil concentrations were fitted to one-phase
exponential decay model to determine IC50.
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2.4 Results and Discussions

2.4.1 Small liposomes with reconstituted P-glycoprotein
In order to prepare giant PLs bearing Pgp molecules, we initiated with the reconstitution
of Pgp into the small liposomes. To this end, we used purified Pgp, extracted from Chinese
Hamster Ovary B30 cells. We started with 10:1 w/w ratio of lipid and Pgp where the purified
Pgp concentration in detergent was 0.463 mg/mL. We assumed that there was no change in the
lipid to Pgp weight ratio during the reconstitution process, and the orientations of the Pgp
molecules after reconstitution would be 50: 50 inside-in and inside-out conformations. Pgp
concentration after reconstitution was 0.138 mg/mL according to Bradford assay, suggesting a
final lipid concentration of 1.38 mg/mL and 70 % protein mass loss after the reconstitution or
detergent extraction. This protein mass recovery rate was, however, higher than the reported
protein recovery rate of 10 % of human Pgp reconstitution.[6, 61, 97]
We then used this protein concentration to estimate the surface density of the inside-out
oriented Pgp molecules (ΓPgp) on the PL. ΓPgp is an important factor in determination of kinetic
parameters of Pgp transport activity later in this chapter because the parameters are directly
correlated to the number of Pgp involved. To this end, we first calculated the fraction area of
lipid to Pgp by using values summarized in Table 1 and Equation 2. To simplify the estimation
of the surface area occupied by lipid molecules, we used parameters of the major lipid
component, POPC, and the lipid surface area was halved in order to account for the fact that
phospholipid molecules assemble into lipid bilayers.
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Table 1. Summary of the specifications of lipid molecules and Pgp for Pgp surface density
estimation
Lipids (POPC)
Pgp
Mass (mg)
1.38
0.138
Molecular Weight (M.W) (g/mol)
760
170,000
Surface Area (S.A) (Å2)
70[98]
4900[3]
𝐿𝑖𝑝𝑖𝑑  𝐵𝑖𝑙𝑎𝑦𝑒𝑟  𝑆. 𝐴   𝑚!   
=

!"#"$  !"##   !
!"!#  !.!  

!
!"#

  ×  𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜 ! 𝑠  𝑁𝑢𝑚𝑒𝑟×  𝑃𝑂𝑃𝐶  𝑆. 𝐴  
!  

!!

!

!"#$%&#$

  ×   ! (𝑏𝑖𝑙𝑎𝑦𝑒𝑟)  

!

  = 0.138𝑚𝑔× !"#,!!!!" ×6.02 ∗ 10!" ×70×10!!" 𝑚! × ! = 0.38𝑚!

Equation 2

Likewise, we estimated the surface area taken by Pgp molecules using Table 1 and Equation 3.
𝑃𝑔𝑝  𝑆. 𝐴   𝑚! =  
𝑃𝑔𝑝  𝑀𝑎𝑠𝑠   𝑔
𝑚!
!
=
×𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜 𝑠𝑁𝑢𝑚𝑏𝑒𝑟×𝑃𝑔𝑝  𝐴𝑟𝑒𝑎  
𝑔
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
𝑀. 𝑊  
𝑚𝑜𝑙
= 0.0138𝑚𝑔×

1  𝑚𝑜𝑙
×6.02 ∗ 10!" ×4900 ∗ 10!!" 𝑚!
170,000,000𝑚𝑔

= 0.024𝑚!

Equation 3

From these values, the surface fraction lipid: Pgp on our sample was approximately 16:1. Then,
we used the surface fraction to back calculate the total number of Pgp on a given area using
Equation 4, where r is the radius of liposome.
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑃𝑔𝑝  𝑜𝑛  𝑎  𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒
!

= 4𝜋𝑟 ! (𝑚! )×𝑠𝑢𝑟𝑓𝑎𝑐𝑒  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛× !"#  !"#$(!! )

Equation 4

Based on Equation 4, a 10 µm GUV would have 434,000 Pgp molecules presented on the
membrane. Yet, we assumed that the orientation of Pgp molecules would be 50:50 inside-in and
inside-out orientations, where inside-in indicates Pgp orientation in natural cell, and inside-out
indicates that the nucleotide binding domain exposed outside the liposome membrane. Since we
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needed the surface density of single-direction oriented Pgp molecules, we halved the surface
density following Equation 5.
𝑃𝑔𝑝  𝑆𝑢𝑟𝑓𝑎𝑐𝑒  𝐷𝑒𝑛𝑠𝑖𝑡𝑦   Γ!"#
=

𝑚𝑜𝑙
𝑚!

𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑃𝑔𝑝  𝑜𝑛  𝑎  𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 1
×
𝐴𝑟𝑒𝑎  𝑜𝑓  𝑎  𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒
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Equation 5

Finally, based on Equation 5 using the surface fraction of 16:1, the estimated inside-out oriented
Pgp density on the giant PLs (ΓPgp) was 1.15 nmol/m2.

2.4.2 Electroformation of giant proteoliposomes bearing P-glycoprotein
The small PLs with reconstituted Pgp were then employed to prepare giant PLs via
electroformation. Deposits of the small PLs in the HEPES buffer (20 mM HEPES, 100 mM
NaCl, and 5 mM MgCl2 at pH 7.4) were dried and rehydrated following typical electroformation
procedures.[5, 95] Osmolality (235 milliosmol) of the buffer inside and outside the liposomes were
unchanged from that of the HEPES buffer where small PLs were initially reconstituted in. Small
PLs with a lipid composition of 99 % POPC and 1 % NBD-PE were electroformed via hydrogelassisted electroformation technique previously developed by our group.[5] Briefly, a
topographically patterned agarose hydrogel with 200 µm circular features absorbed the small
PLs via hanging drop method, and inked lipid/ Pgp was stamped onto electrically conductive
ITO plates. The stamped lipid/ Pgp were then dried overnight at 4 ºC or 1-3 hours at the room
temperature in a humid chamber. Subsequently, dried films of lipid/ Pgp were rehydrated in 235
mM sucrose, and AC current at 50 Hz and 2 p-p V was applied to electroform lipid films into
GUVs. Figure 2-2 shows an image of a giant PL after 2-hour AC current application with a large
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Figure 2-2. Confocal images of the giant PL electroformed from small PL sample labeled
with NBD-PE. Green signal is from NBD-PE on the membrane and red signal is RITCDextran, encapsulated in the giant PL lumen.
hydrophilic dye, RITC-Dextran 70,000 MW encapsulated. The average diameter of the giant PLs
with 99 % POPC and 1 % NBD-PE was 36.55 ± 8.59 µm.
The lipid composition in the electroformed giant PLs was not limited to that of the small
PLs. By mixing the small PL solution with an equal concentration of other SUV solutions of
distinct lipid compositions, we were able to electroform GUVs with varied final lipid
compositions. For example, 99:1 molar ratio of POPC: rho-PE SUV solution was mixed with
99:1 molar ratio of POPC: NBD-PE small PL in various volume ratios and subjected to the
hydrogel-assisted electroformation.[5] Figure 2-3A shows the resultant giant PLs from 1:1 v/v
mixture and even distribution of both fluorescent-labeled PE molecules outlining the liposome.
Extending this result, we quantified the intensity of each fluorophore on the membrane when the
two small liposomes were mixed in various volume ratios and plotted on Figure 2-3B. The bar
graph on Figure 2-3B shows that the fluorescence intensity of each fluorophore was indeed
correlated to the percentage volume of corresponding liposome used for the deposition. For
instance, the NBD-PE intensity was significantly higher when there was 70 % and 100 % of
NBD-PE labeled small PL used for the electroformation compared to when 0 % of NBD-PE
labeled small PL was used. These results demonstrate the possibility to manipulate the final lipid
composition on the giant PL by mixing the small PL samples with SUVs.
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Figure 2-3. (A) An optical image of single giant PLs reconstituted from 1:1 v/v of the
small PLs a with POPC:NBD-PE (99:1) nd SUV with POPC:rho-PE (99:1) under the
phase contrast, GFP filter (green/ NBD-PE), and TRITC filter (red/ rho-PE). (B) The
fluorescence intensities from GFP and TRITC filter plotted against varied small PL and
SUV ratio. * indicates P < 0.05 from t-test. Bar represents mean and standard error of
mean (SEM).
	
   In order to confirm the presence of Pgp on the giant PLs after electroformation,
immunostaining against Pgp antibody was performed. Figure 2-4 displays a positive staining of
anti-Pgp and corresponding secondary antibodies on the giant PL bearing Pgp. The negative
control experiments with the secondary antibody confirmed that there was no non-specific
binding. As Figure 3-4B shows, the quantification of the fluorescence intensities of the
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Figure 2-4. Immunostaining of giant PLs against anti-Pgp antibody. (A) Positive staining
against anti-Pgp is shown with green signal as the secondary antibody was Alexa Fluor®
488 anti-mouse, and giant PL was labeled with rho-PE. The negative control was
performed on the giant PL bearing Pgp in the absence of the primary antibody incubation.
Scale bar is 10 µm. (B) The quantified mean fluorescence intensities along the liposome
membrane from rho-PE and Alexa-488 anti-mouse panel on (A). Positive represents antiPgp and negative represents 2º only.
	
  
secondary antibodies along the outline of the giant PL supported that the positive staining indeed
had stronger antibody signals when compared to the negative controls.

2.4.3 ATPase activity of P-glycoprotein bearing liposomes
After confirming the presence of Pgp on the giant PLs, we assessed the functionality of
Pgp molecules on the giant PL membrane via ATPase activity assay.[19, 99] ATPase activity assay
measures the level of inorganic phosphate production from ATP hydrolysis, and ATP hydrolysis
is the driving force for the transport of Pgp substrates out of cells. In the present experimental
design, ATP molecules were introduced outside the giant PLs, and thus only inside-out oriented
Pgp molecules, which had their nuclear binding domains exposed, were activated by ATP.
Further, we assumed that there was no ATP hydrolysis from the inside-in oriented Pgp molecules
that could possibly be caused by the diffusion of ATP across the giant PL membrane. Further, we
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modified the lipid composition on our giant PL by mixing the small PL with SUV containing
higher cholesterol content to minimize the passive diffusion of Rho123 across the membrane. It
should be noted that ATP is a larger hydrophilic molecule than Rho123; M.W. of ATP is 507
g/mol while M.W. of Rho123 is 380 g/mol. Therefore, we assumed that the ATP hydrolysis only
occurred with inside-out oriented Pgp molecules.
Level of ATPase activity is presented as ATPase specific activity, which indicates a
normalized production of inorganic phosphate in nanomol per mass of protein in mg per time in
min. The ATPase specific activity measurements on Figure 2-5 shows that the average Pgp
ATPase specific activity on the giant PLs was 439 ± 103 nmol/mg protein/ min, and there was no
significant difference in the ATPase specific activities between small (428 ± 230 nmol/ mg
protein/ min) and giant PLs, suggesting that we did not lose Pgp function during
electroformation. This level of activity was not as high as the ATPase specific activity typically
measured from hamster Pgp reconstituted small PL (1-2 µmol/ mg protein/ min).[7, 100] However,

Figure 2-5. ATPase specific activities of Pgp in small and giant PLs. The bars represent
mean and SEM with N=3-6.
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our purified sample was rather old and we attributed the reduced activity of this protein to its age
in purified form in addition to few freeze-thaw cycles. Yet, ~ 400 nmol/ mg protein/ min was
certainly higher than that of any other commercially available Pgp reconstituted system, such as
mouse Pgp and human Pgp, 43 and 67 nmol/mg protein/ min accordingly,[82,

101-102]

so we

presumed that the functions of Pgp in our PL samples were intact.

2.4.4 Transport of tetramethylrhodamine ethyl ester (TMRE) by active P-glycoprotein
Monitoring the transport of substrate by active Pgp is the main goal of this project. The
current methods to assess Pgp transport activity rely either on spectroscopic techniques, where
small PL and purified Pgp are utilized,[19, 62] or on biochemical assays for in vitro systems.[44]
Optical microscopy offers another passage to directly assess the transport activity of Pgp by
monitoring the transport of substrates across the membrane, but it cannot be applied to the small
PLs because of the size of liposomes. In other words, it would be impossible to observe the dye
exclusion inside the small PL lumen with 100 nm diameter, and therefore it was practically not
possible to observe the fluorescence intensity changes in the lumen. However in this thesis, the
employment of the giant PL with diameters larger than 10 µm, enabled direct observation of
fluorescence intensity changes resulted from transport activity of Pgp in liposomal membranes.
Sharom and colleagues, who pioneered fluorescence-based assay to evaluate Pgp
functions, have used hydrophobic fluorescent substrates of Pgp to assess transport activity of
Pgp.[19, 37, 103] In one of the studies, the self-quenching of tetramethylrhosamine (TMR) was
monitored using fluorospectrometer.[19] This self-quenching was caused by accumulation of
TMR in the small liposome lumen by Pgp on the liposomal membranes. Employing the similar
concept, we introduced 1 µM of TMRE to the chamber in which giant PLs with 99 % POPC and
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1 % NBD-PE were electroformed. TMRE, as it is hydrophobic, diffused freely across the
membrane, and fluorescence intensity of TMRE was monitored until it reached equilibrium
between inside and outside of the giant PL. 2 mM ATP was then introduced instantaneously to
the chamber by a rapid injection, and the transport activity of Pgp was examined. As Figure 26A demonstrates, the TMRE was in equilibrium across the giant PL membrane prior to the
introduction of ATP. With the activation of inside-out oriented Pgp molecules with ATP, TMRE
signal in the giant PL increased presumably due to the influx of the substrates to the lumen.
However, this preliminary experiment lacked ATP regenerating system, which could maintain
ATP concentration throughout the experiment. As a result, the depreciation of ATP in the
chamber reduced the transport of TMRE by Pgp after 10 min of the transport activity. The
reduced transport activity further caused the diffusion of TMRE out of the liposome lumen,
reinstating the concentration gradient by 13 min. As Figure 3-6B shows, the intensity of TMRE
was doubled with the activation of Pgp to 140 a.u. and decreased back to about 70 a.u. at 13 min,
which was similar to that of the pre-ATP injection (74 a.u.).
The results of this preliminary experiment suggested that it would be difficult to
differentiate the transport activity from passive diffusion, as TMRE is hydrophobic. With twoway transport of TMRE in action, we concluded that this dye might not be a good candidate for
these studies, and a hydrophilic fluorescent substrate of Pgp, Rho123, may be more appropriate
choice. Yet, while TMRE excitation and emission range was 550 nm and 580 nm, Rho123
excitation and emission range was similar to that of NBD-PE, 488 nm and 525 nm. Therefore,
we selected rho-PE to label the PLs from NBD-PE as we reconstituted the purified Pgp.
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Figure 2-6. (A) The fluorescence images of the giant PL and TMRE during Pgp transport
activity assay. The giant PL is represented by NBD-PE signal. The fluorescence signal of
the substrate, TMRE, was monitored before and after ATP initiated the Pgp transport
activity. Before ATP introduction, TMRE accumulation in the membrane was observed (1
µM TMRE). The initiation of the Pgp transport activity with 2 mM ATP resulted in the
influx of the TMRE into the giant PL lumen and showed an increase in TMRE
fluorescence inside the giant PL. However, with the absence of ATP regenerating system,
the ATPase activity was terminated by ~ 10 min, and the TMRE concentration gradient
across the membrane was reinstated by the faster diffusion of TMRE out of the PL lumen
(at 13 min). (B) TMRE intensity in the giant PL lumen was quantified and plotted against
time.
	
  
2.4.5 Transport of rhodamine123 by active P-glycoprotein
In order to monitor Rho123 transport across the giant PL membrane bearing Pgp using
confocal microscopy, the final lipid composition of the giant PL was adjusted to minimize the
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leakage of Rho123 into the giant PL lumen through diffusion. With 30 % cholesterol content in
the giant PLs, we observed fast diffusion of Rho123 across the membrane without Pgp
activation. Since Rho123 is hydrophilic, it was crucial to have complete Rho123 exclusion from
the giant PL lumen before Pgp activation by ATP. It has been reported that an increase in
cholesterol content in the membrane improves the membrane integrity and reduces the
permeability of substrates across the membrane.[66] In order to modify the final lipid composition
of the giant PLs, SUVs with a lipid composition of 50 % cholesterol, 1 % biotinyl-PE, 0.2 % rhoPE, and 48.8 % POPC in molar ratio were prepared at the identical final lipid concentration as
the small PL sample. By mixing the two small liposome solutions in 2:1 ratio (small PL: SUV,
v/v) and electroforming giant liposomes from the mixed liposome solution, we achieved a final
lipid composition of 37 % cholesterol, 1 % biotinyl-PE, 0.2 % rho-PE, and 48.8 %, and
presumably 2/3 of the original Pgp surface density (ΓPgp = 0.77 nmol/m2). With 37 % cholesterol
content, we were able to attain complete dye exclusion prior to the activation of Pgp, and there
was minimal diffusion of Rho123 across the membrane during the course of the experiments
when Pgp was not activated or in the absence of ATP (Figure 2-7 top panel). When Pgp was
activated with 1 mM ATP, we observed the influx of Rho123 into the giant PL lumen through
active pumping by inside-out oriented Pgp molecules (Figure 2-7 second row). However, as
shown on the last two rows of Figure 2-7, the rate of Rho123 influx into the giant PL lumen was
modulated with its competitive inhibitor, verapamil, and was completely inhibited by 50 µM.
Verapamil, as a competitive inhibitor, binds to the substrate binding sites of Pgp and blocks the
transport of Rho123, and its inhibitory behavior is dose-responsive.[14, 19, 104] The dose-responsive
Pgp inhibition by verapamil will be discussed later in this chapter.
It is noteworthy that our experimental design enables easy manipulation of the final lipid
composition on the giant PL membrane by simply mixing the small PL sample and SUVs with
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Figure 2-7. Confocal images of rho-PE signal on the giant PL membrane (red) and Rho123
signals (green). For all conditions except 0 mM ATP, transport cocktails (ATP, ATP
regenerating system, and/or VP) were introduced at 0 min along with 525 nM Rho123.
Scatter plots on the right represent the fluorescence intensity of Rho123 inside (red) and
outside (green) of the giant PLs. Scale bar is 20 µm.
different lipid composition from the small PL sample. Consequently, we were able to generate
several giant PLs with various lipid compositions without multiple protein reconstitution
processes (Figure 2-3). This protocol provided flexibility for experimental design, which was not
readily available for protein reconstituted liposome system. For the most of current PL-based
systems, protein has to be reconstituted to SUVs each time to alter the lipid composition.
However, our proposed system could bypass the reconstitution and manipulate the final lipid
composition on giant PL. Further, we were able to conserve precious raw materials by only
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requiring small quantities of proteins and lipids at a time. For instance, for one transport activity
assay, only 40 µL of small PL solution was required when a single reconstitution of Pgp into
small PLs produced about 2 mL of total samples. Therefore, we were able to run approximately
50 different experiments without further reconstitution of the proteins.
We quantified Rho123 intensities in and outside of the giant PL for each time-lapse
confocal image collected. Then, Rho123 intensity inside the giant PL at time 0 was subtracted
from all the intensities collected in order to account for the background signal from the out of
focus light. Then, to relate the change in Rho123 fluorescence intensity to the change of Rho123
concentration, a standard curve was generated as shown in Figure 2-8A. Solutions with a range
of Rho123 concentrations were introduced to the fluid chamber, and Rho123 fluorescence
intensities corresponding to the concentration in the chamber were measured using a confocal
microscope with 488 nm laser under the identical acquisition conditions. Rho123 fluorescence
intensity was plotted against Rho123 concentration and fitted to linear regression model. The
linear fitting returned R2 value of 0.960, indicating a good correlation between Rho123
intensities and concentrations. This linear relationship between the intensity and concentration
also indicated that we did not reach fluorescence saturation in the concentration ranges tested,
and the detector responded linearly. Thus, we were able to directly relate Rho123 intensity to
Rho123 concentration using a linear equation. We normalized the change in Rho123
concentration inside the giant PL lumen during the transport activity by the Rho123
concentration outside the giant PLs in order to compensate for the fluctuation of the fluorescence
signal caused by photobleaching or other undesired factors, such as mechanical vibrations.
Figure 2-8B demonstrates a collection of representative plots of the normalized Rho123
concentration in the lumen of giant PLs for active transport with 1 mM ATP and negative control
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Figure 2-8. (A) The standard curve of Rho123 concentration verses fluorescence intensity
in the fluidic chamber. The standard curve fitted to linear regression showed a good
correlation between fluorescence intensity and concentration. (y= 1.088x + 20,
R2=0.9579). (B) Representative scatter plots of the normalized Rho123 concentration
inside the giant PL lumen (Ci/Co) with and without ATP were presented against time. The
color filled symbols represent the active transport activity with 1 mM ATP and hollow
symbols indicate the negative control experiments in the absence of ATP.
with	
   0 mM ATP. Minor increases in the Rho123 concentration in the negative control indicated
minimal diffusion of Rho123 during the course of the assay.
Patterns of the active transport of Rho123 into giant PL lumen with 1 mM ATP on Figure
2-8B revealed that the concentration across the membrane reached equilibrium at about 10 min
after activation. Also, we presumed that the influx of Rho123 was linear until it reached
equilibrium than non-linear growth, which would indicate a steady pumping by Pgp throughout
the experiment. If diffusion of Rho123 across the membrane were significant, the change in
Rho123 concentration would be non-linear since the transport of Rho123 could occur via
combination of active transport by Pgp and passive diffusion through the membrane. However,
as our data with 0 mM ATP on Figure 2-8B suggested, we observed minimal diffusion of
Rho123 across the membrane when Pgp molecules were not activated. Thus, we applied linear
regression to determine a transport rate of Rho123 across the membrane. Initial slopes of the
fluorescence intensity change are commonly used to assess the rate of reaction when it is clear
that there is only single contributor to the reaction with a constant rate. For example, the linear
	
  

52	
  
regression was performed to retrieve the transport rate of Pgp in small PLs as it was assumed that
there was no diffusion effect during the transport activity.[19, 21]
Next, we accounted the fact that Rho123 concentration change in the PL lumen depended
on the volume of the liposome. In other words, although the density and activity of Pgp on a
given surface area was assumed to be equal among the giant PLs, the number of Rho123
molecules transported into the giant PL lumen depended on the size of the liposomes. For
example, based on our Pgp surface density estimation, a 10 µm giant PL has ~36,300 Pgp and a
20 µm giant PL can have ~145,551 Pgp molecules on their membranes. If we assume that each
Pgp molecules can pump 1 molecule of Rho123 per second, the rate of Rho123 concentration
change in the 10 µm giant PL would be 116 µM/s while that in the 20 µm giant PL would be 58
µM/s. There is two-fold decrease in the rate of concentration change in two-fold larger giant PL
with the identical rate of transport. In order to account for this phenomenon, Ci/Co was further
multiplied by a factor of d µm /10 µm, (d=diameter of the giant PL) as diameters of the rho-PE
labeled giant PLs analyzed were mostly around 10 µm. It should be noted that the size of the
giant PL with NBD-PE labeling, prepared by the hydrogel-assisted electroformation was larger
(~ 35 µm) than the typical size of the liposomes subjected for the transport activity analysis. The
giant PL used in the transport activity assay was electroformed with a traditional
electroformation method,[95] which did not offer a fine-size control as the hydrogel-assisted
electroformation did.[5] As a result, the size distribution of the giant PL subjected to the transport
activity assay was wider than the NBD-PE labeled giant PL. Furthermore, as the passive
diffusion of the Rho123 into the giant lumen depended on the surface area of the liposome, the
data were mainly collected from the 10 µm giant PL since it provided superior control over the
leakage of Rho123 through the membrane.
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Finally, The slope of the Ci/Co on the linear range was determined as the transport rate
(1/s) from all transport conditions including a range of ATP and verapamil concentrations.
Figure 2-9A presents transport rates in active Pgp transport activity and negative control assays.
As expected, the transport rates of Rho123 in the absence of Pgp or ATP were significantly
lower than the active transport rate with 1 mM ATP, indicating that diffusion of Rho123 across
the membrane was minimal and that the higher transport rate we observed with 1 mM ATP was
driven by active Pgp.
Rates of Pgp transport activity over a range of ATP concentrations can be described with
Michaelis-Menten (M-M) kinetics model.[19, 55, 105] In order to fit our data into M-M kinetics, we
assumed that the time that Pgp binds to ATP in the bilayer was negligible, and ATP
concentration outside the giant PL was maintained constant using the ATP regenerating system.
Km was determined by extracting the ATP concentration that corresponded to the half-maximum

A
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Figure 2-9. ATP dependent transport rate of Rho123 across the giant PL with
reconstituted Pgp. (A) Rho123 concentration inside the giant PL lumen was normalized
by the size of the liposomes (factor 1 for 10 µm diameter liposome), then slopes of the
Rho123 concentration change inside the giant PLs were evaluated in various transport
conditions. –Pgp is the GUV without Pgp, which makes an absolute negative control. *
indicates p < 0.05 from non-paired t-test against 1 mM ATP transport (N=6-11, mean with
SEM). (B) Transport rate from the giant PLs was plotted against ATP concentration.
Transport rates were fitted to Michaelis-Menton kinetics and Km values for ATP were
retrieved to 0.32 ± 0.64 mM (N=3-11, mean with SEM).
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rate using M-M equation in Equation 6 (Figure 2-9B).
𝑣=

!!"#   [!]
!! ![!]

Equation 6

where v (1/s) indicates the rate of reaction, and in our case v is the transport rate of Rho123, and
vmax is the maximum transport rate. [S] (M) is the concentration of the substrate or ATP. From
the data fitting, Km of ATP was determined to be 0.32 ± 0.64 mM, which is not far from the
values previously reported for small PL bearing hamster Pgp (0.48 mM).[19] We attribute the
larger standard deviation in transport rates and Km values from the giant PL-based assays to the
analysis of individual liposomes compared to the small PL based assays, where measurements
are based on the average signal from a population of liposomes. Thus, we expect that addition of
data sets would help reducing the errors of Km and improve M-M equation fitting; this issue will
be addressed in near future.
After we confirmed that our system could assess the ATP dependent transport activity of
Pgp, we further evaluated the efficacy of system to modulate the transport activity of Pgp. To
this end, we employed Pgp competitive inhibitor, verapamil. This hydrophobic drug binds to Pgp
and competes with Rho123 to be transported into the giant PL lumen. It has been previously
reported that near complete inhibition of Pgp transport activity can be achieved at 20 µM
verapamil with small PLs.[19] To test the effect of this inhibitor in our system, we monitored the
Pgp transport activity in the presence of verapamil at a concentration range of 12.5-50 µM with 1
mM ATP and ATP regenerating system.
Figure 2-10A shows Ci/Co over time with increasing concentration of verapamil from top
to bottom. As the concentration of verapamil increases, the influx of Rho123 into the giant PLs
reduced to reach near zero influx at 40 µM verapamil (hollow circles on Figure 2-10A). To
further analyze the inhibition curve and determine the half-inhibition concentration (IC50), we
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Figure 2-10. Modulation of Pgp transport activity with verapamil. (A) Representative
plots of the normalized Rho123 concentration inside the giant PLs over the course of the
active transport activity with increasing verapamil concentration (top to bottom). Less
transportation Rho123 across the giant PL was observed with increasing concentration of
verapamil in the transport cocktail,. (B) Rates of change in Rho123 concentration in the
giant PL lumen were plotted against verapamil concentration and fitted into one-phase
exponential decay model. IC50 (verapamil concentration with half-maximum transport
rate) was determined to be 26.6 ± 6.1 µM. (N = 3-11, mean with SEM)
plotted the rate of the Rho123 concentration change in the giant PL lumen against the verapamil
concentration and fitted the data to a one-phase exponential decay model as shown in Equation
7.
𝑣 = 𝑣! − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢 × exp −𝑘! × 𝑣𝑒𝑟𝑎𝑝𝑎𝑚𝑖𝑙

+ 𝑃𝑙𝑎𝑡𝑒𝑎𝑢

Equation 7

where v0 (1/s) was the maximum transport rate in the absence of inhibitor, plateau is the
minimum transport rate, and k1 (1/M) is the rate of exponential decay. Using this curve, we
retrieved the IC50, a verapamil concentration at which half-inhibition rate was achieved, to be
26.6 µM. Determination of IC50 highly depends on the experimental set up, and thus it can only
be compared when identical experimental setup was used. Indeed, the IC50 of verapamil
measured in small PLs were reported to be 9.1 µM and in LLC-PK1 cell monolayer
overexpressing MDR1 was 57 µM.[21] Therefore, further study is necessary to compare the IC50
of verapamil with IC50 values of other inhibitors under the presented method. This data together
implied that our Pgp transport activity assay based on the giant PL was as sensitive as other in
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vitro or bulk liposome based assays with abilities to monitor the substrate transport real-time at a
single liposome level.

2.4.6 Kinetic parameters of P-glycoprotein transport activity
Our Ci/Co plots in Figure 2-8 of Section 2.4.5 suggested that the passive diffusion of
Rho123 across the liposomal membrane did not make a significant contribution to the observed
transport of this molecule. However, to further dissect the transport of Rho123 across the giant
PL membrane by Pgp, we adopted a model developed by Horger et al. that accounts for the
contribution of passive diffusion and active transport of Rho123 by Pgp, separately.[6] On the one
hand, the passive diffusion of the substrate across the membrane depends on the permeability
across the membrane, surface area of the giant PLs, and Rho123 concentration outside the
membrane, which did not change during the transport activity assay. Based on the Fick’s law, the
change in Rho123 concentration inside the giant PL at a given time can be defined as
!!!
!"

=

!! !!
!

(𝐶! − 𝐶! )

Equation 8

where V (m3) is the volume of a giant PL, Ps is the permeability constant in m/s, and Am (m2) is
the surface area of a giant PL. On the other hand, the active transport of Rho123 via ATPase
dependent activity of Pgp can be described by
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=
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Equation 9

where k is the transport rate constant in m3/mol/s, and Γ!"# is the density of Pgp on a giant PL
(mol/m2). Thus, the overall change in Rho123 concentration in the giant liposome can be
presented as
𝑉
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integrating both sides of Equation 10 with an assumption that Ci = 0 at t = 0, Ci/Co can be
described by the following equation, (adapted from the model reported in Horger et al).[6]
!!
!!

= (1 − exp

!!!! !
!

)(1 +

!!!"#
!!

)

Equation 11

We used MATLAB® to fit our Ci/Co data into Equation 11 applying the least-square fit algorithm
to determine the permeability coefficient (Ps) and transport rate constant (k).
Figure 2-11 summarizes permeability coefficients from all the transport activity assays
performed. The permeability coefficients were not significantly different among the examined
conditions according to the one-way Anova test, and the average permeability coefficients for all
conditions tested was 1.25×10-7 cm/s. Rho123 permeability on the giant PL was previously
reported by Horger et al.[6] who studies the human Pgp reconstituted into giant PLs and
monitored the transport of Rho123 using the same approach as used here. The reported
permeability of Rho123 in the abovementioned study was about 10×10-7 cm/s for the giant PLs
bearing Pgp and approximately 1×10-7 cm/s for GUVs without Pgp. Interestingly, Horger et al.
reported a 10-fold higher Rho123 permeability when there was Pgp on the membrane. We,
however, probably owing to the different lipid membrane composition and surface density of
Pgp, did not observe such big difference. Instead, our Ps values were similar for all cases tested,
and was about 10-fold lower than the permeability coefficients reported from giant PL by Horger
et al., assuring a good membrane integrity in our liposomes. We believe that the manipulation of
the lipid composition on the giant PL toward the higher cholesterol content indeed improved the
integrity of the membrane so that the incorporation of Pgp into lipid bilayer did not affect the
permeability. Yet, there were a few cases in our studies that the Ps values measured were higher
than 10×10-6 cm/s, which we attributed to uncontrollable membrane leakiness in some of the
giant PLs. The permeability coefficients altogether revealed that the observed influx of Rho123
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Figure 2-11. Permeability coefficient (Ps) of Rho123 in Pgp transport activity. According
to one-way Anova, there was no significant difference in the Ps in all conditions tested.
Gray circle indicates individual data, and lines indicate mean and SEM. N= 4-13.
into the giant PL lumen was mainly due to the active transport by Pgp rather than the passive
diffusion. Thus, the data strongly supports our previous analysis of the transport rates (1/s).
Another kinetic parameter that we retrieved from the non-linear fitting of Ci/Co to the
transport kinetics model in Equation 11 was the transport rate constant, a key factor that defined
the transport of Rho123 by active Pgp. Though implications were similar to that of the transport
rate (1/s), which we retrieved from the slope of Ci/Co, the unit of the transport rate constant is
m3/mol/s, and thus, the transport rate constant (k) cannot be directly correlated back to the
transport rate (1/s). In fact, the transport rate encompassed both components playing in the
transport of Rho123 (active transport by Pgp and minor passive diffusion of Rho123) while
transport rate constant exclusively represents transport of Rho123 by active Pgp. However, these
two parameters, transport rate and transport rate constant (k), exhibited similar trends in both
ATP-dependent and verapamil-dependent transport activity. Indeed, as shown in Figure 2-12A,
the transport rate constant increased with higher concentrations of ATP during transport activity.
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When transport rate constants were fitted to M-M equation (Equation 6), the Km of ATP was
determined to be 0.34 ± 0.53 mM, which is comparable to the Km that we retrieved from the
transport rates, 0.32 ± 0.64 mM.
Likewise, the transport rate constants with verapamil on Figure 2-12B showed
comparable trends to the transport rates on Figure 2-10B. Further, when the transport rate
constant on Figure 2-12B was fitted to a one-phase exponential decay model as we did to the
transport rate on Figure 2-10B, IC50 value was determined to be 25.2 µM, which is close to 26.6
µM estimated from the transport rates, with a slight shift. We attribute this shift in the IC50 value
to the separation of passive diffusion from the active transport, which was not considered when
we analyzed the data with the transport rate. As the transport rate was the sum of the passive
diffusion and active Pgp transport, the apparent reduction of Rho123 influx was not as effective.
However, transport rate constants solely represent the active transport by Pgp. Hence the
inhibition of Pgp was more distinctively represented with the transport rate constants, which
made a shift to the IC50 value. We believe that this shift confirms the validity of this assay and
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Figure 2-12. Evaluation of the transport rate constant (k) of Rho123 in Pgp transport
activity. (A) ATP dependent transport rate constant. Transport rate constants were fitted to
Michaelis-Menten equation and Km of ATP was 0.34 ± 0.53 mM. Mean and SEM are
presented with N=3-11. (B) Verapamil dependent transport rate constants. The data was
fitted to the one-phase exponential decay model, and IC50 value was determined to be
25.2 ± 5.0 µM. Mean and SEM are presented with N=4-11.
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analysis.

2.4.7 Conclusion
In summary, this chapter presents the evaluation of the transport activity of hamster Pgp
in giant PL. The giant PL-based Pgp transport activity was performed using confocal microscopy
and kinetics of Pgp transport activity in various conditions were determined. Through this study,
we were able to assess the Pgp transport activity at a single vesicle level. Delicate control over
the membrane composition in giant PL established the solid negative control with complete
Rho123 exclusion from the giant PL lumen in the absence of ATP. Then, real-time monitoring of
Rho123 fluorescence in the giant liposome lumen provided the visual confirmation of the active
Pgp transport activity, which is not possible with commonly used small proteoliposomes.
Furthermore, the facile manipulation of the final lipid composition on the giant PL without
reconstitution of Pgp will greatly benefit to bring high-throughput screening of Pgp with
alternative lipid environment and Pgp surface density as well. Together, we envisage that the
presented system would benefit in examining different functions of Pgp and facilitate the
development of strategies against MDR caused by Pgp. Lastly, we anticipate the presented
system is not limited to study Pgp but might be applied to study other membrane transporters and
their transport activity.
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CHAPTER 3

Application of Pore-Spanning Lipid Bilayer Over a Nanowell Array for
Monitoring P-glycoprotein Transport Activity

3.1 Abstract
In this chapter, we introduce design and development of a quartz substrate with
nanofabricated arrays of wells and application of the developed substrate for assessing transport
activities of multidrug resistance transporter, P-glycoprotein. P-glycoprotein is believed to cause
multidrug resistance in cancer by exporting a number of anti-cancer drugs out of cancer cells.
Therefore, functional studies of P-glycoprotein in efficient manner are on high demand in
medicine. Yet, single P-glycoprotein level of study has not yet been accomplished. In this
chapter, we aimed to monitor the transport activity of single P-glycoprotein molecule by
manipulating the number of P-glycoprotein presented per well. To this end, we fabricated an
array of nanowells with 200 nm diameter and 800 nm depth on a quartz substrate using electron
beam lithography. We also prepared the giant proteoliposome reconstituted with functional Pglycoprotein molecules. Rupture of P-glycoprotein bearing giant proteoliposomes on the
nanowell array substrate resulted in pore-spanning lipid bilayers with P-glycoproteins presented
at the well openings. By monitoring transport of fluorescent substrates of P-glycoprotein into the
nanowell compartment, we were able to assess the rates of the P-glycoprotein transport activity.

	
  

62	
  

3.2 Introduction

This chapter presents a novel platform to assess transport activities of membrane
transporters using nanolithography and biomimetic model membrane system. Functional studies
of membrane proteins are in critical demand in medicine because they are on the front line of
cell-to-cell interaction and major targets of drugs.[106] However, instability of membrane
transporters as purified forms has been the major challenge of exclusive screenings. In this
context, model membrane system provides biomimetic environment of cell membrane with
phospholipid composition and assembly. Thus, model membrane system where these purified
membrane proteins can naturally function as well is becoming a popular platform for studying
these proteins. Among membrane proteins, membrane transporters, which translocate their
substrates in and out of the cell in specific manners, are especially suitable for this system;
vesicular bilayer, liposomes, or freestanding bilayer (black lipid membrane (BLM)) allows
monitoring of substrate translocation across the membrane. Indeed, many membrane transporters
have been reconstituted to the liposome system or BLM via direct reconstitution[21-22, 48, 54, 97] or
membrane fusion strategies.[2, 56, 84, 90, 107]
In this chapter, we incorporated multidrug resistance (MDR) membrane transporter, Pglycoprotein (Pgp), to the model membrane system and applied to nanofabricated quartz
substrate. Many studies have employed Pgp in the model membrane system, but most of them
were in forms of liposomes. Liposomes provide enclosed chamber inside the lumen and allows
monitoring of substrate transport across the membrane. However, there are a few limitations to
the liposome-based platforms. First, small liposomes, which are the most common form of
liposomes that membrane transporters are reconstituted into, do not afford single vesicular
analysis. Second, giant liposomes, which sizes are comparable to those of cells, can be observed
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under the optical microscope and enables a single liposome analysis as introduced in Chapter 2.
Yet, it is not an ideal system to monitor the transport activity of single membrane transporter.
Hence, in order to monitor molecular transport under the optical microscope and to assess single
transporter activity, we applied giant liposomes bearing membrane transporters on the nanowell
substrate.
To monitor the substrate translocation across the membrane, two separated chambers are
required: 1) a chamber that substrates are introduced and interact with the protein and 2) a
chamber that substrates are translocated by the membrane protein. In other words, we needed a
small container that is sealed with freestanding lipid bilayer. To this end, a quartz substrate is an
ideal surface for forming supported lipid bilayer (SLB) because it can be rendered extremely
clean and hydrophilic. Further, presenting an array of small containers on a substrate will enable
high-throughput sensing. Currently available nano- and microporous substrates for porespanning bilayer formation focused on silicon based materials due to ease of fabrications.[2, 86-87,
89-90, 108]

Also, since fabricating wells with high aspect ratio is technically challenging due to

etching profiles that often cause bowing effect,[109] a number of previous studies focused on
forming micro or nanopores instead and blocked the other end by gluing to a secondary
substrate.[8, 89] Despite the ease of fabrication, silicon materials are not conventional for bilayer
formation that behaviors of lipid molecules could be quite different from that on a hydrophilic
substrate. Also, the attachment of additional substrate on the bottom of porous substrate
increases sample thicknesses and could hinder sophisticated microscopy. In order to overcome
these limitations, we, in this study, attempted to fabricate an array of nanowells with aspect ratio
of 1:4 on a 0.2 mm thick quartz substrate employing e-beam lithography.
This quartz nanowell substrate enabled monitoring of fluorescent substrate of Pgp
transport into the nanowell compartment using confocal microscopy. Further, we applied the
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giant proteoliposome system developed in Chapter 2 to form pore-spanning bilayers on the
substrate, providing control over lipid composition and Pgp count as well. Together, this chapter
presents design and development of quartz nanowell substrate, followed by characterization of
substrates for the proper employment of the model membrane systems. The optimized substrate
was applied to assess Pgp transport activity and strategies for data analysis are addressed.
Completion of the assay system development will provide a novel pathway to screen interactions
between Pgp and its substrate at a single Pgp level and will lead to discoveries of new
pharmacokinetic properties of Pgp.

3.3 Materials and Methods

3.3.1 Materials
POPC, biotinyl-PE, rho-PE, NBD-PE, and cholesterol were purchased from Avanti Polar
lipids, Inc. Purified Pgp extracted from Chinese Hamster Ovary B30 cells and Pgp reconstituted
small PL samples with 99 % POPC and 1 % NBD-PE were from Dr. Sharom. HEPES buffer (20
mM HEPES, 5 mM MgCl2, 100 mM NaCl pH 7.5), Sephadex G50, ATP, Rho123, 6carboxyfluorescein (CF), and RITC-Dextran were from Sigma-Aldrich. Creatine kinase and
creatine phosphate were from Roche. Lastly, 0.2 mm thick quartz substrate was obtained from
Shin-Etsu Chemical Co., LTD. (Tokyo, Japan).

3.2.2 Preparation of giant unilamellar vesicles bearing P-glycoprotein
P-glycoprotein was reconstituted to small PL using the detergent extraction method
described in Section 2.3.3.[64] Briefly, two small PL samples used in this study were both
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assumed to have lipid to Pgp weight ratio of 10:1 after reconstitution. The lipid compositions in
the two small PL samples were different; the first sample had 99 % POPC and 1 % NBD-PE, and
the second sample had 30 % cholesterol, 1 % biotinyl-PE, 0.2 % rho-PE, and 68.8 % POPC.
Giant PLs bearing Pgps were electroformed from the small PLs through electroformation
techniques described in Section 2.3.3.

[5, 95]

In order to sediment the liposomes to the substrate

surface, 235 mM sucrose was used to rehydrate the lipid/ protein films after dehydration. The
electroformed giant PLs were detached from ITO coated slides by reducing the current frequency
to 1 Hz for 30 min, and harvested to be reseeded in the nanowell-based system.

3.3.3 Design and fabrication of the nanowell array substrate
The initial design of the nanowell array substrate was aimed to resolve the ideal diameter
and electron-beam (e-beam) dose density to afford a confocal plane within the depth of the
nanowells and pore-spanning bilayer over the nanowell array. The initial design consisted with
10 x 10 and 15 x 15 arrays of wells with diameters ranging from 150 to 400 nm at 50 nm
increments and the e-beam dose density ranging from 175 to 1025 µC/cm2 with an increment of
50 µC/cm2. The fabrication of the nanowell substrate was performed by the Nanofabrication
Laboratory at the Penn State Materials Research Institute. Briefly, the quartz substrate was
exposed to e-beam based on the design. After e-beam, the substrate was etched via reactive ion
etching (RIE) to achieve 800 nm depths. Additionally, there were reference figures, either
numbers indicating diameter or e-beam dose density, or large square to run the profilometer post
fabrication to ensure the accurate depth of the features.
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Figure 3-1. The design of the nanowell arrays with 200 nm diameter and pitch-to-pitch
distance of 2.7 µm. The e-beam dose density was set to approximately 700 µC/cm2.
After initial characterization of the nanowell substrate, we finalized the deign to have 9
arrays of 200 x 200 nanowells with 200 nm diameter with 800 nm depth using 700 µC/cm2 dose
density (Figure 3-1). Three copies of the entire design was fabricated per substrate and diced to
three 1.5 cm x 1.5 cm substrates. The fabrication process was believed to be unchanged after the
final design was confirmed. There were largely two batches of the repeated fabrication ordered
to the Penn State Nanofabrication facility, and the batch of the samples ordered in early 2015
was named to be Nanowell Array Sample 1, and the batch of the samples ordered in mid 2015
was named to be Nanowell Array Sample 2. This differentiation between the repeated orders was
necessary due to significant discrepancy in the nanowell dimensions between the two samples.

3.3.4 Characterization of the nanowell array substrates
In order to measure the nanowell substrate dimensions, atomic force microscopy (AFM,
Bruker Icon) and field emission scanning electron microscope (FESEM) were employed at the
Penn State Materials Characterization Laboratory. AFM probe scanned the surface of the
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nanowell substrate with a few angstrom resolutions. The AFM probe radius was typically 5 - 15
nm, and the capable z-range sensing was 10 µm. Sample height was measured by topographical
scanning, and peak force error was also measured to assess the regularity of the nanowell inner
compartment. These AFM measurements were performed on both Nanowell Array Sample 1 and
Sample 2. We also performed FESEM to directly image the nanowells. To this end, the
Nanowell Array Sample 2 was sacrificed and diced to half along the centerline of the nanowells
so that the cross section of the nanowells was exposed at the edge of the substrate. Then, the
sample was mounted and imaged under the FESEM.
The initial prototype of the nanowell array substrate with various diameters and e-beam
dose density was utilized to finalize the design of the nanowell arrays. First, free diffusion of the
fluorescent dye was observed under the confocal microscope in order to assess whether we could
resolve the confocal plane within the nanowells ignoring the bulk signal above the substrate
surface. To this end, the nanowell array substrate was assembled to afford the fluid exchange by
sandwiching the substrate with a microscope glass side with PDMS spacer with inlet and outlet
tubing connections as shown in Figure 3-2. After the assembly of the ‘fluid chamber’, the
nanowells were degassed using ethanol washing. Then, 1 µM of CF was introduced to the
chamber and subjected for the confocal microscopy imaging. For the initial characterization of
the nanowell substrate, the custom-built inverted confocal microscopy at Dr. Peter Butler’s
laboratory at the Penn State Biomedical Engineering was used under Dr. Butler’s permission and
instruction. The imaging was performed with 60x oil objective and 24 µm aperture.
While CF dye was useful in characterization of the nanowells, our PL samples were
labeled with NBD-PE (green) at this stage of the project. Therefore, we switched to a red
fluorescent dye to check whether we could resolve the confocal plane within the depth of the
nanowells, which had some deviations from 800 nm depending on the e-beam dose density
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Figure 3-2. A cartoon illustration of the nanowell based Pgp transport activity assay
platform.
applied. Alexa Fluor® 555 at 1:500 dilution was used to monitor the free dye diffusion into the
nanowells followed by degassing using ethanol. Similar to the CF dye diffusion experiment, the
z-stack images of the nanowell arrays were collected with 60x oil objective with 80 µm aperture.
After finalization of the nanowell array design and fabrication of the Nanowell Array
Sample 1, the free dye diffusion was again tested. This time, the dye was switched to 1 µM
RITC-Dextran. As previously described, the Nanowell Array Sample 1 was assembled to a
fluidic chamber and degassed before the introduction of RITC-Dextran. Then, the dye diffusion
was monitored under the inverted confocal microscope at the Penn State Imaging Core at the
Huck Life Science Institute (Olympus FV1000). Similar to the previous experiments, 60x oil
objective was used for all imaging. In order to observe the free dye diffusion and ability to
resolve the confocal plane within the depth of the nanowell, z-sections of the RITC-Dextran was
collected, and the line profile was generated using Fluoview software (Olympus).
After confirming that we were able to resolve the confocal plane with the Nanowell
Array Sample 1, we tested the giant PL membrane rupture and sealing of nanowells on the
substrate surface. The giant PL bearing Pgp was prepared via hydrogel-mediated
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electroformation as described in Section 2.3.3.[5] In order to form the bilayer on the substrate
surface, the surface had to be rendered extremely hydrophilic and also be very clean. To achieve
hydrophilic surface, we utilized Piranha washing, which we performed on both nanowell array
substrates and microscope glass slide. Briefly, glass substrates were placed in the pyrex coplin
jar, and 2:1 v/v mixture of sulfuric acid and hydrogen peroxide was introduced. After 30 min, the
glasses were transferred to beakers containing dH2O and washed three times before storage in
another coplin jar with fresh dH2O. Before assembling to the fluid chamber, the glass substrates
were air dried using a stream of clean air, and the PDMS spacer was also cleaned with ethanol
and dH2O followed by dusting with a tape. Due to the surface chemistry rendering with Piranha
washing, the attachment of the two glass substrates to the PDMS surface was achieved without a
leakage problem. After assembling, the fluid chamber was filled with ethanol for degassing of
the nanowells and incubated with the HEPES buffer and transferred to the imaging facility.
The harvest of the giant PL was performed at the imaging facility in order to reduce the
mechanical stress on the giant PLs. The harvested giant PL was directly introduced to the fluid
chamber containing the HEPES buffer. The density of a sucrose solution inside the giant PLs
was greater than that of the HEPES buffer, which facilitated the sedimentation of the giant PL to
the substrate surface. Also, the presence of the divalent cations in the HEPES buffer induced the
rupture of the giant PLs. Locations of the ruptured membrane were confirmed under the confocal
microscope using NBD-PE labeling on the membrane. After locating the membrane on one of
the nanowell arrays, 1 µM of RITC-Dextran was introduced to the chamber without removing
the fluid chamber from the microscope stage. Then, RITC-Dextran diffusion into the nanowells
was monitored. Series of z-stack images and confocal z-sections through and within the nanowell
substrates were collected under 60x oil objective. The z-profile of the RITC-Dextran was plotted
using Fluoview software.
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3.3.5 Nanowell-based P-glycoprotein transport activity
After the dye exclusion test with a large hydrophilic dye, RITC-Dextran, we switched to
our actual target, Rho123, a small hydrophilic substrate of Pgp. In order to do so, we had to
switch the membrane labeling system to rho-PE instead of NBD-PE. To further improve the
membrane integrity and reduce free diffusion of Rho123 across the Pgp bearing membrane and
into the nanowell, we incorporated 30 % cholesterol into the system as well. The giant PL was
electroformed by direct deposition of small droplets on the ITO plates rather than the hydrogelmediated electroformation due to the lower concentration of the lipids in the small PL sample.
Meanwhile, Piranha washed Nanowell Array Sample 2 was assembled into fluidic chamber and
degassed with ethanol wash, and filled with the HEPES buffer.
The harvested giant PL was then introduced to the fluid chamber and allowed to sediment
and rupture on the substrate surface. One thing to note here is that we used the upright confocal
microscope instead of the inverted microscope (Leica DM series, Japan). Therefore, we had to
flip the substrate configuration in 180º angle from the configuration in the Figure 3-2 after the
membrane rupture. After locating the ruptured membrane on the nanowell array using the rho-PE
signal, the transport activity cocktail with 1 mM ATP, 525 nM Rho123, and ATP regenerating
system (creatine kinase and creatine phosphate) in the HEPES buffer was introduced to the
chamber, and time-lapse image of the confocal plane within the depth of the nanowells were
collected. The negative control experiments were performed in the absence of ATP and ATP
regenerating system at the identical acquisition conditions. The time-lapse images were collected
at the time interval of 60s.
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Due to Piranha washing, the attachment of the nanowell substrate to the PDMS spacer
was relatively strong, and induction of the physical force to separate the two for the repeated
experiments was dangerous because the substrate was extremely fragile. Thus, we used organic
solvent to swell the PDMS, and the deformation of the spacer gradually separated the two
substrates without harming the structure. To this end, the fluid chamber was immersed in
chloroform solution for 15 min on the shaker in the fume hood. After detachment, the substrate
was further washed with chloroform in order to remove any residual lipid molecules on the
surface and washed further with ethanol and water and air dried for the next use.

3.3.6 Data Analysis
In order to quantify the change in Rho123 intensity within the nanowell over the course
of the active Pgp transport, following strategies were adapted. First, line profile plots of the
Rho123 intensity through a row or column nanowells with the membrane sealing were collected
using Image J. From these plots, the intensity values were extracted and imported to MATLAB®.
Then, using the ‘findpeak’ algorithm from MATLAB®, the Rho123 intensity on the nanowells
were identified for each time. This algorithm was used in an assumption that we observed the
higher Rho123 intensity within the nanowell compared to the background or other parts of the
substrate. After collecting the average Rho123 intensity in the nanowell, the data was plotted
against time for further analysis.
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3.4 Results and Discussions

3.4.1 Fabrication of the nanowell array substrates
The ultimate goal of the nanowell-based assay platform was to allocate zero or one Pgp
molecule per nanowell so that we can monitor the transport activity of single Pgp molecule. To
this end, not only a density of Pgp on the giant PL membrane was important, but also diameters
of the nanowells were critical. The depth of the nanowell was another concern because a
confocal plane within the nanowell was a key concept in the detection method, and the diameter
of the nanowell opening had to be large enough to have a clear optical resolution but narrow
enough to avoid lipid bilayer crawling to the inner walls of the nanowell compartments. Hence,
in order to assess all these important aspects of the design, we initially fabricated nanowell array
substrate with multiple dimensions using e-beam lithography. As a bright-field image on Figure
3-3A shows, the initial design had 10 x 10 and 15 x 15 arrays of 150 – 400 nm diameter wells
(Δ= 50 nm) with a depth aimed for 800 nm with the e-beam dose density ranging from 175 –
1025 µC/cm2 (Δ= 50 µC/cm2).
Using the microscope set up displayed on Figure 3-3B, we have assessed the designs of
each nanowell array by observing CF diffusions into the nanowells. As Figure 3-3C depicts, we
were able to resolve each nanowell under the optical microscope for all diameter ranges that we
tested. Then, in order to evaluate whether we could avoid lipid bilayer crawling, GUVs were
introduced to the fluid chamber and allowed to rupture. The results (data not shown) showed that
the lipid crawling was evident in larger diameters greater than 250 nm. Therefore, we concluded
that 200 nm diameter would provide a reasonable resolution of the dye inside the wells and
freestanding bilayer over the well opening. Then, we tested whether we could resolve the
confocal plane within the nanowell depth so that we could ignore the bulk fluorescence signal in
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Figure 3-3. (A) Optical images of the nanowell arrays under bright light microscopy. The
array on the left is 15 x 15 and on the right is 10 x 10, and the diameters of the wells are
indicated in the middle. (B) A schematic illustration of a sideview of the system
configuration for the confocal microscopy. (C) Confocal fluorescence images of CF dye
diffused in the nanowells with various diameters with 60x oil objective and 24 µm
aperture. (D) Confocal z-stack images of Alexa Fluor® 555 dye diffused into 200 nm
diameter 15 x 15 nanowell array with 60x oil objective and 80 µm aperture. 0 µm
indicates the confocal plane focused at the substrate surface.
the fluid chamber (Figure 3-2). For this purpose, Alexa Fluor® 555 was allowed to diffuse into
the nanowell, and z-stack scanning of the 200 nm diameter nanowell arrays with various e-beam
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dose densities was performed. A series of z-stack confocal images on Figure 3-3D shows that we
were able to resolve the confocal plane subduing the bulk fluorescence signal on top when we
had the e-beam dose density of around 700 µC/cm2. Thus, the final design of the nanowell array
(Figure 3-1) was selected to carry 200 x 200 arrays (at least 9 arrays per a substrate) with 200 nm
diameters and pitch-to-pitch distance of 2.7 µm with the e-beam dose density set to 700 µC/cm2.
Substrates were fabricated by the Penn State Nanofabrication Laboratory, but we
experienced unexpected inconsistency in the nanowell dimensions when we requested repeated
batch fabrications. Therefore, we categorized the nanowell substrates into two populations and
named Nanowell Array Sample 1 and Nanowell Array Sample 2. Most of the optimization
process was performed with the Nanowell Array Sample 1, but more advanced transport activity
assay with Pgp bearing membrane was performed on the Nanowell Array Sample 2. Figure 3-4
displays AFM images of the Nanowell Array Sample 1. It is noteworthy that this sample was
used repeatedly and therefore went through multiple Piranha washing and mechanical stress at
the surface level. According to the AFM image on the Figure 3-4A, the depth of the nanowell
seemed to be ~ 775 nm, relatively close to the design of the nanowell, 800 nm. However, given
the fact that our nanowell design had a high aspect ratio, the AFM tip may have not reached the
bottom of the nanowell. So, it would be more accurate to argue that the depth of the Nanowell
Array Sample 1 was at least 775 nm. Also, it was clear from the AFM image in Figure 3-4A that
the diameter of the nanowell was not clearly 200 nm, but larger. Since these measurements were
performed after the Nanowell Array Sample was exploited in the optimization processes, the
consecutive washing and substrate handling could have caused the etching of the opening. Yet,
the irregularity of the nanowell shape on Figure 3-4B shows that the fabrication itself had not
resulted in smooth inner wall compartment from the beginning since it is unlikely that the
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Figure 3-4. AFM images of Nanowell Array Sample 1. (A) Reconstituted AFM image for
the height of the nanowell array. The scale bar on the right indicates height of the sample
from the surface level 0 nm where darker color indicates depth of nanowell. (B)
Reconstituted AFM image for the peak force error of the nanowell array. The large
distribution of the forces with in the nanowell indicates that the structure of the nanowell
is likely to be uneven.
etching would have happened irregularly inside the nanowell. Other results (data not shown)
suggested that the nanowell diameter of the Nanowell Array Sample 1 was larger than 400 nm.
While Nanowell Array Sample 1 turned out to have different dimensions than the original
design requested, the Nanowell Array Sample 2 was, in fact, closer to the ideal design, but raised
different concerns. Figure 3-5A and B show the AFM images of a nanowell from the Nanowell
Array Sample 2. Due to high aspect ratio and narrow opening of the nanowell (200 nm), the
AFM tip could not reach the bottom of the substrate and returned the deepest point of the
nanowell depth to be around 500 nm. Also, the overall shape of the nanowell seemed to be
asymmetrical (Figure 3-5B). This can be attributed to the fact that as the AFM tip was moving
forward within the nanowell compartment, the tip was actually in contact with the sidewall rather
than the bottom of the wells. Therefore, we decided to sacrifice one of the substrates and
precisely measure the dimensions of the nanowell. To this end, a substrate was diced in half in
the middle of the nanowell centerline so that the interior of the nanowell was exposed. Using
FESEM, we measured the exact dimension of the Nanowell Array Sample 2. The result on
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Figure 3-5. AFM images of the Nanowell Array Sample 2. (A) Reconstituted AFM
images of the surface of the nanowell array showing the interior of the well at a side
angle. (B) 3-D reconstructed structure of the nanowell shows the angular profile of the
well. (C) The cross-sectional FESEM image of the Sample 2 shows that the depth of the
nanowell is at least 700 nm, and the shape of the nanowell is conical than cylindrical.
Figure 3-5C shows that the nanowell depth was close to 710 nm, and the opening was about 360
nm while the most of the inner wall compartment had a diameter close to 200 nm. This finding
indicates that the overall shape of the nanowell was not cylindrical, but we had a cone shape near
the opening of the nanowell compartment. This could be explained by the prolonged e-beam
exposure at the opening of the nanowell, which could have caused further etching near the
surface of the substrate.

3.4.2 Characterization of nanowell array samples
The Nanowell Array Sample 1 was mainly utilized to optimize the system suitable for the
Pgp transport activity assay. Therefore, dye diffusion behavior upon surface treatment and giant
liposome rupturing behavior, dye exclusion and dye inclusion by the ruptured membrane were
tested on the substrate. At this point, we have decided to switch the Pgp substrate to a
hydrophilic fluorescence dye. However, as our small PL samples were already labeled with
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Figure 3-6. RITC-dextran diffusion into Nanowell Array Sample 2. (A) A confocal image
of the confocal plane within the nanowell with RITC-dextran (red) diffusion. (B) The
RITC-dextran fluorescence intensity profile across the green dotted line shown in the
panel (A). The intensity profile indicates that we have resolved the confocal plane within
the nanowell ignoring the bulk fluorescence intensity in the fluid chamber.
NBD-PE, we could not use Rho123, which was mainly employed for giant PL-based assay. On
the course of changing the Pgp substrate, we optimized the condition to achieve a complete dye
exclusion from the nanowell with the giant PL rupture.
First, in order to simplify the experimental condition and to remove the effect from
passive diffusion of dye across the membrane, a large hydrophilic dye, RITC-Dextran, was used.
As Figure 3-6 shows, RITC-Dextran was evenly distributed in the nanowell chamber, and the
intensity profile plot on the right shows a clear distinction between the nanowell and quartz
region from the confocal plane within the depth of the nanowell. This clean dye diffusion was in
fact achieved after a series of pre-surface treatments including Piranha washing to render the
surface hydrophilic for future giant PL rupture, ethanol washing to remove any air trapped within
the nanowell compartment, and lastly BSA blocking to avoid adsorption of the dye on the
surface of the nanowell.
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Since we expected to have no Rho123 diffusion into the nanowells before we activate
Pgp with ATP, the complete dye exclusion by the ruptured membrane was important. Therefore,
we first introduced the giant PL bearing Pgp to the pretreated Nanowell Array Sample 1 and
allowed it to rupture by sedimentation induced via density difference between sucrose and the
HEPES buffer and by a help of divalent cations. In cases where the surface cleaning by Piranha
wash was not complete or air removal by ethanol was not enough, defects were evident on the
ruptured membranes (data not shown). After the giant PLs ruptured on the nanowell substrate,
RITC-Dextran was introduced to the fluid chamber and dye diffusion behavior was monitored.
As Figure 3-7A shows, complete dye exclusion was achieved in the area that the
nanowells were sealed by the ruptured giant PL bearing Pgp. Also, the NBD-PE signal from Pgp
bearing membrane showed no distinctive fluorescence signal corresponding to the locations of
the nanowells, which indicated that there was no crawling of the membrane into the inner walls
of the nanowells. The complete dye exclusion was monitored from the confocal images on the
second column of Figure 3-7A. When the confocal plane was within the nanowell depth, we
observed very clean RITC-Dextran signal from each nanowell. When the focus was brought up
to the surface of the nanowell substrate, there was more bulk fluorescence signal from the fluid
chamber, but we were still able to distinguish the locations of the nanowells with dye exclusion
where we had a crisp focus on the ruptured membrane. Above the substrate surface, the bulk
signal was stronger, but we could claim that there was dye exclusion inside the nanowells with
the membrane sealing. This evidence was clearer when we looked at the z-profile of the RITCDextran intensity along the nanowell depth from Figure 3-7B and C. While the continuous
RITC-Dextran signal was observed from the nanowells without membrane sealing, we had
virtually no signal from the location that the membrane ruptured. In short, we confirmed that the
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Figure 3-7. RITC-Dextran exclusion from the Nanowell Array Sample 2. (A) A series
of confocal images along z-axis within the Nanowell Array Sample 2. ‘within
nanowell’ is the lowest z-axis with the confocal plane resolved within the nanowell,
and ‘at the substrate’ has a focus on the substrate surface, and ‘in fluidic chamber’
indicates an out of focus image above the substrate surface. Pgp-membrane indicated
by NBD-PE was ruptured in the middle of the nanowell array and RITC-Dextran was
introduced but did not diffused to the nanowells, which were sealed by the ruptured
membrane. Scale bar is 50 µm. (B) A sample image from z-stack of the Nanowell
Array Sample 2 with RITC-dextran exclusion by the giant PL rupture. (C) Z-profile of
the RITC-Dextran fluorescence intensity along the z-axis following the green dotted
line on panel (B). The intensity profile indicates that there was clear dye exclusion
from the region where the nanowells were sealed by the ruptured membrane.
dye exclusion by the ruptured giant PL without altering lipid composition was possible with a
large hydrophilic dye, RITC-Dextran.

3.4.3 Transport activity of P-glycoprotein on nanowell substrate
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Yet, we could not use RITC-Dextran for the Pgp transport activity assay since dextran
was not a Pgp substrate. Thus, we reconstituted Pgp into small PLs with lipid composition of 30
% cholesterol, 1 % biotinyl-PE, 0.2 % rho-PE, and 48.8 % POPC, and changed to the hydrophilic
fluorescent substrate of Pgp, Rho123. In this scenario, the experimental design would be slightly
different from Figure 3-2 that there will be no dye addition into the nanowell, except by the
active transport via Pgp (Figure 3-8A). The advantage of this method was that the passive
diffusion of the substrate was minimal; all Rho123 intensity change within the nanowell was due
to active Pgp pumping. In our final goal where there would be no or few Pgp molecule per well,
we can live-track the transportation of Rho123 into the nanowell compartment by the transport
activity of single Pgp molecule. As a first step to approach this goal, we observed simple Rho123
diffusion into the Nanowell Array Sample 1 as shown in Figure 3-8B. There was clear Rho123
diffusion into the nanowell, and the confocal plane within the nanowell was resolved. However,
the Nanowell Array Sample 1 was seriously damaged by repeated experiments and handling, we
moved on to the Nanowell Array Sample 2.
Noting that the Nanowell Array Sample 2 did not have the same dimensions as the
Nanowell Array Sample 1, we repeated some of the optimizations. However, the narrow opening
of the nanowell and potentially shallower well depth than the Sample 1 caused difficulties in
resolving the confocal plane within the nanowell. However, with prolonged optimization
processes, we were able to resolve the confocal plane with the free dye diffusion. Then, we
monitored the membrane rupture behavior on the Nanowell Array Sample 2. While all the other
optimization processes were performed with the giant PL with lipid composition of 99 % POPC
and 1 % NBD-PE, the current giant PL sample had little more complex lipid system with 37 %
cholesterol and 1 % biotinyl-PE. Possibly due to the cholesterol content along with Pgp
molecules embedded on the membrane, the membrane rupture behavior was changed that the
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Figure 3-8. Nanowell based Pgp transport activity assay with Rho123. (A) A schematic
illustration of the design change when we use Rho123 instead of TMRE for the transport
activity assay. Rho123 is a hydrophilic dye that it does not diffuse into the nanowell
compartment without an activation of Pgp by ATP. (B) A confocal plane resolved within
the Nanowell Array Sample 2 with Rho123 diffused. The scale bar is 20 µm.
giant PL was not only rupturing and forming bilayer on the array surface but also divided into
small PLs which seated on the ruptured membrane as shown on the left panel of Figure 3-9.
Another possible reason of the giant PL fission could be the cleanness and/or hydrophilicity of
the substrate surface. The lipid bilayer only forms on an extremely clean and hydrophilic surface
to increase the surface interaction between the lipid heads and surface water molecules. Thus,
any defect on the surface could result in aggregation of smaller liposomes or defects on the
ruptured membrane. Further optimization will be necessary to correct this issue.
After the giant PL with 37 % cholesterol ruptured on the nanowell substrate, the
preliminary experiment was performed to observe active Rho123 transport. In this experimental
setting, we hypothesized that there would be no Rho123 diffusion into the nanowell without the
activation of Pgp by ATP, and the rest of the nanowells without membrane sealing would
experience free Rho123 diffusion via medium. Figure 3-9 shows a series of time-lapse confocal
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Figure 3-9. Pgp transport activity assay on the Nanowell Array Sample 2 was performed
with Rho123 dye introduction with 1 mM ATP. The top panel shows the intensity of
Rho123 changes when Pgp was not activated (0 mM ATP) and the bottom panel shows
the intensity of Rho123 with active Rho123 transportation into the nanowell. The very left
panel shows where the Pgp bearing giant PL ruptured. The scale bar is 100 µm.
images during negative control experiment (0 mM ATP, top pannel) and active (1 mM ATP,
bottom pannel) transport activity. There was no apparent change in the intensity of Rho123
during the entire measurement by eyes. However, there were a few things to note from this
preliminary experiment. As experienced from the giant PL based transport activity assays in the
previous sections, Rho123 seemed to engage with Pgp on the lipid membrane with and without
activation of Pgp. In concordance with this evidence, we observed Rho123 signal on the
membrane or on nanowells upon the introduction of Rho123 to the fluid chamber as 0 min time
point on Figure 3-9 shows; 0 min indicates right after ATP injection. On top of the Rho123
engagement with Pgp on the surface, we had technical difficulty to resolve crisp confocal plane
within the depth of the nanowell from the Nanowell Array Sample 2. Thus, both phenomena
could have caused no visual transportation of Rho123 during the transport activity. In fact, there
was photobleaching effect that was apparent in the negative control experiment in the absence of
ATP while the photobleaching effect was less obvious with the active transport. In short, there
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are more rooms to be optimized before we can further proceed with the transport activity assay
of Pgp using the nanowell substrate.
3.4.4 Data Analysis
Although we were aware that the current data was not a true representation of the active
Pgp transport activity, we analyzed the data so that we were equipped with the analytic strategy.
This nanowell-based assay is powerful because it allows high-throughput sampling as there is
data collection from hundreds of nanowell per viewing window. However, quantification of all
the intensity changes from nanowell array will be labor intensive if not automated. Thus, we
developed a strategy to detect the nanowell location using the MATLAB® algorithm as shown in
Figure 3-10. First, we retrieved the Rho123 intensity profile along the line where it passed
through a line on the nanowell array with the ruptured membrane. This intensity profiles were
extracted from the same region for all time-lapse images collected. The intensity profile was then
plotted using MATLAB®, and we isolated the Rho123 intensity inside the nanowells by using
‘findpeak’ command. This was only possible because we assumed that the nanowells would have
the stronger Rho123 intensity compared to the background intensity at all time that the images
were collected. Hence, it also indicates that the algorithm may need to be restructured when there
is none to one Pgp molecule per well as this command will not recognize the absence of Rho123
in the nanowell compartment. However, it will be useful for now because we expect to have
about 14 Pgp molecules for 200 nm diameter nanowell based on the Pgp surface density
estimated in the previous section (ΓPgp = 7.65 x 10-10 mol/m2); we expect to observe the Rho123
concentration change within the nanowell at a reasonable rate.
To further proceed with the preliminary data, we plotted the average Rho123 intensity in
the nanowells against time on Figure 3-11A-C. The majority of the pattern indicated that the
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Figure 3-10. Sample Rho123 intensity profile with identifications of the nanowell regions
via MATLAB algorithm. The intensity profile is a line profile plot against the middle of
the nanowell array. The blue inverted triangles indicate the location of the nanowells
where as the undetected regions are the rest of the nanowell substrate.
photobleaching effect was more significant than any other effects. At least for the negative
control experiments, corresponding to Figure 3-11A and 3-11C, we expected to see no intensity
change and hypothesized that the starting Rho123 intensity in the nanowell would be
significantly lower than ending Rho123 intensity of the active transport. However, we did not
observe such trend probably due to the poor resolution of the confocal plane within the nanowell.
Another fact to note here is that this preliminary experiment was performed on the upright
confocal microscope. While the upright confocal is great for imaging fixed samples, our
nanowell transport activity configuration was not only transient but also fluidic with molecular
transport. Therefore, it was not ideal to observe the transport; we are in process to switch the
microscope system to the inverted confocal microscope.
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B

C

D

Figure 3-11. Change in Rho123 intensity within the nanowell during the active Pgp
transport activity and negative control in the absence of Pgp or ATP on the Nanowell
Array Sample 2. (A) Rho123 intensity within the nanowell regions where there was no
membrane rupture. Since there was no active Pgp transport in this region, the decrease in
Rho123 intensity was due to photobleaching. (B) Rho123 intensity change within the
nanowell with the sealing of the well with Pgp bearing membrane and with active
transport by Pgp with 1 mM ATP. (C) Rho123 intensity change within the nanowell with
the sealing of the well with Pgp bearing membrane but without active transport by Pgp in
the absence of ATP. (D) The trend from panel (A-C) are consolidated where green is (A),
black is (B), and red is (C). There was a minor difference in the trend of the active
transport as the intensity did not decrease at the end of the transport activity (30-40 min.)
However, photobleaching effect was significant to make any conclusion.
When all the data was plotted in one graph as Figure 3-11D shows, the general trend was
similar for all conditions tested. Significant photobleaching and possible inactive Pgp in the
presence of ATP could explain similar trends. However, it is noteworthy that the photobleaching
effect was not severe in the active transport condition with 1 mM ATP (black line on Figure 311D) that once the initial photobleaching was finished by 15 min, the Rho123 intensity in the
nanowell was maintained. Given the fact that the photobleaching was continuous for the negative
controls, it could indicate that there was actually an increase in the Rho123 intensity in the
nanowell with 1 mM ATP after 15 min period. In conclusion, the preliminary nanowell-based
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Pgp transport activity with hydrophilic Pgp substrate, Rho123, revealed some positive signs for
the future studies. However, it also suggested that we need further optimization in following
criteria.
First, the confocal plane within the nanowell has to be resolved in order to remove the
background signal and to be processed by MATLAB® without missing a nanowell or adding
false peak signals. A different microscope system is expected to take over in near future that we
will switch back to the inverted confocal microscope, possibly Olympus FV1000, which had
been used to optimize the Nanowell Array Sample 1. Second, the unsmooth membrane rupture
may be an obstacle in the transport activity that it could hinder the activity of Pgp on the
substrate surface. Therefore, the surface pretreatment has to be modified accordingly. Now that
we do not need biotinyl-PE to anchor the giant PL on the surface, the lipid composition in either
giant PL or small PL can be modified to reduce or remove biotinyl-PE. Third, in order to reduce
the photobleaching effect, the acquisition time frame can be extended from 60s to 120s or 180s.
With all these optimization steps be completed, we expect to have the nanowell-based Pgp
transport activity assay would experience great progress.

3.4.5 Conclusion
In summary, this chapter reported the progress on the design and development of
nanowell-based Pgp transport activity assay. The final goal of the nanowell-based assay platform
was to achieve single molecular sensing of Pgp activity per well. The design of the nanowell
substrates have evolved to afford the confocal plane within the nanowell and to allow the giant
PL to rupture and form the pore-spanning bilayer above the well opening. However, the
fabrication of the nanowell substrate was inconsistent and caused significant delay in the
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optimization process; Nanowell Array Sample 1 and Sample 2 had different dimensions. Yet,
major optimization on the Nanowell Array Sample 2 is undergoing, and we expect to have
progress on the development of the chip-based assay for Pgp transport activity. Once developed,
it will afford exclusive and single molecular screening of Pgp verses its substrate in the presence
of Pgp inhibitors and/or potential anti-cancer drugs in various lipid environments. All together,
we anticipate that this device can greatly improve the efficacy of the anti-cancer drug treatment
and in a bigger picture overcome the multi-drug resistance phenomena in pharmaceutical
industry.
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CHAPTER 4 CONCLUSION AND FUTURE DIRECTIONS

4.1 Conclusion

This thesis discussed the functional reconstitution of giant liposomes with Pgp
reconstituted and their employments in the Pgp transport activity assay. We further extended the
project to monitor the transport activity of a few or even a single Pgp molecule by applying the
giant PL to a nanowell array platform. The giant PL-based Pgp transport activity demonstrated
that the transport rates of Rho123 in giant PL was not significantly different from the previously
reported kinetic parameters, such as Km of ATP and IC50 of verapamil. The main advantage of
the use of giant PL was a significant reduction of the materials in use and facile control over the
lipid composition in giant PL without reconstitution of Pgp. The giant PL-based transport
activity equipped with presented versatility and sensitivity is expected to serve as an efficient
screening platform to monitor the transport activity of Pgp in various conditions. The scope of
the application not only includes the manipulation of the external conditions that Pgp resides in
(i.e. lipid environment or buffer conditions), but also the screening of the interaction between
Pgp and other substrates (i.e. drugs under development or potential Pgp inhibitors). These
experiments are expected to benefit learning more biochemical functions of Pgp leading to new
findings to overcome MDR.
In the second part of the thesis, the development of the quartz nanowell array was
discussed. The rupture of giant PLs on the nanowell array substrate formed pore-spanning
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bilayers with a few Pgp molecules presented per well. The number of Pgp per well may be
controlled by manipulating the lipid composition on the final giant PL as well. Using this
strategy, we aimed to monitor the transport activity of a single Pgp molecule per well. Attoliter
level volume of the nanowell compartment would provide high sensitivity toward the fluorescent
molecule accumulation in the nanowell. Similar to giant PL based assay system, the surrounding
lipid compositions and buffer conditions may easily be manipulated on the nanowell array
system. Lastly, the array system will enable extremely high throughput sensing with the analytic
strategy already established. Altogether, we anticipate that the two proposed platforms in this
thesis would help overcome MDR in cancer and other infectious diseases.

4.2 Future Directions for Giant Proteoliposome Based P-glycoprotein Transport
Activity Assay

The giant PL assay platform that this thesis discussed demonstrated several benefits over
the previously established Pgp transport activity assays: 1) visual and real-time monitoring of the
substrate transport across the membrane and 2) easy manipulation over the lipid environment
without large consumption of materials. Yet, a fine control of the number of Pgp molecules on a
single giant PL is critical for an accurate measurement of the protein transport activity. The
current strategy to estimate the Pgp surface density is a reasonable approach, but there are too
many variables per sample, which then goes through various procedures including dehydration
and electroformation. This could explain the large standard deviations observed in transport rates
as well. In order to measure the number of proteins on the membrane, we could potentially
employ a combinatory technique of stopped flow and fluorescence correlation spectroscopy
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(FCS).[110] However, approaching this method, it would require large quantity of the small PL
samples without fluorescent labeling and biotinyl-PE because the liposome sample had to be prelabeled with a fluorescent protein marker post reconstitution. This means that we would need to
have a few batches of the reconstituted small PLs just for this one purpose. However, thanks to
our great advantages on the lipid environment manipulation, the giant PL samples can be
fluorescent labeled or incorporate biotinyl-PE afterwards by mixing with SUVs of the desired
lipid compositions. Therefore, I believe that the precise measurement of the protein number on
the giant PL is feasible with the current stock of the purified protein.
While this thesis does not contain comparisons of Pgp transport activity rates over the
change in the lipid environments, an effect of other lipid molecules, which plays significant roles
in lipid raft formations or protein-lipid signaling, is in line for the future studies. The first criteria
to tackle may be the effect of electric charges on the Pgp transport activity by incorporating 1,2dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) molecules into the giant PL system. DOPS is a
negatively charged phospholipid molecule and takes about 10 % of the natural cell
membranes.[111] Thus, it would be interesting to see how the charge affects Pgp transport activity.
We could potentially test a range of molar concentration of DOPS from 0 up to 20 % and
monitor the Rho123 translocation rates, and we hope to achieve this data in a few months.
Further, we will aim to investigate effects of sphingolipids, such as galactosylceramide and
sphingomyelin. It has been reported that sphingolipid receptor signaling pathway reduces Pgp
transport activity via upregulating TNF-α signaling pathway, which disrupts membrane
permeability.[43] Thus, it would be interesting to investigate whether sphingolipid itself could
change the transport activity of Pgp. We believe that the advantage of the presented assay
platform will enable the incorporation of the proposed lipid molecules with simple procedures.
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Lastly, while this thesis has focused on the transport activity of one membrane
transporter, Pgp, this giant PL-based transport assay system is not limited to one membrane
transporter. Other MDR transporters, such as MRP2[22] and ABCB6[112] have been reconstituted
to liposome system. Using our currently electroformation technique, the application of these
MDR transporters are likely to be straightforward. Further, we might be able to establish an
effecting transport activity assay for other membrane transporters. A potential candidate is F0F1
ATPase protein, which helps synthesizing ATP molecules in mitochondria by transporting
protons across the microchondrial membrane. Malfunction of F0F1 could cause abnormal pH
level in the cell and also prevent.[113] F0F1 ATPase has also been reconstituted into liposome
systems.[8,

114]

Thus, it would be an interesting membrane transporter to study as well. In

conclusion, we anticipate that the versatility that this strategy provides would help better
understanding of biochemical functions of Pgp.

4.3 Nanowell-based P-glycoprotein Transport Activity Assay

As stated throughout the thesis, the ultimate goal of the project is to achieve single
molecular sensing of the transport activity of MDR efflux protein, P-glycoprotein (Pgp). While
the project is moving toward this goal, we need further optimizations on the nanowell array
substrate and transport activity conditions. The major problem that we are facing with this
project is the resolution of the confocal plane within the depths of the nanowell. We hope to
achieve better resolution when we switch the imaging system to the inverted confocal
microscope, but it may not lead to the best result given the fact that it is really the matter of the
depth of the nanowells. With all the discrepancies in the repeated substrate fabrication from the
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Penn State Nanofabrication Laboratory, we are even unsure whether 800 nm was enough to
resolve the confocal plane and whether we had 800 nm or deeper nanowell with Nanowell Array
Sample 1. Perhaps, FESEM of the Nanowell Array Sample 1 will answer this question, but it
also indicates that we have to sacrifice the only remaining sample. Yet, in case that the confocal
plane is still not resolved with the inverted confocal microscope, FESEM of the Sample 1 would
be next step.
If it turns out that the Nanowell Array Sample 1 indeed had deeper depth and larger
diameter than our final design, we may need to refabricate the samples according to the
dimensions of the Nanowell Array Sample 1 since all previous optimizations based on the
Sample 1 had concluded that the transport activity on this substrate would be feasible; there was
no evidence of lipid crawling with giant PL rupture, and clean dye exclusion with membrane
sealing was observed, and crisp confocal plane was resolved. In this case, we may look for
alternative materials for the fabrication since the fragility of the quartz substrate made the ebeam lithography technically challenging. Alternative materials, which can be processed by
simpler fabrication process, would be preferred. For example, Watanabe and colleagues have
employed CYTOP[8] to drill the micro-size holes and attached to the glass coverslips and
Naumann group and many others used silicon nitride pores.[2, 86-87, 90] The benefit of using the
silicon comes from the ease of fabrication, especially when it is to drill pores than creates wells.
We have selected quartz material as our substrate for the imaging under the optical microscope
and because we aimed for the fabrication of the perfect SLBs on the substrate surface. However,
others have already shown that the fabrication of SLBs on the silicon substrate was possible and
also have performed optical microscopy using such substrates; thus, it may be a wise move to
switch to silicon-based substrates.[2, 87-90]
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Another part that needs more optimization is the membrane rupture. While the previous
optimization was performed with the giant PL labeled with NBD-PE in the absence of
cholesterol, the current system has rho-PE labeling and 30 – 37 % cholesterol content plus 1 %
biotinyl-PE. Increased complexity may have caused problems in membrane rupture and higher
cholesterol content may have induced phase separation, which could have been reflected in the
abnormal rupture behavior. Therefore, this condition has to be carefully assessed. It may also be
the case that the surface pretreatment has greatly affected the rupture behavior.
While the basic transport activity conditions and what to vary and manipulate are
predefined from the giant PL-based platform, the fine tuning of all the conditions will be
unavoidable. According to the Pgp protein density for 37 % cholesterol giant PL, we will have
about 14 Pgp molecules per well. Based on this number of Pgp per well and ATPase specific
activity level that we measured (~ 400 nmol/mg protein/ min from Chapter 2), we can estimate
the rate of Rho123 concentration change within the nanowell. With 14 Pgp molecules, the
estimated ATP molecule used for the activity per minute is about 952 ATP molecules/min,
which means that at maximum rate, there will be 476 Rho123 molecule/ min transported into the
nanowell; there are two nuclear binding sites on Pgp. Then, the volume of the nanowell with 200
nm diameter and 800 nm depth in a cylindrical shape is 2.51 x 10-17 L, and the mole Rho123
change per min can be extrapolated to be 31 µM/min. Given the fact that we will use 525 nM
Rho123 solution, we will reach the equilibrium within 1 min. It seems that this number is not
practical to be detected using an imaging technique. However, this only assumes that all ATPase
activity will correspond to the transport of the substrate. From our own transport activity assay
on the giant PL, we learned that the transport rate of Pgp is not at their maximum rate indicated
by the ATPase specific activity. Indeed, the Rho123 transport rate was roughly estimated to be
13 nM/min with 1 mM ATP and ATP regenerating system. Therefore, we expect the change in
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concentration to occur slowly. Further, with 1 or none Pgp molecule per well in action, we
presume that the rate would be much slower and should be distinguishable with time lapse
images. Yet, being that said, we will require careful pre-assessment of transport conditions.
In conclusion, the second part of the thesis presented the design and development of the
nanowell based Pgp transport activity assay. There were a number of delays and obstacles in the
fabrication of the nanowell substrate due to technical difficulty and also due to disparity in the
result samples from the identical design. However, the preliminary studies of the Rho123
transport activity on the Nanowell Array Sample 2 showed positive results that we may be able
to observe the Rho123 intensity change with active transport in near future. A fine strategy for
the automated data analysis is set in place to facilitate the data quantification when the
optimization for the assay conditions is completed. Therefore, the forecast of this project is very
promising and we believe that the development of this chip-based assay will contribute greatly to
understand roles of Pgp in MDR and to facilitate drug development in general.
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