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ABSTRACT 
 

The dynamics of glucose-stimulated insulin secretion play a key role in normal 

physiological regulation, with altered temporal profiles observed in diabetic patients.  

Elucidation of the underlying mechanisms responsible for insulin secretion is key to 

understanding the development and progression of diabetes, though such studies have 

been limited due to a dearth of methods with sufficient sensitivity and spatiotemporal 

resolution to facilitate direct quantification of cellular glucose. 

In this work, we developed a cell-penetrating, glucose-responsive fluorescence 

indicator protein (FLIP) capable of detecting dynamic glucose changes in single 

pancreatic β-cells. Flow cytometry and confocal microscopy revealed that cell 

penetrating FLIP was directly loaded into single cells via simple incubation, avoiding the 

requirement for cellular transfection.  The cell-penetrating FLIP yielded similar analytical 

performance in vitro compared to unmodified FLIP, and facilitated direct observation of 

cellular glucose levels, though with a lower in vivo response compared to FLIP-

transfected cells.   

To minimize intracellular proteolytic degradation and/or compartmentalization 

that may contribute to the lowered sensor response, FLIP was encapsulated in stabilized, 

porous phospholipid nanoshells (PPNs).  In vitro characterization showed that the FLIP-

PPN (Kd = 854 ± 32 µM) yielded similar analytical performance to FLIP with < 1 min 

response time.  FLIP-PPN was readily loaded into live cells upon modification of the 

PPN with TAT peptide.  Intracellular delivery and localization of FLIP-PPN was 

confirmed using confocal microscopy.  FLIP-PPNs exhibited ca. 50% more activity in the 
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intracellular environment compared to non-encapsulated FLIP, suggesting the importance 

of encapsulated delivery. 

To obtain optimized glucose transport, the molecular weight cutoff of PPNs was 

examined using a novel dextran retention method with a mass resolution of 162 Da.  

Stabilized PPNs exhibited 90 % retention at MW ca. 1800.  Kinetic control of 

permeability with binary lipid mixtures was investigated, and composition dependent 

permeability of PPNs was observed.  Lipid domain formation was evident in PPNs 

prepared using binary lipid mixtures (30-100% bis-SorbPC), where the MW cutoff was 

found to be unchanged compared to 100% bis-SorbPC.  Proton permeability studies of 

lipid mixtures below the resolution of the dextran retention assay (< 20% bis-SorbPC) 

confirmed composition dependent change of permeability. 
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CHAPTER 1. INTRODUCTION 

1.1. DIABETES AND GLUCOSE HOMEOSTASIS 

Type 2 diabetes is a worldwide metabolic disorder that is characterized by 

uncontrolled blood sugar levels that result from insufficient insulin secretion, insulin 

resistance or a combination of both.1;2  Sedentary life styles and excessive consumption 

of high calorie food are blamed for the global expansion of this disease, although certain 

genetic factors may also play a vital role in one’s susceptibility towards the disease.3;4  

The socio-economic cost of type 2 diabetes is enormous when the loss of productivity, 

quality of life, and the increasing cost of treatment associated with the disease are 

considered.5  Molecular level understanding is still lacking due to the dearth of methods 

that can probe the complex genetic, metabolic and neurological network associated with 

glucose homeostasis.6;7  Elucidating the pathways involved will be a key in developing 

prognostic assessments and treatment of the disease. 

Glucose levels of healthy individuals are maintained within a narrow range of 3-7 

mM despite the cycling of feeding and fasting in daily life.6  Highly regulated glucose 

levels are achieved by balancing the events that introduce and remove glucose from the 

blood.  Rapid hyperglycemic levels followed by uptake of food is primarily regulated by 

insulin, the primary hormone secreted from pancreatic β-cells.8  Glucose-stimulated 

insulin secretion (GSIS) has been studied in detail (Figure1-1).9;10  The first step of GSIS 

is glucose transport into the β-cells.  The high Km value of the GLUT-2 transporter 

involved in glucose uptake (17 mM) facilitates rapid equilibration of extracellular 

glucose with the intracellular environment.  Glucose is then converted into glucose 6-
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phosphate by glucokinase (GK/Hexokinase IV), which acts as the cellular glucose 

“sensor”.11  GK is not allosterically inhibited by its product allowing continuous substrate 

catalysis following the uptake of glucose into cells.  Subsequent metabolism of G6P 

increases the energy state of β-cells which in turn raises the ATP/ADP ratio.  ATP 

sensitive K-ATP channels are closed in response to the elevated ATP/ADP ratio, leading 

to membrane depolarization, opening of L-type voltage gated Ca2+ ion channels, and 

increasing in the intracellular Ca2+ levels ([Ca2+]i).  The increase of [Ca2+]i leads to 

insulin exocytosis, though the exact mechanism is poorly understood. 

  

Figure 1-1: A simplified diagram illustrating the metabolic events that leads to GSIS in 
pancreatic β-cells.  Adapted from reference # 10.  
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One of the most unique and yet incompletely understood phenomenon is the 

biphasic nature of the insulin secretion.12;13  Rapid release of insulin is followed by low 

maintenance level secretion in response to elevated plasma glucose level.  The first phase 

is markedly affected in patients with type 2 diabetes, and the origin of the biphasic insulin 

secretion has been investigated for a better understanding of the underlying metabolic 

deficiencies that confer the disease.14;15  At least two models have been proposed to 

explain the biphasic insulin secretion from the pancreas.16  One model suggests that 

insulin granules are stored in two different pools; one as a ready to secrete pool (first 

phase) and another pool which requires both docking and priming before release (second 

phase).  The second model is based on the assumption that biphasic stimulatory signal(s) 

lead to two step insulin secretion where both [Ca2+]i and glycolytic oscillations are 

thought to play pivotal roles.  Currently the second model is favored, since oscillations in 

[Ca2+]i and other metabolites such as oxygen, ATP and NAD(P)H are correlated with 

insulin secretion (Figure 1-2).16-18  [Ca2+]i oscillations are the primary regulators of 

metabolic oscillatory insulin secretion, where, other metabolic oscillations are thought to 

augment the secretion.  The dynamic nature of insulin secretion underscores the 

requirement for temporally resolved analysis of metabolic events, where identification of 

metabolic pathways and time averaged quantification of metabolites is not sufficient for 

elucidating the molecular level picture of a complex neuro-endocrine phenomenon. 
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Figure 1-2: Oscillatory nature of [Ca2+]i in mouse islets (A) and in vivo insulin 

fluctuations (B) measured simultaneously.16 

 

 

When blood glucose levels decrease, insulin secretion ceases.  Re-establishment 

of basal glucose level is triggered by glucagon, a hormone secreted by α-cells in the 

pancreas.8  Secretion of glucagon leads to a rapid conversion of liver glycogen into 

glucose (glycogenolysis and glucogenesis).  The mechanism of glucose sensing by α-

cells is not as well established as β-cells, but the role of K-ATP, Ca2+ and Na+ channel 

activity is evident.19  Under the most commonly accepted mechanism, low blood glucose 

levels maintain moderate activity of K-ATP channels to preserve membrane potential for 

continual activity of Ca2+ and Na+ channels, which lead to secretion of glucagon.  

Increased blood glucose levels increase the ATP/ADP ratio followed by uptake through 

GLUT-1 and subsequent closure of K-ATP channels affects the electrical activity, 

inhibiting secretion of glucagon.  Other hypothesis indicates direct mediation of Ca2+ 

channels activity, where the K-ATP channels are not considered to play a vital role. 

A B
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Apart from insulin and glucagon, other hormonal and neural activities play a 

major role in glucose homeostasis.  Incretins are another important group of hormones 

secreted by the intestine that facilitate lowering glucose levels after a meal.  Glucose-

dependent insulinotrophic hormone (GIP) and glucagon like peptide 1 (GLP-1) are 

extensively studied due to their activity on a broad range of organs and tissues.20  Both 

hormones act on β-cells to promote secretion of insulin via different receptors.  Secretion 

of GLP-1 is also biphasic, and similar to insulin. but the former has a much shorter life 

span (2-4 minutes) in blood due to rapid degradation via dipeptidyl peptidase 4 (DPP-4).  

Protease resistant GLP-1 is used in therapy for type II diabetes and exerts beneficial 

effects in minimizing hyperglycemia after a meal. 

Interest in the role of central nervous system (CNS) on glucose homeostasis has 

revived after decades of neglect.21;22  CNS directly and indirectly modulates key organs 

and tissues involved in glucose homeostasis.  The hypothalamus regulates glucose 

homeostasis and also acts as a center for monitoring the cellular energy status.  K-ATP 

channels in the hypothalamus are responsive to insulin and glucose, where GLP-1 can 

exert its effect via its receptors.23  Other hormones such as alpha-melanocyte-stimulating 

hormone (α-MSH) secreted by CNS controls satiety,24 and activation of the CNS by 

cellular fuel sensors such as the mammalian target of rapamycin (mTOR) signals nutrient 

excess to the body, inhibiting food uptake.25  Currently, drugs targeting the CNS are 

considered for treatment of diabetes.22  The new focus on CNS is likely to generate a 

wealth of knowledge on glucose homeostasis and the synergy between the CNS with 

peripheral hormone signaling.22 
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1.2 IN VIVO AND INTRACELLULAR GLUCOSE MONITORING 

Historically, glucose detection methods have focused on diagnosis of diabetes 

using body fluids such as urine or blood.26  Earliest glucose detection methods were 

based on simple observation, e.g. ants attraction to urine from diabetic patients, where 

modern detection methods offer more precise and sensitive.27  In addition to clinical 

management, detection methods that allow exploration of cellular glucose levels would 

be advantageous for deciphering molecular defects associated with type 2 diabetes.  

Development of sensitive, miniaturized glucose sensors is required, since glucose 

detection needs to be performed in a both volume and mass limited environment.  This 

challenge maybe addressed using electrochemical, optical, radioisotope and other 

spectroscopic methods (Figure 1-3). 
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Figure 1-3: Current and potential glucose detection methods for in vivo and intracellular 

glucose detection. 

 

 

1.2.1 Electrochemical glucose detection 

Glucose oxidase (GOX) is the most frequently used transducer for glucose 

detection due to the specificity, stability and convenience provided by GOX based 

detection methods.28  GOX is isolated from Aspergillus niger, or via recombinant 

expression in E.coli.  GOX is highly specific towards glucose, thus analysis can be 

carried out with minimal sample processing.29  GOX has a long shelf life (2 years) when 
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stored at 0 °C, in the lyophilized form30 and is frequently stored under ambient conditions 

for shorter periods in self testing glucose strips. 

GOX oxidizes glucose to gluconolactone in the presence of a suitable electron 

acceptor, where O2 is the primary electron acceptor in biological systems (Figure 1-4).  

Both O2 dependence and the production of H2O2 enable indirect quantification of glucose 

using a variety of O2 and H2O2 sensitive methodologies.28  O2 is commonly detected 

using a Clark type electrode, which exhibits high sensitivity and reversibility with 

excellent temporal resolution.31  H2O2 is detected by either carbon or platinum electrodes 

held at potentials where H2O2 is oxidized to H2O and O2.
32  Deposition of GOX close to 

the electrode is essential for good electrical connectivity of the electrode material with 

the flavin adenine dinucleotide (FAD) redox center of the enzyme.  Entrapping GOX 

within a semi-permeable membrane attached to the electrode allows close proximity to 

electrode and glucose to diffusion into the chamber. 

 

 

Figure 1-4: Oxidation of d-glucose by GOX in the presence of O2. 
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H2O2 is more commonly detected compared to O2 since the former is oxidized at a 

potential with low background current.33  GOX-immobilized microelectrodes (typical 

diameter of 2-3 µm) utilizing H2O2 detection, have been used to observe intracellular 

glucose concentration of large cells such as pond snail neurons (10-100 µm in diameter) 

and Xenopus oocytes (1-2 mm in diameter).34;35  GOX is immobilized on porous 

platinized carbon electrodes and coated with bovine serum albumin (BSA) followed by 

glutaraldehyde cross linking.  The electrode potential is held at 0.6 vs saturated standard 

calomel electrode (SSCE) for oxidation of H2O2.  These electrodes exhibited excellent 

reversibility with rise and fall times less than 500 ms.  Sensors reversibly responded to 

intracellular glucose changes triggered by microinjections.  Importantly, sensor response 

is O2 dependent, where maximum response can be achieved at oxygen concentrations 

above 0.24 mM. 

Micron-sized electrodes prepared by placing electrochemically etched platinum 

wires in pulled glass capillaries have also been used for immobilization of GOX with 

excellent reversibility, response time (0.8 ± 0.1 s) and sensitivity (4.8 ± 0.7 pA/mM). 

(Figure 1-5).  These electrodes have been used in islets of Langerhans for correlating 

intra-islet glucose concentration to external glucose concentrations.18  Investigation of 

islets of Langerhans using these electrodes shows the oscillatory nature of metabolite 

correlations involved in glucose induced insulin secretion.  Microelectrodes can also be 

positioned very close to individual pancreatic β-cells and intracellular glucose 

consumption can be indirectly monitored by following the change in the extracellular 

glucose concentration.  The spatial proximity between the cell and the microelectrodes is 
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crucial in these measurements since the diffusion volume needs to be minimal for 

sensitive detection of glucose level fluctuations. 

 

 

Figure 1-5: Diagram of GOX based microelectrodes used in islet of Langerhans.  Figure 

adapted from reference # 18. 

 

Recently ZnO-nanorod microelectrodes have been successfully used to determine 

intracellular glucose concentration of adipocytes and Xenopus oocytes.36  GOX was 

electrostatically immobilized onto the nanorods with a diameter of 100-200 nm which are 

grown on a 0.7 µm borosilicate capillary tube.  Glucose dependent signal generation is 

different from the previously reported microelectrodes, where pH changes associated 

with gluconolactone conversion to gluconate was detected by the electrode.  Elimination 

of the anodic oxidation in pH based glucose detection is an advantage in this sensor, since 

interference from small molecules is a concern for H2O2 oxidation based sensors. 
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The disadvantage of microelectrodes arise from their physical dimensions because 

most of the microelectrodes constructed to date are between 1-10 µm in tip diameter 

whereas typical mammalian cell diameters range from 10-20 µm.  Therefore, insertion of 

a microelectrode leads to significant perturbation of individual cells and only one cell can 

be monitored at a given time unless multiple electrodes coupled to multiple data 

acquisition setups are employed. 

1.2.2 Optical methods for glucose detection. 

Optical methods for in vivo and intracellular glucose detection rely almost 

exclusively on fluorescence.33  Glucose has no intrinsic molecular fluorescence, therefore 

fluorescently labeled glucose analogs and methods elucidating glucose mediated changes 

in fluorescence have been developed.  Optical detection can be used to probe multiple 

cells when coupled with two dimensional detectors such as CCD cameras, compared with 

electrochemical methods where only individual cells can be investigated.  Miniaturization 

of the optical sensors is desired for less invasive cellular introduction. 

1.2.2.1 Intrinsic fluorescence 

One of the first approaches for intracellular glucose detection was based on the 

intrinsic fluorescence of NAD(P)H.37-39  Elevated intracellular glucose levels result in 

high NAD(P)H levels following glycolysis, thus glucose levels can be monitored 

indirectly.  A good correlation between extracellular glucose levels and intracellular 

NAD(P)H levels has been shown in adipocytes.  NAD(P)H has an excitation maximum 
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around 340 nm and emits within the range of 440-480 nm.37   However, UV excitation of 

cells leads to decreased viability and photobleaching.  Two photon excitation microscopy 

(TPEM) minimizes photobleaching allowing for longer analysis time and multi-analyte 

analysis.39  TPEM provides temporal resolution and the capability of analyzing single 

cells within islets.40  Though label free detection of glucose is advantageous, fluorescence 

originating from other cellular components and indirect glucose detection are limitations. 

1.2.2.2 Glucose recognition by synthetic groups 

Boronic acid derivatives were the first synthetic moieties utilized for glucose 

recognition.41  Formation of covalent bonds between hydroxyl groups of glucose with the 

boronate anion yield a cyclic boronate ester.  When boronic acid groups are conjugated to 

a chromophore, change in fluorescence properties occur upon bond formation.  

Anthracene was first fluorescent backbones utilized, variety of other moieties since been 

explored.  Limitations include the requirement of high pH buffers and poor aqueous 

solubility.42  The pKa of boronic acid is ca. 8.8 requiring high pH medium to be used for 

analysis.  Changing the chemical environment of the binding site lowers the pKa to 4.8.  

Consequently, measurements can be performed in physiological pH range.43  Improving 

aqueous solubility is more challenging.  Spatial arrangement of the boronic acid group 

with the fluorophores is crucial, and extensive structural modifications to improve 

solubility are not trivial, though use of zwitterionic groups on the fluorophores help to 

facilitate aqueous solubility.44;45  Changes to the fluorescent backbone also affect the 

binding properties of the sensor where lowered specificity can lead to significant 
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interference from other monosaccharides such as fructose and galactose.44  In spite of the 

improvements, boronic acid based glucose sensors are not reversible, making them less 

desirable for dynamic monitoring of in vivo and intracellular glucose.  However, boronic 

acid-based glucose sensors may be used as templates for developing future synthetic 

receptors for glucose detection. 

1.2.2.3 Biomolecular recognition based optical glucose sensors 

Biomolecular recognition-based glucose detection can be broadly divided into 

two categories: detection based on glucose catalysis and detection based on non-catalytic 

events (binding only).  GOX is widely used for catalytic optical detection of glucose, 

whereas glucose binding proteins are primarily used for glucose detection using non-

catalytic optical approaches.46 

(A) Enzymatic biorecognition of glucose 

Similar to electrochemical methods, GOX plays a vital role in fluorescence 

glucose detection.46  Native fluorescence changes in GOX upon glucose binding 

facilitates quantification of glucose.47  The FAD prosthetic group in GOX strongly 

absorbs in the oxidized form but not when it is reduced to FADH2, causing changes in 

fluorescence emission corresponding to glucose concentrations.  However, the UV 

excitation and emission makes this approach challenging for intracellular and in vivo 

sensing.42  GOX has been modified with a succinimidyl ester of fluorescein to circumvent 

this disadvantage.  Under low glucose levels, the predominant FAD group exerts an inner 
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filter effect on the fluorophores, and the reduced form FADH2 reverses this effect under 

high glucose levels.  This sensor has been shown to reversibly respond to glucose with a 

linear response range from 400-2000 mg/L (2-11 mM).48 

O2 consumption and the H2O2 production of GOX-mediated glucose oxidation has 

been utilized to develop optical glucose sensors.  However, reaction of many 

fluorophores with H2O2 is irreversible, thus the majority of fluorescence methods 

targeting the production of H2O2 are limited to in vitro analysis,46with the exception of a 

reversible glucose sensor based on H2O2 enhanced fluorescence of a Eu-tetracyclin 

complex.49  Linear range of the sensor based on end point glucose detection was from 2-

100 µM, through a kinetic assay increases it by one order of magnitude, even in the 

presence of serum. 

Reversible quenching of O2 sensitive fluorophores, e.g. Ru-based dyes facilitate 

both in vivo and intracellular detection.  A sol-gel glucose sensor based on reversible O2 

quenching was prepared by encapsulating a hydrophobic luminescent probe (ruthenium 

(II) (4,7-diphenyl-1,10-phenanthroline)3-(dodecylsulfate)2), [Ru(dpp)] with GOX.50  In an 

air-saturated environment, the sensor has a linear detection range of 0.1-4 mM and a 

response time of 4 minutes.  A micrometer-size glucose sensor has been constructed 

using the same principle.51  Hydrophilic ruthenium (II)(4,7-diphenyl-1,10-phenanthroline 

disulfonic acid disodium salt) and GOX were confined to the end of a pulled optical fiber 

with a 2-5 µm diameter in a polyacrylamide matrix and changes in dye emission was 

monitored with 2 s response time and 0-10 mM linear detection range.  Using the same 
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scheme, a nanometer sized glucose sensor was constructed by encapsulating the detection 

elements in a polyacrylamide matrix (Figure 1-6).52  A reference dye was co-entrapped 

for ratiometric measurements of glucose which minimized fluctuations in fluorescence 

levels due to changes in the excitation source and sample heterogeneity.  The polymer 

matrix prevents GOX and dyes leakage out but allows glucose to diffuse in and out.  

Reversible quenching of Ru dye fluorescence by O2 reflects fluctuations in O2 

concentrations that are inversely correlated to glucose levels.  The response time was 

150s with a linear response range between 0.3 mM to 5 mM glucose.  GOX is efficiently 

encapsulated in PEBBLEs and maintains high activity even after the radical mediated 

polymerization.  Similar sensors for O2 and Zn2+ have been used as intracellular sensors 

after loading into mammalian cells53 but there are no reports of intracellular glucose 

monitoring using this approach. 

 

 

 

 

 

 
Figure 1-6: Schematic of a nanometer sized glucose sensor.  Fluorescent dyes and GOX 

are entrapped in a polyacrylamide matrix.  Adapted from Ref # 52 
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(B) Binding protein based biorecognition 

Plant lectin, concanavalin A (con A) is widely used in binding protein glucose 

sensors.42  Con A is a tetrameric protein with a 25-30 kDa monomer molecular weight 

and high affinity towards glucose and mannose.54;55  Competitive binding of sugars and 

fluorescent dextrans to fluorophore labeled protein facilitate con A-based optical glucose 

sensing (Figure 1-7).  Fluorophores that undergo fluorescence resonance energy transfer 

(FRET) are used for this purpose, where con A is usually labeled with red shifted 

fluorophores such as tetramethylrhodamineisothiocyanate (TRITC)56 or ruthenium 

dyes.57  Dextran is then labeled with FITC or other fluorescein derivatives.  Decrease in 

FRET signal displacement of fluorescent dextrans is observed upon glucose binding.  

Similar to fluorescent dextrans, malachite green labeled insulin-maltose has also been 

used as a competitive binding sugar derivative.  In addition to fluorescence intensity-

based glucose measurements, con A has also been utilized in fluorescence lifetime 

sensors, especially with Ru dyes that exhibit long fluorescence lifetimes.57  Table 1-1 

summarizes some of the FRET based glucose sensors that have been designed and 

characterized based on con A. 
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Figure 1-7: Con A based glucose sensing.  Con A and dextran are dual labeled to form a 

FRET pair.  High FRET occurs in the absence of glucose (G) due to low affinity dextran 

binding to con A.  Glucose displaces dextran and FRET decreases accordingly. 

A hollow fiber glucose sensor for glucose detection based on con A has been 

reported, which relies on quenching of fluorescent con A (Alexa 488-con A).58  Porous 

sephadex beads (100 kDa penetration) are labeled with a dye that strongly absorbs 

excitation light and the labeled beads are placed inside the hollow membrane (10 kDa cut 

off).  In the absence of glucose, Alexa 488-con A diffuses into the porous beads and is 

prevented from being excited due to the strong absorption by the labeled beads.  Glucose 

displaces the Alexa 488-con A from the beads and diffusion of the free Alexa 488-con A 

to the hollow fiber membrane allows the generation of a fluorescence signal.  This sensor 

geometry can be adapted to form miniaturized con A-based glucose sensor for 

transdermal glucose monitoring.  To date, intracellular glucose sensors based on con A 

have not been reported, but most of the detection schemes that are based on con A have 

the potential to be adapted into nanometer sized glucose sensors upon minimization and 

improving substrate specificity. 
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Table 1-1: Summary of FRET sensors based on con A for glucose detection. 
 
Acceptor  Donor  Detection range Response time 

Con A/TRITC56 Dextran/ FITC 0-9 mM 10 min 

Con A/Ruthenium 
dye57 

Insulin maltose/ malachite 
green 

0-150 mM NR 

Con A/ Cy-559 Insulin maltose/ malachite 
green 

0-60 mM NR 

APC60 Dextran/ malachite green 0-30 mM NR 

Con A/AF 64761 Dendrimer/ AF 594 0-30 mM 5 minutes 

NR- Not reported 

 

GOX can be used as a binding protein after the removal of the catalytic FAD 

prosthetic group (apo-GOX).  FAD can be reversibly removed with little or no affect on 

glucose binding.  Glucose sensors prepared from apo-GOX are more specific to glucose 

compared to con A.62  Lakowicz and coworkers have prepared a competitive glucose 

binding sensor using 8-anilino-naphthalene sulfonic acid (ANS) which non-covalently 

interacts with apo-GOX.63  The fluorophore is reversibly displaced upon glucose 

addition.  Displacement lowers the intensity and lifetime of the fluorophore due to its 

environmental sensitivity.  A FRET sensor based on  competitive binding of glucose into 

apo-GOX has been constructed using fluorescently labeled apo-GOX and dextrans.62  In 

the absence of glucose, dextrans bind to apo-GOX with low affinity and high FRET is 
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observed.  Dextrans are displaced in the presence of glucose, lowering FRET.  

Microcapsules made of sodium polystyrene sulfonate and polyallamine hydrochloride 

encapsulating FITC-dextran and TRITC-Apo-GOX have been explored for glucose 

sensing.64  Sensor sensitivity is manipulated by varying the molecular weight of the 

dextran, as well as the apo-GOX to dextran ratio.  Apo-GOX FRET sensors have a linear 

dynamic range from 0-10 mM with a sensitivity of 6.11 % /mM glucose.  The ability to 

tune the sensitivity and dynamic range makes apo-GOX/dextran detection versatile, and 

has the potential for in vivo and intracellular applications upon further miniaturization. 

Periplasmic binding proteins such as d-glucose/d-galactose binding protein (GBP) 

have become popular in biomolecular recognition-based sensors.42  GBPs transport d-

glucose/d-galactose through the periplasmic space in E.coli, and reversibly bind d-

glucose and d-galactose with high specificity.65  A distinct feature of GBPs is the 

conformational change associated with substrate binding.  When fluorophore(s) are 

attached to the protein, glucose-dependent conformational changes can be observed.66  

Genetic manipulation of the binding environment has led to development of glucose 

sensors with varying dynamic ranges and limits of detections.67 

Both synthetic and naturally-derived fluorophores have been used in conjunction 

with GBPs to prepare glucose sensors.  Environment-sensitive synthetic fluorophores 

including acrylodan, (((2-(iodoacetoxy)ethyl)methyl)amino)-7-nitrobenz-2-oxa-1,3-

diazole (IANBD)68
, N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide 

(MDCC)69;70, 2-(4′-iodoacetamidoanilino)naphthalene-6-sulfonic acid (IANNS)71 and 6-
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bromo-acetyl-2-dimethylaminonaphthalene (badan)72 have been coupled near the binding 

pocket of GBP using cysteine mutants (Figure 1-8).  Native GBP does not contain 

cysteine, thus homogeneous labeling can be achieved in mutant GBPs.  GBP with 

environment-sensitive fluorophores can be used for both intensity and lifetime based 

fluorescent sensors.42 

 

Figure 1-8: Schematic of glucose detection using environment-sensitive fluorophores 

tethered to GBP.  In the absence of glucose (G), fluorophore is in the proximity of the 

binding pocket.  Intensity and/or life time of the fluorophores decrease when they are 

displaced by glucose binding. 

 

In a different approach, the conformational change corresponding to glucose 

binding has been monitored by introducing fluorophores to GBP that undergo FRET 

(Figure 1-9),66;73 with CFP and YFP representing the most common FRET pair used in 

GBP glucose sensors.  Direct expression in a wide variety of hosts including, E.coli, and 

mammalian cells is possible when fluorescent proteins are used as the fluorophores due 

to formation of tandem protein adducts.  Purification of the protein using affinity tags 
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allows for thorough in vitro characterization, which is useful for calibration and 

determining binding properties.  Frommer and colleagues  have developed a series of 

glucose sensors by altering the glucose binding affinity (Kd) of the sensor to facilitate 

monitoring physiologically relevant glucose levels.74;75  Wild-type GBP has a Kd in the 

micromolar range yet some of the engineered sensors have a Kd up to 5 mM.  In addition 

to changing the Kd, varying the distance of the linker region between the GBP and the 

fluorophores and using improved GFP variants, enhances sensitivity from 8 % to 32 % 

FRET change under saturation.76  A sensor variant with Kd ca. 0.6 mM was expressed in 

COS-7 cells and provided insight into intracellular glucose levels in response to 

extracellular glucose levels.74 

 

 

 

 

 

Figure 1-9: GBP glucose FRET sensor.  In the absence of glucose, CFP excitation 

(violet) results with higher YFP emission (green) and lower CFP emission (blue).  

Glucose binding to GBP results an increase in the distance between CFP and YFP, and 

decrease FRET.  

 

- d-glucose + d-glucose 
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1.2.3 Radioisotope labeled glucose derivatives 

Cellular uptake of glucose has been primarily monitored using radioisotope 

labeled glucose derivatives.77  Glucose has been either directly labeled (D-[U14C] 

glucose, [3H] glucose78) or indirectly labeled by adding radiolabeled groups (2-deoxy-

D[14C] glucose,79[14C] or[3H] 3-O-methyl-D-glucose80;81, [18F] fluoro-2-deoxy-D-

glucose82).  Radioactive glucose (but not derivatives) undergo similar uptake and 

metabolism as unlabeled glucose and the rate of metabolism can be followed by 

monitoring the formation of radiolabeled water.78  However, monitoring the formation of 

water is tedious since samples need to be collected at different time intervals and 

transferred to other containers for scintillation analysis. 

[14C] 2-deoxy-D-glucose was one of the first radioactive glucose derivatives to be 

used for measuring the rate of glucose consumption in live tissues.79  Initial 

characterization was performed in rat brain slices where a mathematical relationship was 

derived for calculating the rate of glucose consumption relative to the uptake of [14C] 2-

deoxy-D-glucose into the tissues.  Similarly, other radioactive derivatives, e.g. [18F] 

fluoro-2-deoxy-D-glucose and [3H] 3-O-methyl-D-glucose, have been used to study 

glucose consumption in cultured cell and tissues both in vivo and in vitro.78;83  [18F] 

fluoro-2-deoxy-D-glucose is widely used in oncology for detection of carcinogenic 

tissues since an abnormally high rate of glucose consumption allows malignant cells to be 

distinguished from healthy cells using in vivo imaging methods such as computerized 

axial tomography (CAT) and positron emission tomography (PET).84;85 
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Correlations between the uptake of radioactive glucose derivatives and the rate of 

metabolism are vital for interpreting the data obtained from these experiments.  

Interpretation is complicated since cell types that have high velocity glucose transporters 

such as pancreatic β-cells, tend to have  higher glucose uptake compared to the rate of 

glucose consumption.86  Although most of radioactive tracers are phosphorylated by 

hexokinases, they do not undergo further metabolism and accumulate in the cells.  Since 

distinguishing the phosphorylated tracers from the non-phosphorylated tracers is not 

possible without a physical separation, direct measurements can be misleading when used 

for determining metabolic rates in cells. 

 

1.2.4 Fluorescent glucose analogs 

Fluorescent glucose analogs provide higher spatial resolution compared to 

radiolabeled glucose analogs and allow for studying glucose uptake in single cells.87  

Fluorescent glucose analogs also circumvent the requirement for strict regulations 

associated with handling radioisotopes and require minimal training and supervision.  

Two primary fluorescent glucose analogs are prepared by derivatizing glucose in two 

positions of the sugar backbone with nitrobenzoxadiazole (NBD) group, 6-NBDG88 and 

2-NBDG,89 where the numbers correspond to the derivatization position of glucose.  2-

NBDG has been used in E.coli89, yeast and mammalian cells, including primary cells 

such as pancreatic β-cells, to study glucose uptake.86;87  Importantly, NBDGs are 

transported via GLUTs.77 
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The difference in the positioning of the fluorophore in the two glucose analogs 

gives distinct cellular fates after uptake via glucose transporters.77  6-NBDG is not 

metabolized and removed from cells over time, whereas 2-NBDG undergoes 

phosphorylation via hexokinase and is accumulated inside the cells.87  Eventually, 2-

NBDG is metabolized into a non-fluorescent form in E.coli, and the net fluorescence is 

determined by the equilibrium between fluorescent and non fluorescent species.  

Therefore, most glucose transport rates are typically determined ca. 30 minutes, since a 

net decrease in the cell fluorescence is not observed in this time period.87;90  6-NBDG has 

been used to monitor glucose uptake for up to 20 hours, where continuous increases in 

cellular fluorescence have been observed due to the low uptake efficiency compared to 2-

NBDG.  Despite utility as single cell glucose uptake markers, fluorescent glucose analogs 

do not reflect glucose metabolism in highly metabolically active cells such as pancreatic 

β-cells.86  Use of metabolic inhibitors such as dinitrophenol (DNP) in pancreatic β-cells 

has no effect on 2-NBDG uptake but slows down glucose metabolism significantly.  

Therefore, interpretation of glucose metabolism using NBDG derivatives may lead to 

erroneous conclusions. 

 

1.2.5 Other spectroscopic methods for intracellular glucose measurements 

A variety of spectroscopic methods other than fluorescence have been explored 

for intracellular detection of glucose.  NMR and Raman spectroscopy are two of the most 
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commonly investigated methods.  Since they provide structural details of molecules 

associated in a pathway, and are thus useful in multi-analyte detection.   

 

1.2.5.1 NMR based glucose analysis 

NMR is one of the first spectroscopic methods to be used for analysis of glucose 

metabolism in vivo.  13C NMR has been successfully used for monitoring glycogenesis 

and glucogenesis in rat liver with a temporal resolution of ca.10 minutes.91-93  The 

distinction of intracellular glucose from extracellular glucose is achieved using a 

metabolite such as mannitol as an internal standard which is excluded from the 

intracellular environment but is present in the extracellular environment.  The ability to 

follow the glucose metabolism without labeling is a major advantage in NMR methods. 

Low natural abundance of 13 C makes it desirable to use 13C enriched glucose to achieve 

higher sensitivity.94  However, this method is not sensitive enough for single cell 

analysis. 

 

1.2.5.2 Raman spectroscopy 

Raman spectroscopy has been explored in detail as an alternative method for 

minimally invasive glucose detection in diabetic patients.95  Glucose has a Raman cross 

section that is 50 times higher than H2O (5.6 x 10-30 cm2 molecule-1 sr-1 for glucose), 

therefore can produce sufficiently high S/N for effective analysis even under normal 
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Raman spectroscopy (NRS).96  However, the intensity of laser power and the exposure 

time required for these analysis can be detrimental to the biological samples, therefore 

more sensitive Raman spectroscopic methods are desired.  Resonance Raman 

spectroscopy can provide sensitivity enhancements up to 106.  A drawback of resonance 

Raman spectroscopy is the requirement of deep UV excitation which is detrimental to 

biological samples.  Therefore, non-linear Raman enhancement methods such as surface 

enhanced Raman spectroscopy (SERS) have been explored for comparable enhancements 

with low laser power and red shifted which improve the integrity of biological 

samples.97;98 

SERS uses Ag and other metallic surfaces to obtain signal enhancement, thus the 

analyte must be either tethered or positioned within the proximity of the surface.  Glucose 

interacts poorly with commonly used Ag surfaces thus surface modifications are required.  

Self-assembled monolayers (SAMs) made of alkane thiols mitigate this problem and Ag 

particles have been used for glucose detection both in vitro and in vivo.  In vitro glucose 

detection using SERS (SER bands 1123 and 1064 cm-1) has a 0-250 mM linear dynamic 

range with an error of 1.8 mM.96  In vivo measurements were performed by implanting a 

SAM-modified Ag surface in rat skin and direct monitoring though a window created on 

the epidermis.99  The error of the measurement was comparable to what was observed in 

vitro. 
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1.3 LIPOSOMES 

Liposomes, were first described and characterized by Banghan and coworkers in 

1965,100 and have continued to evolve as one of the most versatile supramolecular 

structures used in pharmaceutical, cosmetic and diagnostic applications.101-103  Liposomes 

are prepared using amphiphilic lipids that have low critical micelle concentrations (CMC) 

compared to commonly used detergents such as sodium dodecyl sulfate (SDS) and Triton 

X-100. i.e. 10-8-10-9 M compared to 10-2-10-4 M.104  In aqueous solutions, amphiphilic 

lipids form a tail to tail facing orientation, exposing the more hydrophilic head groups 

towards the aqueous interior and exterior giving rise to an enclosed structure.105 

A variety of lipids are used to form liposomes, including glycerophospholids and 

sphingolipids, where the former is the most widely used.  Glycerophospholipids contain a 

sn-glycerol-3-phosphate backbone (Figure 1-10).106  C1 and C2 positions are esterified 

with alkyl chains to link the hydrophobic tail groups.  The phosphoryl group at the 

hydrophilic end carries a variety of chemical functionalities adding structural and 

functional diversity to lipids (Table 1-2). 

 

Figure 1-10: sn-glycerol-3-phosphate backbone. 
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Table 1-2: Common classes of glycerophospholipids. Adapted from reference # 107 
 

Name of X Formula of X Name of phospholipid 

water 
 

Phosphatidic acid 

Ethanol amine 
 

Phosphatidylethanolamine 
(PE) 

Choline 

 

Phosphatidylcholine (PC) 

Serine 

 

Phosphatidylserine 

Myo-inositol 

 

Phosphatidylinositol 

Glycerol 

 

Phosphatidylglycerol 

Phosphatidylglycerol 

 

Diphosphatidylglycerol 
(cardiolipin) 

In addition to the headgroup diversity in glycerophospholipids, hydrophobic tail groups 

can also be varied.  Hydrophobic tail groups of glycerophospholipids typically contain 
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carbon chain lengths of 12-20 (Table 1-3).  Naturally occurring lipids contain tail groups 

that are primarily comprised of hydrocarbons, though a variety of functional groups have 

been included in synthetic lipids. 

 

Table 1-3: Fatty acid structures and nomenclature 
 
Fatty acid structure Abbreviation Common 

name 

 

14:0 Myristic 
acid 

 

16:0 Palmitic 
acid 

 

18:0 Stearic 
acid 

 

18:19 Oleic acid 

 

18:19t Elaidic 
acid 

 
 
 
 
 

 

 

18:19t

Carbon chain length # of unsaturated 
bonds 

Position of unsaturation and 
isomerism 
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1.3.1 Lipid mesophases and liposome formation 

Glycerophospholids and other amphiphiles tend to form various supramolecular 

structures depending on the spontaneous curvature of the hydrated amphiphile.105;107  A 

gradual transition from bilayer like structure to inverse hexagonal phase structure can be 

observed with the increase of spontaneous curvature and decrease of water content in the 

sample (Figure 1-11).107  Increasing the temperature and addition of cholesterol can also 

influence the spontaneous curvature to increase, favoring the formation of inverse 

hexagonal phases.  PC and PS headgroup containing lipids have a low spontaneous 

curvature which favors the formation of bilayer structures.105  Therefore most liposome 

preparations are carried out with lipids that contain a PC and/or PS head groups.   

 

Figure 1-11: Some of the mesophases of glycerophospholipids.107 
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Temperature dependent subphase transitions can be observed within the lamellar 

phase.  Transition from solid like phase (Lβ) to the liquid crystalline phase (Lα) occurs 

when the temperature is increased above the phase transition temperature of the lipid (Tm) 

(Figure 1-12).108  Some pure lipids exhibit an intermediate ripple phase where lipids are 

slightly displaced from their neighbors in the long axis.  Displacement of lipids in the 

long axis converts the lipid bilayer to a non-planar, wavy form.  The phase transition 

between Lβ to Lα shifts the equilibrium from all-trans extended lipid tails into more 

gauche confirmation where the lipid lateral diffusion coefficient is increased by 100 fold 

(10-2 µm2s-1 to 1 µm2s-1).107  Phase transition also has a significant effect on the 

permeability of lipid bilayer where an increase in permeability is observed above the 

phase transition  

Tm of lipids with PC head groups increase with the carbon chain length for 

saturated lipid tails due to the increased vander Waals interactions.108  However, 

positioning of unsaturated groups in the alkyl chain can significantly lower the Tm of 

lipid despite the chain length due to perturbation of alkyl chain interactions.  The extent 

of perturbation is dependent on the positioning of the unsaturated group where 

unsaturation in the center of the chain causes the largest decrease of Tm.108 

 

 



 55

 

 
 
Figure 1-12: Phase transformation of lamellar phase.  Figure adapted from reference # 

108 

 

1.3.2 Liposome preparation 

Liposomes (also referred as vesicles) can be either unilamellar or multilamellar 

depending on the method of preparation and subsequent processing.  Unilamellar 

liposomes are further divided into three categories based on their size (Figure 1-13).102;104  

Small unilamellar vesicles (SUVs), typically range from 50-100 nm in diameter whereas, 

large unilamellar vesilces (LUV) range from 100-500 nm in diameter.  Giant unilamellar 

vesicles (GUVs) have diameters typically >2 µm. and multilamellar vesicles (MLVs) 

have a broader range of size distribution from 0.1 to 15 µm. 

Lα ripple Lβ 
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Figure 1-13: Classification of liposomal structures depending on size and lamellarity. 

 

Liposome preparation can be performed using a variety of methods.  Lipid film 

hydration is commonly used for encapsulation of hydrophilic material into liposomes.109  

Typically, lipids and any other hydrophobic compounds that need to be partitioned into 

the lipid bilayer are dissolved in a volatile organic solvent such as chloroform, and dried 

under vacuum.  The dried film is rehydrated with the aqueous solution that liposomes 

need to be prepared.  Hydrophilic material that needs to be encapsulated in the aqueous 

solution is added to the rehydrating solution.  The amount of lipid/rehydration volume is 

determined by the solubility of the lipids in the resuspension solution.  Lipid film 
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rehydration results in MLVs with a broader range of sizes and lamellarity.  Sonication or 

extrusion via polycarbonate membranes after subjecting to freeze-thaw cycles is common 

for the preparation of SUV or LUV from MLVs.  Sonication leads to SUVs 40-50 nm in 

diameter and polycarbonate membranes can be used to form both SUVs and LUV s from 

50-500 nm. 

As an alternative to lipid film rehydration, lipids can be dissolved in water soluble 

solvents such ethanol and methanol and injected into aqueous solutions for preparation of 

liposomes.110;111  Liposomes formed can be either unilamellar or multilamellar depending 

on the starting lipid concentration/volume ratio where as lower lipid concentration favor 

unilamellar liposomes.  One major limitation of this method is that the fraction of non-

aqueous volume compared to the total volume must be kept between 0.1-0.2 to preserve 

the liposome integrity and activity of sensitive enzymes.  Therefore, liposomes prepared 

using lipid injection method are present in a lower concentration compared to lipid film 

rehydration.112  Boiling off the non-aqueous solvent and dialysis or continuous exchange 

of the non-aqueous solvent have been used to address this problem. 

Liposomes can also be prepared by removing detergents from a lipid/detergent 

mixture.  In this approach, detergent concentration is lowered significantly below its 

CMC triggering the formation of unilamellar liposomes.112-114  Detergents can be 

removed by dilution, dialysis or size exclusion chromatography.  The size of the 

liposomes formed is controlled by the rate of dilution, where typical diameters of the 

liposomes are between 100-200 nm.  This method is commonly used for the integration 



 58

of membrane proteins and hydrophobic compounds into the lipid bilayer.  Liposomes can 

also be formed by reverse-phase evaporation.  Inverse-micelles are prepared by mixing 

lipids with a small volume of aqueous phase and the organic solvent is removed under 

vacuum, resulting unilamellar liposomes.112;115  Possible exposure of aqueous phase 

substance with the non-polar solvent is a disadvantage in this method; however 

encapsulation efficiencies up to 65 % have been reported compared to 12-46 % reported 

for lipid injection and detergent dialysis.112 

Electroformation is almost exclusively used for the formation of unilamellar 

GUVs.116  Thin lipid films are deposited on electrodes and the destabilization created by 

the applied electric field creates unilamellar GUVs.  Spin coated lipid films have also 

been used for the same purpose, but form larger GUVs even with lipid mixtures that are 

not favored to form GUVs with traditional lipid film deposition method.117 

 

1.3.3 Characterization of liposomes 

 Liposome characterization can be divided into three categories; (a) morphological 

(size, shape, charge, dispersity and zeta potential) (b) Structural organization 

(permeability and fluidity) and (c) functionality (encapsulation efficiency, stability, 

reactivity and fusion capability).109;118  A variety of physical and chemical methods are 

used to obtain details of the above mentioned properties of a liposome preparation. 
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Size determination of liposomes are commonly carried out using two techniques, 

dynamic light scattering (DLS) and transmission electron microscopy (TEM).119;120  

Additionally, density gradient centrifugation, high-performance liquid chromatography 

(HPLC), flow cytometry, small angle X-ray scattering, and size exclusion 

chromatography have also been used for this purpose.109;121;122  Each technique carries its 

unique advantages and disadvantages and provides more reliable size determination 

within particular diameter regions.  Therefore, use of a combination of size determination 

methods is suggested for liposomes with broader distributions.123 

Light scattering is the fastest method for size determination of liposomes and the 

non-perturbing nature provides considerable advantages over other methods.124  Light 

scattering measurements are performed in two geometric arrangements; static light 

scattering (fixed angle) and dynamic light scattering (DLS).  DLS is also termed as quasi-

elastic light scattering (QELS).  Static light scattering is used for the determination of 

size via the Rayleigh-Gans-Debye (RGD) approximation.125  This approximation allows 

liposome size to be determined independent of refractive index.  The size distributions 

obtained for particles less than 90 nm is in good agreement with the values obtained from 

DLS.  However, size determination of larger particles yields a higher margin of error 

since RGD theory is not satisfactory for larger particles.124 

DLS is the most commonly used light scattering method.  DLS utilizes the 

intensity fluctuations of light scattered by particles that undergo Brownian motion in 

solutions.  These fluctuations are used to determine the relative diffusion coefficient (D), 
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allowing particle diameter to be obtained using the Stokes-Einstein equation.  Scattering 

intensities can be detected at either in a fixed angle (most commonly 90°) or in multi-

angles where the latter approach is found to be superior for size determination.126  

Complex mathematical fittings are required for data analysis and must to be optimized 

for best results.  O’Brien and coworkers have studied the use of DLS for size 

determination of liposomes in detail.124  Using polystyrene bead standards, they 

investigated the effect of data analysis method on the accuracy of size determination of a 

bimodal sample and the results were compared with liposome preparations.  The most 

satisfactory results were obtained for a unimodal distribution when the particle diameter 

is below 300 nm.  In bimodal distributions, satisfactory resolution of distributions is 

obtained when the diameter ratios were between 2 and 10. 

TEM provides direct visualization of liposomes and yields key information on 

bilayer structure and lamellarity in addition to size determination.102;127;128  Liposomes are 

usually stained with a contrast agent such as uranyl acetate before imaging.  Cryo-TEM 

provides the best images of liposomes due to preservation of the structure compared to 

direct TEM.120  In cryo-TEM, samples are frozen under liquid alkane (butane) followed 

by liquid nitrogen before imaging.  Freeze fracture electron microscopy (ffEM) utilizes a 

slightly different sample preparation, where liposomes are frozen between two metal 

grids and fractured structures are prepared by separating the grids.129  ffTEM provides a 

more three dimensional representation of the liposomal structure. 
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31P NMR has been used to characterize lamellarity of liposomes.130;131  Cations 

such as Mn2+ quench the 31P NMR signal in the outer membrane, thus the percentage of 

lipids present in the outer leaflet can be determined by examining the NMR signal before 

and after adding Mn2+.132  Similar methods include calculating percentage quenching of 

fluorescent lipids such as N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD) using sodium 

dithionite and use of 2,4,6-trinitrobenzenesulfonic acid (TNBS) for amino lipids.133  A 

limitation of the quenching based approach is that the lipid bilayer needs to be 

impermeable to the quenching agent, or the permeability to the quencher should be 

reduced with modifiers.  Cryo-TEM and small angle X-ray diffraction have also been 

used for the determination of lamellarity. 

Liposome permeability is often examined by entrapping radioisotope or 

fluorescently-labeled molecules and monitoring their release over time.134-137  

Distinguishing the entrapped material from the leaked material is accomplished by 

separating the liposomes from free solution using dialysis,137 size exclusion 

chromatography138 and centrifugation.  However, permeability assays based on 

fluorescence quenching can be carried out without a separation.  Quenching-based 

permeability assays are performed by entrapping fluorophores in a self quenching 

concentration (Calcein139, carboxyfluorescein127) or as fluorophores/quencher 

combination such as 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) and bis-

pyridinium-1,4-xylene (DPX).127;140  Leakage of fluorophores and/or the quenchers 

increases the fluorescence intensity. 
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 Chemical and enzymatic reactions can also be used to investigate bilayer 

permeability.  Primary amines in liposome entrapped proteins can react with fluorogenic 

amine-reactive fluorophores to investigate membrane permeability in liposomes prepared 

from synthetic phospholopids.141  Horseradish peroxidase (HRP) catalyzed 

chemiluminescence between H2O2 and fluorescein has also been used to investigate 

permeability of liposomes.142  In this approach, HRP was entrapped in liposomes and 

fluorescein diffusion into the liposome interior was monitored by enzyme catalyzed 

luminescence. 

 In addition to permeability of a particular substance, nominal molecular weight 

cutoff limit (NMCL) of liposomes has been investigated by entrapping unlabeled143 or 

fluorescently labeled dextrans.144;145  NMCL is described as the MW where 50 % or 90 % 

of the material will be retained inside liposomes.  Dextrans with varying average 

molecular weight distributions have been used for this purpose.  The fraction of dextrans 

retained for a given average molecular weight can then be used to calculate the NMCL of 

the liposome preparation.  Unlabeled dextrans are quantified using colorimetry after 

separating the liposomes from the leaked dextrans,143 where as the fraction of 

fluorescence signal retained in liposomes can be obtained for fluorescently labeled 

dextrans.144;145  SEC elution profile of fluorescently labeled dextrans in liposomes has 

also been used for on-column NMCL determinations as opposed to post-column 

fluorescence measurements.144 

Encapsulation efficiency can be defined as the percentage of material 

encapsulated in a liposome preparation compared to the total amount of material that can 
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be theoretically encapsulated.146;147  Theoretical efficiency of encapsulation is dependent 

on a variety of parameters, including lipid concentration, liposome diameter, solubility 

and concentration of the encapsulated molecules.  Localization of the entrapped 

molecules in liposomes needs to be considered in calculating the encapsulation 

efficiency.  Hydrophobic molecules reside in the lipid bilayer, thus the available space 

within the bilayer is important in estimating the encapsulation efficiency for hydrophobic 

molecules.  The volume of capture (volume that can be occupied by liposome interior in a 

given sample) is important in considering encapsulation efficiency of hydrophilic 

molecules.112  In general, encapsulation efficiency increases with higher lipid and 

encapsulant concentrations.  Percent encapsulated is determined by SEC, dialysis or 

centrifugation. 

1.3.4  Stabilization of liposomes 

Liposomes formed of phospholipids alone are not inherently stable, therefore 

methods have been explored to increase lifetimes both in vitro and in vivo.105;148  

Interactions with detergents, serum proteins and cell membranes can lead to 

destabilization of liposome membranes that are not stabilized via chemical and/or 

physical approaches.139  Liposome stabilization is most commonly achieved by addition 

of high molar percentages of cholesterol, use of polyethylene glycol (PEG) in 

conjunction with cholesterol and polymerization of liposomes. 

Cholesterol increases the rigidity of lipid membranes after partitioning into the 

hydrophobic lipid tail region.149;150  Lipid microdomains that are enriched with 
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cholesterol are common in natural membranes.151  Lipid microdomains, also termed lipid 

rafts, are thought to play an important role in cellular signaling, via preferential 

localization of membrane proteins involved in signaling pathways.  Cholesterol favors the 

liquid order phase for bilayers and reduces the mobility of lipids by interacting at the 

upper end of the alkyl chain.  Due to these interactions, mechanical stability of the 

liposomes is increased and bilayer permeability is decreased.135  Cholesterol stabilized 

liposomes exhibit increased stability in vivo and in vitro and are resistant to detergent 

lysis.  The decreased permeability is a drawback when lipid diffusion is required. 

Utilization of PEG to coat liposomes was originated to prevent fast body 

clearance of therapeutic liposomes.149;150;152-154  PEG chains are attached to lipid 

headgroups with primary amines such as PE.  PEG lipids can be either added to the lipid 

mixture before lyophilization or into pre-formed liposomes as micelles which have 

shown to effectively integrate into the bilayer above the Tm of lipids.  The use of neutral 

PEG with a molecular weight range of 1000-5000 has resulted in decreased interactions 

with macromolecules found in biological fluids and maintains liposome integrity 

compared to liposomes without a PEG coating.  Incorporation of 5 % molar ratio of PEG 

modified lipids into liposomes is common in commercial applications, and cholesterol is 

often added along with PEG for enhanced stability.155  PEG modified liposomes 

encapsulating doxorubicin are used in clinical practice where they were found to be 

superior in efficacy and circulation time.156 
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Polymerizable lipids have been developed to address some of the limitations in 

naturally occurring lipids when used in preparation of supramolecular materials such as 

liposomes.107  Polymerizable groups facilitate formation of linear or crosslinked polymer 

networks increasing the physical and chemical stability of liposomes.  Polymerization can 

alter permeability of liposomes with certain lipid mixtures137 and polymerization induced 

phase separations observed in lipid mixtures has been explored for drug delivery.140 

A variety of polymerizable groups have been incorporated into naturally 

occurring or synthetic lipid backbones. i.e. styryl, diacetylenyl, dienonyl, sorbyl, 

methacryloyl, acryloyl and lipoyl (Figure 1-14).107  Polymerizable group(s) can be 

covalently attached to the  lipid backbone, or to the hydrophilic headgroup.107 
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Figure 1- 14: Polymerizable groups incorporated into lipids.  Figure Adapted from 

reference # 107. 
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1.3.5 Methods of polymerization. 

Liposomes made from lipids with sorbyl groups have been polymerized using 

direct UV irradiation, initiator mediated UV-irradiation, thermal initiation and redox 

initiatation.107  The degree of cross-linking and the stability of the liposome prepared are 

dependent on the method of polymerization.107;137;157  The method of choice for 

polymerization is primarily dependent on the susceptibility of reconstituted and/or 

entrapped material to the polymerization method, and the environment in which the 

polymerization is carried out.  This description only focuses on the polymerization of 

lipids carrying sorbyl groups, since sorbyl group containing lipids were used for the 

experiments detailed in the following chapters. 

Sorbyl groups strongly absorb UV light centered around 258 nm, therefore light 

sources such as mercury or xenon lamps that emit strongly in that range can be used for 

photopolymerization.140;158;159  The rate of polymerization is dependent on the lamp 

intensity where a double log plot of intensity vs. rate of polymerization was found to be 

linear.159  Liposome stability determined by detergent resistance reveals a polymer 

scaffold that is highly stable.  Radical initiators can also be used for UV polymerization 

of sorbyl containing lipids, where increased molar absorptivity and high reactivity can 

assistl in performing faster polymerization compared to direct UV polymerization.  Use 

of UV radical initiators also allows for polymerization to be carried out at red shifted 

wavelengths.  Irgacure 907 has been used for polymerization of bis-SorbPC using a UV 

filter centered ca. 320 nm.   Use of longer wavelengths is useful when biological 
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molecules are entrapped in liposomes, since high energy UV irradiation may lead to 

faster sample degradation. 

Redox polymerization of sorbyl lipids has been performed using a combination of 

radical initiators.  Oxidants such as  KBrO3 and K2S2O8 and reducing agents L-cysteine 

and NaHSO3 function as redox couples.157;160  The rate of polymerization for bis-SorbPC 

increases with the use of stronger redox pairs but the effects on the degree of 

polymerization have not been investigated.  However, redox polymerization has been 

studied in detail for mono Sorb PC.157  The rate of polymerization and the degree of cross 

linking were found to be temperature dependent.  The rate of polymerization increased 

significantly when temperature was increased above the Tm (frequency factor in Arhenius 

equation increased by 109) but the degree of polymerization (Xn) increased only 

marginally from 43 ±. 3 to 51 ± 4.  These observations are explained as a competition 

between two different processes that affect lipid polymerization.  Below Tm, orientation 

of sorbyl groups favors interacting with each other, but the slow lateral diffusion of lipids 

lowers the rate of propagation.  Above Tm, lateral diffusion increases, along with 

increased permeability of charged radicals such as SO4
 and HSO3  into the bilayer 

contributing to the increased rate.  Change from the gel phase to liquid phase lowers the 

favorable geometry for reactive group interactions, thus the overall increase of Xn is not 

very significant. 

Thermal polymerization is widely used for polymerization of liposomes with azo 

compounds.107;143  Azobisisobutyronitrile (AIBN) and 2,2′-azobis(2-amidinopropane 
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dihydrochloride) (AAPD) are the most commonly used for this purpose where the former 

is a hydrophobic initiator and latter is a hydrophilic compound.  AIBN has a 12 hour half 

life at 60 °C and is sufficiently stable to be dried with lipids.  Thermal polymerization of 

bis -SorbPC using AIBN has been studied in detail.107;159-161  Xn was found to be between 

112-578, where higher monomer/initiator ratios resulted with increased Xn.  Polymerized 

liposomes are resistant to detergent and organic solvent solubilization.  Poly (bis-SorbPC) 

is insoluble when cross linked efficiently and is insoluble in most solvents.  The removal 

of glycerol backbone by transesterification facilitates its solubility where the cross 

linking in the lipid tails remains intact, allowing for determining the degree of cross 

linking.159 

O’ Brien and coworkers explored photosensitized polymerization of dienoyl and 

sorbyl containing lipids.162  Radical initiation was performed by visible light mediated 

photosensitization with hydrophobic cyanine dyes.  The primary radical species formed 

were hydroxyl radicals, making this an oxygen dependent process.  Therefore, this 

approach is suitable for applications such as photo-triggered drug delivery where 

liposome polymerization needs to be carried out in biological samples.  This method is 

readily adaptable for in vitro liposome preparations.  The Xn for photosensitized 

polymerization was found to be ca. 100 indicating stabilized liposome formation.  

However, residual cyanine dyes may complicate detection of sensor response when 

optical methods are use for signal generation.  Utilization of visible light may decrease 

photodamage to encapsulated biomolecules, and is a significant advantage. 
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1.3.6 Mechanism of polymerization for lipids with sorbyl groups 

Radical initiated polymerization of bis-SorbPC lipids has been studied using UV-

absorption spectroscopy and 1H NMR.159;163  The disappearance of the sorbyl group at 

260 nm and the appearance of a peak at 195 nm with an isosbestic point has lead to the 

conclusion that only one isolated double bond results from AIBN mediated thermal 

polymerization.  This observation indicates a 1,2 and/or 1,4 polymerization since, 3,4 

polymerization should result a species with an absorbance at 210 nm.  1H NMR analysis 

of chemical shifts in the polymerized products were compared with standards that have 

similar bond arrangements, which confirmed that the product is a 1,4 polymer (Figure 1-

15).  Continuous UV irradiation after thermal polymerization leads to the disappearance 

of the peak at 195 nm which suggests that 1,4 product can be further reduced. 
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Figure 1-15: Polymerization mechanism for bis-SorbPC.  Figure adapted from reference 
# 160. 

 

Since most polymerizable lipids are not commercially available and custom 

synthesis of lipids is costly, other methods for liposome stabilization have been explored.  

Templated polymerization of liposomes after partitioning hydrophobic polymerizable 

monomers into the lamellar structure has been employed in preparing nanoreactors, 

nanosensors and degradable polymer scaffolds.164-167   Partitioning of monomers is 

performed in pre-formed liposomes or by direct addition to lipids in organic solutions 

before drying and lyophilization.  Hydrophobic photoinitiators such as 2,2-

diethoxyacetophenone (DEAP) and Irgacure 907 are used for efficient radical generation 
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inside the lipid bilayer and are partitioned with the monomers.141;164  Monomers are 

thought to create a polymer network after polymerization, where addition of surfactants 

and sonication removes the lipid bilayer and leave the polymer shell intact. 

Using the concept of monomer partitioned polymerization, Cheng et. al have 

shown that ethyleneglycoldimethacrylate (EGDMA) and Irgacure 907 partitioned into 

bis-SorbPC can be used for generation of stable phospholipid nanoshells (PPNs) with UV 

polymerization. (Figure 1-16).141  PPNs polymerized with the cross-linker were stable 

against 10 fold molar excess of Triton X-100 where polymerization without EGDMA 

resulted in lower stability.  EGDMA enhances the cross linking between bis -SorbPC 

lipids, but the exact mechanism of polymerization is undetermined. 
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Figure 1-16: Liposome stabilization via polymerizable monomer partitioning.  Figure 

adapted from references166;168 

 

1.3.4 Intracellular liposome nanosensors 

 Nanomaterials have gained considerable interest as sensor platforms for 

investigating biological systems due to the their structural and functional versatility.33;169  

Primarily investigated as drug carriers, liposomes have also evolved as a nanosensor 

 

=
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platform with fluorescent nanosensors for oxygen, pH and Ca2+ reported.164;170-173  O2 

sensors have been prepared by entrapping ruthenium tris(1,10)-phenanthrolin complex 

170;171and pH sensitive liposomes have been prepared using carboxyfluorescein or 

fluorescein dyes, which exhibit pH dependent emissions.164  Ca2+ sensors were prepared 

by entrapping fluorescently labeled calmodulin, a membrane associated Ca2+ binding 

protein.173  Fluorescent nanosensors based on encapsulation of analyte sensitive dyes 

offer protection to the entrapped material where non-specific interactions with serum 

proteins can be detrimental for sensor performance in intracellular environment.164 

Liposomes also enable incorporation of molecular transporters, which is a significant 

advantage over other encapsulating matrices, in preparation of sensors with high 

specificity .165 

 Gases and small hydrophobic compounds readily diffuse through lipid bilayers, 

but rapid transport of ions and hydrophilic molecules must be facilitated in liposomes 

prepared with naturally occurring lipids.165  Analyte transport can be facilitated using two 

different approaches (Figure 1-17); (a) incorporating pore forming proteins/specific 

transporters165;167 or (b) creating defects in the lipid bilayer by means of destabilizing 

agents or use of synthetic lipids that from porous bilayers.141  The former method has the 

advantage of facilitating specific analyte transport where small molecules that can 

interfere with the analysis can be excluded.  However, only a few molecular transporters 

have been purified and reconstituted into liposomes due to the difficulty in expressing 

transporters in large scale.  Porous bilayers on the other hand result from intrinsic 

property of the lipids, but require highly specific detection chemistry to minimize 
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interferences.  Liposomes made of bis-SorbPC contain defects in the lipid bilayer 

allowing small charged and/or polar molecules to traverse the membrane.140;141  UV 

polymerization of liposomes results in surfactant stable liposomes with only a slight 

decrease in the porosity.141  Thus the formation of stable porous liposomes enables bis-

SorbPC to be used in preparation of nanosensors that require rapid diffusion of small 

molecule and ions.  The NMCL of the membrane has not been determined to date, but is 

speculated to be between 1000-3000 Da. 

A B

 

Figure 1-17: Two liposome geometries that can be used for diffusion based nanosensors.  

A-Non-permeable membrane where membrane transporters carry out selective analyte 

transport.  B- Porous membrane with non-selective analyte transport 

1.3.5 Introduction of liposome nanosensors to the intracellular environment 

 Liposome internalization into cells is primarily performed through endocytosis.  

Endocytosis of material into cells has been studied in detail since biochemically 

important phenomena such as virus, low-density lipoproteins (LDL) and other protein 

uptake is mediated through this process.174  The development of nanoengineered 
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materials for cellular studies have generated interest in the mechanism by which artificial 

nanostructures interact with cells, intracellular fate and potential toxicity175  Therefore 

endocytosis of artificial nanomaterial has also gained considerable interest in the recent 

decades. 

Endocytosis is an energy dependent process where the guanasine triphosphatase 

(GTPase) dynamin plays a major role in most sub-categories of this phenomenon.176  

Specific or non specific recognition of extracellular material by a surface bound receptor 

is identified as a key step in this process.  Endocytosis in cells occur by two main 

mechanisms, phagocytosis and pinocytosis.176;177  Phagocytosis is limited to a few 

specialized cell types such as macrophages, monocytes and neutrophils.176  Phagocytosis 

is involved in cellular defense by clearing pathogenic species including bacteria and 

yeast.  Pinocytosis, on the other hand, is involved in cellular uptake of extracellular fluid 

and a large number of biological molecules, such as lipids and proteins.   

Pinocytosis is divided into four main subcategories: macropinocytosis, clathrin-

mediated, caveole-mediated, and clathrin and caveole independent endocytosis.176  

Macropinocytosis is described as extracellular ruffling of the cell membrane mediated by 

actins.  The protrusions fuse with the cell membrane creating large endocytotic vesicles 

termed macropinosomes which are estimated to be a few microns in diameter.  The 

extracellular fluid entrapped in the macropinosome is eventually taken into the cell.  

Unlike macropinocytosis, both caveole and clathrin-mediated endocytosis proceed via 

protrusions into the cytoplasm, mediated by complex networks of proteins and receptors.  
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Involvement of cholesterol and sphingolipid rich lipid rafts is distinct in caveole-

mediated endocytosis178, where serum albumin uptake is a prominent caveole-mediated 

process.  Caveole-mediated endocytosis forms vesicle that are much smaller than 

macropinocytosis (50-60 nm in diameter) and have a half time of internalization greater 

than 20 minutes.  Clathrin-mediated endocytosis involves formation of pits which are 

coated by clathrin molecules.176  LDL uptake is one of the most prominent biochemical 

phenomena that take occur via clathrin-mediated endocytosis.  Clathrin coated vesicles 

range up to 120 nm in diameter and uptake leads to eventual release of material into the 

cytoplasm. 

 Initial interaction of liposomes with cellular surface is a key step in intracellular 

delivery.179;180  Liposome-cell interactions are facilitated by positioning both non-specific 

and specific moieties on the liposome surface (Figure 1-18).  A variety of properties 

inherent to a liposome preparation such as the size, surface charge density, presence of 

polymers, such as PEG, and the chemical identity of the surface group play vital roles in 

cellular uptake.177;179;181.  The heterogeneity on the cell surface and the variability of 

surface composition between different cell lines lead to differential uptake of identical 

liposome preparations.  Therefore, liposome uptake into cells needs to be individually 

investigated for a given liposome preparation and cell type.  However, some common 

trends can be identified amid the complex interdependence of parameters pertaining to 

cellular uptake.  
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Figure 1-18: Liposome surface modifications for intracellular targeting.  A and B-

negative charge positioned on liposome surface and spacer group respectively.  C and D-

positive charge positioned on liposome surface and spacer group respectively. E- poly-

cationic peptide surface with spacer group.  F- Ligand for a specific receptor with a 

spacer group. 

 Detailed studies on size dependence of liposomes on cellular uptake are limited to 

a narrow range of diameter (50-100 nm).179  No significant size dependence for cellular 

uptake efficiency has been observed within this size range.  In separate studies, liposomes 

up to 200 nm have been successfully used for intracellular studies with a variety of lipid 

compositions and cell types.182;183  Detailed studies on cellular uptake of nanoparticles 
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other than liposomes have given insight to size dependent particle uptake.181;184;185  In one 

study, fluorescent latex beads, with sizes ranging from 50-1000 nm in diameter were used 

to investigate the size dependent uptake of particles.  Using endocytosis inhibitors, it was 

concluded that particles <200 nm are internalized via clathrin-mediated mechanism into 

mouse melanoma B16 cells, where increased diameter led to a caveole-mediated 

internalization.  However, this data contradicts with a study performed in HeLa cells 

using hydrogel particles, where the particle diameter dependence for clathrin and caveole 

mediated endocytosis has been identified as 120 nm and 50-80 nm respectively.175;184  

The difference in the particles and the cell lines may have contributed to the discrepancy 

between the results.  In another study with citrate capped gold particles, the optimum size 

for uptake into HeLa cells was identified as 75 nm, with the surface of the particles 

postulated to be coated with serum proteins.185  Currently a consensus on  particle size 

dependence of cellular uptake does not exist, but the upper limit for endocytosis has been 

reported as 3 µm (in diameter) using hydrogels.184  Smaller particles generally have 

higher uptake efficiencies since they are internalized through multiple endocytosis 

pathways. 

Creating a net charge on the surface of liposomes facilitates non-specific 

interaction with the cell surface, since electrostatic attractions with charged moieties on 

cellular surfaces can drive the initial liposome-cell interaction.179  Both negatively and 

positively charged liposomes have demonstrated higher uptake efficiencies in different 

cell lines.  Papahadjopoulos and coworkers have studied the cellular uptake of negatively 

charged liposome into African green monkey kidney CV-1 and mouse macrophage J774 
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cells in detail.186;187  CV-1 cell line required a minimum 9% negatively charged 

phosphatidylserine (PS) lipids for efficient uptake and a much higher threshold for J774 

cells (66%).  The surface group that bears the charge also has an effect of the uptake 

efficiency indicating potential surface receptor mediated uptake.  In a separate study, 

O’Brien and coworkers reported that both negatively and positively charged liposomes 

facilitate uptake into J774 cells compared to liposomes with a neutral charge.188  

However, when HeLa cells were investigated in the same study, only positively charged 

liposomes exhibited increased uptake, where both negatively charged and neutral 

liposomes resulted with little or no uptake. 

Liposome surface modification with cationic cell penetrating peptides is an 

extension of surface charge enhanced cellular uptake of transactivator of transcription 

(TAT) peptide-modified liposomes enhance liposome uptake into a variety of cell 

lines.177;189  Pioneering work by Torchillin and coworkers showed that conjugating 

cationic TAT peptide to PEG-modified DOPE leads to efficient liposome uptake into 

cells compared to peptides directly attached to DOPE.190  The geometric extension 

provided by PEG enhances liposome-cell surface interaction increasing the uptake 

efficiency.  The uptake was described as energy and temperature independent, but others 

have pointed out that these conclusions were based on artifacts generated by cell fixation 

before imaging.182  Liposome uptake and imaging carried out in live cells indicate an 

energy and temperature dependent uptake of liposomes into cells, where sulfated glycans 

are postulated to act as receptors for highly charged peptides.182 
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Specific targeting of receptors has also utilized folate-modified liposomes.182;191-

194  Folate receptor expression is up-regulated in many carcinomas. Folate modified 

liposomes carrying doxorubicin have been used as a more specific way of targeting the 

tumors.  Folate modified liposomes resulted in higher efficacy compared to non-modified 

liposomes and decreased upon increasing the free folate concentration in the extracellular 

medium,191 supporting receptor specific uptake.  Use of a PEG spacer (MW ca. 3500) 

between folate and the anchoring lipid, DSPE, was found to increase uptake efficiency 37 

fold.  DSPE-PEG-folate can be incorporated into lipid mixture before formation of 

liposomes or into pre-formed liposomes.  DSPE-PEG-folate lipids integrate into pre-

formed liposomes with > 75% efficiency compared to lipid addition before liposome 

preparation, and the post insertion adds flexibility to liposome preparation.  Lowering the 

temperature from 37 °C to 4 °C significantly reduced the uptake of folate tethered 

liposomes into cells, indicating energy dependent endocytosis.  The diameter of the 

liposomes used was ca. 60 nm, where authors indicated that preliminary work with 200 

nm liposomes resulted in significantly reduced uptake,  showing that liposome 

internalization was via caveole dependent endocytosis (with an assumption of 50 nm 

upper limit for caveolar mediated uptake in this work).  In a similar approach, 100 nm 

extruded liposomes with PEG-folate were used to delivery anti-sense oligonucleotides 

targeting epidermal growth factor.  Successful delivery was confirmed by retarded 

growth of the tumor cells.  Doxorubicin entrapped liposomes with PEG-folate display 

high efficacy compared to free drug and liposomes without folate group in HeLa cells.195   
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Targeted liposome uptake using  transferrin receptors has been expolred.196  

Transferrin is involved in the transport of Fe across the membranes.  Upon binding to the 

receptor, transferrin undergoes endocytosis, where eventual acidification and disruption 

of the endosome releases the protein to the cytoplasm.197  Transferrin mediated liposome 

delivery has been used for introduction of doxorubicin into tumor cells.196;198;199  Up-

regulation of transferring receptors in response to elevated cellular metabolism can assist 

in targeting tumor cells with a higher efficiency compared to healthy cells.  In a similar 

approach, immunoliposomes, prepared by tethering antibodies to liposome surface have 

been used for targeted delivery of cancer therapeutics such as fenretinide.200 

The estimated intracellular uptake efficiency (in terms of intracellular vs. surface 

bound) has been estimated with fluorescently labeled liposomes.179;188  Fluorescent 

liposomes have been prepared by entrapping pH-sensitive fluorophore 8-hydroxypyrene-

1,3,6-trisulfonic acid (HPTS) into liposomes and/or incorporating rhodamine labeled 

lipids to the bilayer.  HPTS is a suitable marker for distinguishing endosome-entrapped 

liposomes from non entrapped/ extracellular located liposomes.  Acidification followed 

by endocytosis lead to lowering of pH of the liposome interior affecting the fluorescence 

intensity at 403 nm and 450 nm.  The pH-independent isosbestic point at 413 nm 

emission is used for estimating the total dye content whereas the ratios between 403/413 

nm and 450/413 nm is used for calculating the fraction of endocytosed dye.  Red shifted 

rhodamine dye (550 nm excitation) can be used in conjunction with HPTS with 

negligible energy transfer between the two dyes.188  Both negatively and positively 

charged liposomes have been studied using this approach.  The spectral shift of HPTS in 
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internalized liposomes has confirmed location in acidic endosomes.  In a similar 

approach liposomes modified with hydrophobic NBD-PE has been used to estimate the 

percentage of intracellular vs. surface bound liposome.201  NBD (nitrobenzoxadiazole) is 

reduced to a non-fluorescent form by dithionite.  The cell membrane is impermeable to 

dithionite, therefore the decrease in fluorescence can be attributed to surface bound 

liposomes. 

Quantitative relationships for total uptake (both intracellular and surface bound) 

vs. surface bound liposomes have been derived using fluorescence quenching assays.  

Cell surface receptor targeted liposomes exhibit increased total uptake/ surface bound 

liposome ratios compared to non-targeted liposomes under similar conditions when 

endocytosis is not inhibited (i.e. by lowering the temperature to 4 °C or with the use of 

endocytosis inhibitors).201  Rate of liposome uptake increases proportional to the affinity 

of cell receptor ligand.  The liposome fraction bound to the surface decreases with higher 

affinity, indicating that internalization is faster than surface binding.189 

Confinement inside cellular compartments such as endosomes is a major 

limitation of endocytosis mediated liposome delivery, since entrapment reduces the 

cytoplasmic availability of cargo.  Endosomal escape mechanisms used by viruses have 

been incorporated into liposomes for enhanced cytoplasmic delivery.  pH sensitive 

fusogenic peptides such as the N-terminus of hemaglutinin HA-2 subunit have been 

encapsulated in PEG modified liposomes and used for enhanced intracellular delivery of 

encapsulated toxins.202  Acidification in the liposome after endosomal entrapment 
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triggers the fusogenic action of the peptide, lysing the liposomes and the endosomes, 

releasing the material to the cytoplasm.  Fusogenic peptide encapsulation instead of 

surface attachment was carried out with HA-2, since surface tethering diminished the 

activity of the peptide.  The requirement of liposome disruption makes this approach 

unsuitable for cytoplasmic delivery of intact liposomes.  An artificial pH sensitive, 

fusogenic peptide abbreviated as GALA has also been used for cytoplasmic delivery of 

transferring modified liposomes.196  Peptide tethered into a derivative of cholesterol was 

incorporated onto the liposome surface, and cytoplasmic delivery of intact liposomes was 

possible with this approach. 

Understanding glucose metabolism at the cellular level with high spatial and 

temporal resolution may help elucidate defective metabolic signaling associated with 

impaired insulin secretion observed in diabetic conditions.  Despite the availability of a 

range of analytical tools and methodologies for glucose detection, only a few approaches 

are useful in intracellular utility.  Drawbacks in delivery restrict the broad applicability of 

the few sensors that can investigate primary cell glucose metabolism with sufficient 

resolution.  Therefore developing modular delivery approaches may become useful in 

investigating metabolically important primary cells.  Inherent versatility of synthetic lipid 

derived liposomes makes them potential candidates for cellular delivery of glucose 

sensors, with reported stability and porosity of certain liposome preparations.
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1.4 CHAPTER SUMMARY 

 In this work, preparation, characterization and utilization of two self loading 

glucose nanosensor platforms are described. 

 Chapter 2 details tethering of cell penetrating peptides to an existing FRET based 

glucose sensor to facilitate self loading into live cells.  Binding properties and cellular 

delivery of the modified sensor were examined.  Sensor loaded cells were investigated for 

intracellular glucose fluctuations resulted by controlled variation of extracellular glucose 

levels.  Results were compared against control cells that directly express the sensor upon 

transfection. 

 Chapter 3 details encapsulation of the FRET sensor into porous phospholipid 

nanoshells (PPNs) for enhanced protection against proteolytic degradation, upon cellular 

delivery.  Encapsulated sensors were evaluated for their substrate binding properties and 

resistance towards proteolytic degradation.  Sensor encapsulated PPNs were stabilized 

via polymerization and delivered into live cells upon tethering cell penetrating peptides.  

Intracellular sensor response was examined, similar to Chapter 2. 

 Chapter 4 describes a novel dextran retention based approach for investigating the 

molecular weight cut off of PPNs prepared from polymerizable lipid bis-SorbPC.  Novel 

approach was evaluated using dextran retention in dialysis membranes.  The molecular 

weight cutoff of PPNs prepared from pure bis-SorbPC and mixtures with DOPC were 

also examined.  Proton permeation into PPNs was also examined as an alternative method 

to assess permeability in lipid mixtures that cannot be investigated via dextran retention. 
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 Chapter 5 summarizes above described work and presents potential future 

avenues for utilization of stabilized PPNs, notably in applications such as nanoreactors, 

nanosesnors and drug delivery.  Strategies for enhancing bioavailability of PPNs 

delivered into cells and post polymerization insertion of biomolecules into the PPNs is 

also presented. 
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CHAPTER 2. PREPARATION AND EVALUATION OF A SELF LOADING 

FLUORESCENT BIOSENSOR FOR MONITORING DYNAMIC 

INTRACELLULAR GLUCOSE LEVELS 

2.1. INTRODUCTION 

Temporally-resolved monitoring of intracellular glucose levels facilitates 

investigation of a wide range of normal and abnormal cellular functions associated with a 

myriad of diseases, including diabetes 203, and cancer 204.  Radiolabeled tracers are 

routinely used in conjunction with Magnetic Resonance Imaging (MRI), Positron 

Emission Tomography (PET) and scintillation counting to track the uptake of glucose 

into cells and tissues of interest.204-206  However, the low spatial resolution of these 

methods makes them unsuitable for routine analytical applications on cultured and 

isolated mammalian cells.  Optical imaging of fluorescent glucose derivatives offers 

higher spatial and temporal resolution compared to radiolabeled tracers, and is more 

amenable for single cell studies.90;207  Though fluorescent glucose analogs provide 

valuable information on glucose flux and utilization in cells, they are not useful for 

monitoring reversible intracellular glucose levels due to accumulation and the complex 

intracellular fate after uptake.208  Therefore, probes that can reversibly respond to natural 

glucose with high temporal resolution are required to study glucose fluctuations that are 

not detected with labeled glucose probes. 

Optical glucose detection using glucose binding proteins such as concanavalin A 

(con A) has been successfully used for reversible monitoring of in vivo and in vitro 

glucose levels.58;209;210  Glucose oxidase (GOX) and apo-glucose also show potential for 
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intracellular glucose sensors.52;64  Both con A and apo-GOX probes are prepared by 

combining fluorescently labeled binding protein and dextrans, which undergo a 

competitive FRET signal change upon substrate binding.  GOX based sensors are used to 

indirectly measure glucose by monitoring oxygen fluctuations that occur in the catalytic 

process via O2 sensitive fluorophores.  To date, no intracellular glucose measurements 

have been reported using con A and GOX sensors, though they may potentially be useful 

with the development of more efficient delivery co-localization.211  Since, both con A and 

GOX-based sensors require multiple components to elucidate the analytical signal(s), 

encapsulation of sensing components in a polymer matrix may improve performance for 

in vivo and intracellular applications.52;53;212 

Reversible [glucose]i dynamics have been monitored using FLuorescent Indicator 

Proteins (FLIPs).74;213  Glucose sensing FLIPs respond upon conformational changes 

induced by specific binding of d-glucose/ d-galactose to a d-glucose/ d-galactose 

periplasmic binding protein (GGBP) which is flanked by an N-terminal Cyan Fluorescent 

Protein (CFP) and a C-terminal Enhanced Yellow Fluorescent Protein (EYFP).74  

Fluorescence resonance energy transfer (FRET) is sensitive to the conformational change 

induced by ligand binding, allowing quantification of [glucose]i.  FRET based sensors 

have been used to monitor glucose fluctuations via single-cell imaging in COS-7, HEK 

293, CHO and C2C12 cells expressing the sensor.214  FLIP can be engineered to exhibit a 

physiologically relevant glucose binding affinity (FLIP600µ with a Kd ca. 600 µM) and 

potentially could be used in metabolically important cells such as pancreatic β-cells.  

However, transfection of FLIP into primary cells is challenging compared to 
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immortalized cells, due to toxicity and inflammatory responses, and lower efficiencies 

when cationic lipid transfection is used.215;216;217  Viral mediated transfection, and 

electroporation, offer higher efficiency in many primary cells.218  Safety concerns over 

viral transfection, and lower cell viability in electroporation have prompted investigation 

of other cost effective and safer methods for protein delivery into primary cells.218;219 

Protein transduction domains such as the HIV derived TAT peptide have been 

utilized to deliver enzymes and fluorescent proteins into primary cells including 

pancreatic β-cells and islets of Langerhan’s.220;221  The mechanism of TAT mediated 

uptake is not fully elucidated but is postulated to be endocytosis mediated, at least in the 

case of macromolecules and nanoparticles.222;223  TAT facilitated uptake of 

macromolecules is much faster than regular endocytosis, allowing rapid introduction of 

cargo into living cells.  Therefore, FLIP sensors modified with a TAT sequence may 

facilitate utilization of FLIP in primary cells. 

Here, we report the utilization of a TAT modified FLIP glucose sensor for 

monitoring [glucose]i.  The TAT modified FLIP construct was characterized to evaluate 

sensor response and cellular uptake was investigated using flow cytometry and confocal 

fluorescence microscopy.  Intracellular glucose dynamics were monitored after 

introduction of TAT modified FLIP sensors into live COS-7 cells, and glucose responses 

were compared to transfected cells. 
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2.2. EXPERIMENTAL 

2.2.1 Materials 

Protamine sulfate and chloroquine sulfate were purchased from MP Biomedical 

(Solon, OH).  Ni-NTA resin was obtained from Qiagen (Valencia, CA).  Superdex G200 

column material was purchased from GE Healthcare (Piscataway, NJ) and packed into a 

Flex column (Kontes, Vineland, NJ). Luria-Bertani (LB) media was purchased from 

EMD chemicals (Gibbstown, NJ).  Restriction enzymes were obtained from Promega 

(Madison, WI).  Other chemicals were obtained from Sigma (St. Louis, MO) and used as 

received.  All buffers and reagents were prepared using deionized (18 MΩ) water 

obtained using a Barnstead (Dubuque, IA) water purifier. 

2.2.1 Construction of His- FLIP600_glu and His-TAT-FLIP600_glu 

The open reading frame (ORF) of FLIP600µ protein (a kind gift from Professor 

Wolf B. Frommer, Stanford University, CA) was excised from a pCDNA3.1 vector using 

BamH I and Hind III restriction enzymes.  The gel purified reading frame was ligated into 

a pET 28 b(+) vector ( EMD/Novagen) using the same restriction sites resulting in a 

plasmid construct with an N-terminal 6X histidine tag in the same reading frame as the 

FLIP protein (His-FLIP600_glu).  The TAT sequence (YGRKKRRQRRR) was inserted 

between the 6X histidine tag and the FLIP protein via Nde I and BamH I sites using a 5’ 

phosphorylated synthetic double strand of DNA (Genscript, Piscataway, NJ)) that was in 

frame with the His-FLIP600_glu construct (His-TAT-FLIP600_glu).  The forward strand 

consisted of 5’PO4- CT AGC TAT GGC AGG AAG  AAG CGG AGA CAG CGA CGA 

AGA with the TAT peptide sequence underlined and reverse strand was; 5’ PO4-G ATC  
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TCT TCG TCG CTG TCT CCG CTT CTT CCT GCC ATA G.  All constructs were 

verified by sequencing (DNA Sequencing Facility, University of Arizona).  Protein 

expression and purification was adapted from a published protocol.74 

2.2.2 Protein expression and purification 

  pET 28b (+) plasmid encoding His-FLIP600_glu and His-TAT-FLIP600_glu 

were transformed into BL 21 (DE3) strain.  Transformants were selected using 50µg/mL 

kanamycin.  For protein expression, a single colony was inoculated into 3 mL of LB 

media with antibiotics and grown for 8 hours.  0.5 mL of pre culture was added to 200 

mL LB media with kanamycin and grown ca. 3 hours to reach O.D600 ca.1.  Culture was 

chilled on ice for 10 minutes and isopropyl-beta-D-thiogalactopyranoside (IPTG) was 

added to a final concentration of 0.1 mM at room temperature for 10-12 hours to induce 

protein expression 

Bacterial cells were pelleted by centrifugation and resuspended in lysis buffer [20 

mM Tris-HCl at pH 8.0 with 1 mM phenylmethylsulfonyl fluoride (PMSF)].  Cell lysis 

was performed on ice using 9 sonication cycles for a total of 108 bursts with 50 % duty 

cycle in the micro tip setting.  A minimum of 2 minute interval was applied between each 

sonication cycle.  Typically half of the pellet was lysed under these conditions.  Lysate 

was repelleted and the supernatant was introduced into a new centrifuge tube.  Protamine 

sulfate was added drop wise with stirring to a final concentration of 0.6 mg/mL and 

pelleted again.  The clarified lysate was loaded onto a Ni-NTA resin packed column 

which was equilibrated with lysis buffer.  Resin was rinsed with the lysis buffer followed 

by 10 mM imidazole in lysis buffer.  Each rising step was performed for 3 column 
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volumes.  Protein was eluted with 500 mM imidazole in lysis buffer.  Collected fractions 

were stored with 3mM dithiothreitol (DTT) at 4 °C.  All purification steps were 

performed < 8 °C.  

Protein was buffer exchanged and further purified using a Superdex G200 column 

equilibrated with 10 mM HEPES buffer at pH 7.4 before cell incubation studies were 

carried out.  Protein fraction was collected and concentrated using Amicon (Millipore, 

Billerica, MA) centrifuge tubes with a 10,000 molecular weight cutoff.  The 

concentration of the protein was determined by measuring the absorbance of the YFP 

protein of the construct at 514 nm ( ε 84, 300 M-1 cm-1).224  Protein was stored with 1mM 

4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) at 4 °C until use. 

2.2.3 Determination of substrate specificity  

  Specificity of purified His-TAT-FLIP600_glu was determined via titration with 

different sugars to a final concentration of 10 mM in 20 mM phosphate buffer at pH 7.0.  

The YFP to CFP emission ratio was measured before and after adding the sugars (n=3). 

2.2.4 Determination of glucose affinity 

The dissociation constant of His-TAT-FLIP600_glu was determined as previously 

described.74  Briefly, purified protein was titrated with d-glucose in 20 mM phosphate 

buffer at pH 7.0 and emission intensity measured at 525 nm and 475 nm, corresponding 

to the peak ratio of YFP and CFP.  Fluorescence measurements were performed using a 

Fluorolog 3 spectrofluorophotometer (Jobin Yvon, Edison, NJ).  This data was used to 

obtain  the binding curve using Equation 1.74  The average value from three independent 

titrations was recorded. 
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s is the level of saturation, [S]b is the concentration of bound substrate, n is the number of 

binding sites, [P]t is the total concentration of binding protein, r is the ratio, rmin is the 

minimum ratio in the absence of ligand and rmax is the maximum ratio at saturation. 

 

2.2.5 Cell culture and transfection 

COS-7 cells were grown in Dulbecco’s Modified Eagle’s Medium with 10 % fetal 

bovine serum at 37 °C in a 5 % CO2 and 95 % atmospheric air.  Cells were cultured on 

glass coverslips and/or 35 mm cell culture dishes depending on the application.  Transient 

transfections were performed using Lipofectamine 2000 (Invitrogen, Palo Alto, CA) 

according to the manufacturer’s instructions.  Transfection quality plasmids were purified 

using Purefect DNA purification kit (Promega, Madison, WI).  Transfected cells were 

analyzed after 24 hours for expression of FLIP600_glu protein using a TE-300 

fluorescence microscope (Nikon, Melville, NY) by comparing cellular fluorescence 

against non-transfected cells. 

2.2.6 Flow cytometry assay 

COS-7 cells were cultured on 35 mm culture dishes 24 hours before incubation 

with FLIPs.  Cells were pre-incubated in Opti-Mem reduced serum media with 100 µM 

chloroquine for 0.5 hours in the absence of FLIP proteins followed by incubation with 

His-FLIP600_glu or His-TAT-FLIP600_glu at 20 µM for 4 hours in the same media.  

After incubation, cells were rinsed 3 times with a modified Krebs Ringer buffer (KRB) 
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consisting of 118 mM NaCl, 5.4 mM KCl, 2.4 mM CaCl2 1.2 mM MgSO4, 1.2 mM 

KH2PO4 and 20 mM HEPES at pH 7.4, followed by another rinse with Puck’s EDTA 

(137 mM NaCl, 5.4 mM KCl, 5.5 mM D-glucose, and 4.2 mM NaHCO3, 0.56 mM 

EDTA solution at pH 7.4.  Cells were trypsinized for 8 minutes at 37 °C and centrifuged 

to pellet the cells.  Finally, the cells were rinsed once with ice cold PBS at pH 7.4 and 

resuspended in the same buffer for analysis. 

 

2.2.7 Confocal Imaging 

 COS-7 cells were plated on glass bottomed 35 mm cell culture dishes (MatTek, 

Ashland, MA) 24 hours before the experiment.  Cells were maintained 0.5 hours with 100 

µM chloroquine in Opti-Mem media at 37 °C with 5 % CO2 in a humidified incubator 

before incubation with 20 µM of His-FLIP600_glu and His-TAT-FLIP600_glu for 

another 4 hours.  Non-internalized protein was removed via a series of washing steps.  

Cells were rinsed with Opti-MEM media three times followed by three rinsing steps with 

Ca2+ free KRB buffer containing 0.5 mg/mL heparin (1 minute each).182  Cells were 

finally rinsed and stored in KRB buffer supplemented with 3 mM glucose until they were 

imaged using an inverted LSM 510 confocal microscope (Carl Zeiss, Thornwood, NY).  .  

His-TAT-FLIP600_glu loaded cells were excited with 514 nm of Ar ion laser with 5 % 

power for YFP excitation.  His-FLIP600_glu was excited with 32% laser power for 

visualization since it is loaded with a lower efficiency into COS-7 cells compared to His-

TAT-FLIP600_glu. 
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2.2.8 Monitoring intracellular glucose dynamics  

Dynamic glucose measurements were performed in a flow cell with a 0.7 mL 

volume.  KRB buffer was used for flow analysis and was supplemented with 10 mM D-

glucose where indicated.  Flow rate was maintained ca. 2 mL/min using a two port 

gravity flow system.  All measurements were performed at room temperature.  

Fluorescence measurements were performed using a dual channel D-104 photometer 

(Photon Technology International, Birmingham, NJ) attached to an IX-71 inverted 

fluorescence microscope (Olympus, Center Valley, PA).  Excitation was fixed at 436 nm 

using a Delta Ram monochromator with 2 nm bandwidth.  The epifluorescence from the 

cells was passed though a 460 nm dichroic long pass filter before being separated into 

two channels using a 505nm dichroic long pass filter.  A 480/40 nm bandpass filter was 

used in the CFP channel and a 535/50 nm bandpass filter was used to observe the YFP 

fluorescence.  The exposure time was 1 s. 

2.2.9. Determination of chloroquine toxicity 

COS-7 cells were seeded on 96 well plates 24 hour before the assay (10,000 cells 

per well).  Time based chloroquine toxicity was evaluated by incubating 100 µM 

chloroquine in Opti-Mem media for different time intervals up to 12 hours.  

Concentration based toxicity was assessed by incubating different concentrations of 

chloroquine (0-200 µM) for 4.5 hours in Opti-Mem medium.  After incubation, 

chloroquine was removed and 3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-

tetrazolium bromide (MTT) was added in Opti-Mem for 4 hours at 37 °C.  The resulting 
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crystals were dissolved in 0.01M HCl with 10% sodium dodecyl sulfate (SDS) and 

absorbance was determined at 570 nm using a microwell plate reader. 

2.2.10. Glucose dynamics of chloroquine treated FLIP transfected cells 

COS-7 cells transfected with FLIP600µ were analyzed 24 hours after transfection 

for glucose dependent response by varying the extracellular glucose concentration.  These 

data were compared to cells that were treated with 100 µM chloroquine for 4.5 hours.  

This incubation mimics chloroquine exposure during His-TAT-FLIP600_glu 

translocation before glucose dynamic analysis in COS-7 cells. 
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2.3. RESULTS AND DISCUSSION 

Intracellular translocation is a key requirement for intracellular sensors.  We 

prepared a self loading glucose nanosensor by introducing TAT peptide to an existing 

FRET sensor, FLIP600_glu.  TAT peptide allows direct intracellular delivery of FRET 

sensors without transfections, which could be beneficial in primary cells.  Purification of 

FLIP for intracellular delivery was carried out in E.coli by cloning the reading frame of 

FLIP600_glu into pET 28 b (+) vector, which also introduces a 6X histidine tag to the 

protein in frame.  6X histidine tag allows affinity purification of protein after expression 

in E.coli.  TAT sequence was inserted between the 6X histidine tag and the CFP. (Figure 

2-1). 

Since no reports of introducing TAT sequence to FLIP have been reported to date, 

and the complex nature of the FLIP fusion protein construct, modified sensor constructs 

were screened for their binding affinities and specificities for glucose to assess proximity 

driven interferences from the highly positively charged TAT sequence.  All basic sensor 

characterizations were performed in the same buffer conditions as  the original construct 

(20 mM phosphate buffer at pH 7.0) to allow comparison to previous work.74 
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Figure 2- 1: Schematic of the two FLIP constructs. 
 

 

2.3.1 Basic sensor characteristics 

Protein expression was performed using a modified protocol originally described 

by Fehr et.al. 74, to obtain ca. 5 mg of protein per 200 mL culture.  Protein expression 

without the addition of inducing agent IPTG resulted with lower expression of protein 

and inclusion of 0.1 mM IPTG and room temperature expression significantly increased 

protein yield with minimal effect on protein solubility.  However, affinity purification of 

His-TAT-FLIP600_glu was more challenging compared to His-FLIP600_glu, due to 

inefficient capturing by the affinity column.  The 260/280 nm ratio of the purified His-

TAT-FLIP600_glu was higher compared to His-FLIP600_glu indicating a possible 

nucleic acid co-purification due to the highly cationic TAT sequence.  Binding efficiency 

of His-TAT-FLIP600_glu to the Ni-NTA column was also lower compared to His-

FLIP600_glu reducing the protein yield in a comparable purification.  Addition of 
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protamine sulfate in the purification step resulted in improved 260/280 nm absorbance 

ratios in His-TAT-FLIP purifications with improved binding to the Ni-NTA column. 

His-TAT-FLIP600_glu shows a characteristic isosbestic point similar to the 

published value of 503 nm for FLIP600_glu and His-FLIP600_glu (Figure 2-2).  The 

binding constant elucidated for His-TAT-FLIP600_glu using Equation 1 was found to be 

588 ± 15 µM, similar to that of His-FLIP600_glu (654 ± 30 µM).  The literature value of 

FLIP600_glu construct is 589 µM, which is similar to above values (Table 2-1). 

Additionally, the substrate specificity of His-TAT-FLIP600_glu and HisFLIP600_glu is 

similar for d-glucose, d-galactose and sucrose. Unexpectedly, His-TAT-FLIP600_glu 

shows increased response for other monosaccharides, D-maltose being the highest with 

ca 30% of D-glucose response (Figure 2-3).  The reason for this observation is not clear 

at the moment.  The plasma level of d-mannose has been reported to be < 0.1 mM, 

therefore a significant interference is not expected in mammalian cells.225  However since 

spectral and binding properties of His-TAT-FLIP600_glu are similar to that of His-

FLIP600_glu, we can conclude that adding TAT sequence to the N-terminal of His-

FLIP600_glu did not have a detrimental effect on glucose binding.  Therefore, the His-

TAT-FLIP600_glu sensor construct should be useful in the glucose range of 0.06 mM to 

5 mM where typical physiological glucose levels range from 3-7 mM  
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Figure 2-2: Emission spectra of His-TAT-FLIP600_glu protein before (broken line) and 

after (straight line) addition of 10 mM D-glucose in 20 mM phosphate buffer at pH 7.0 

 
 
Table 2-1: Dissociation constants of FLIP sensor constructs 
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Sensor Dissociation  

constant (µM)

FLIP600_glu 589 * 

His-FLIP600_glu 654 ±30 † 

His-TAT-FLIP600_glu 588 ± 15 † 
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Figure 2-3: Carbohydrate specificity of His-TAT-FLIP600_glu (A) and His-

FLIP600_glu (B).  The substrate specificity of the constructs were determined by titrating 

indicated sugars from 0 mM (striped bars) to 10 mM (solid gray bars) in 20 mM 

phosphate buffer at pH 7.0.  D-glucose and D-maltose exhibit the maximum change of 

YFP/CFP ratio change for both constructs. 
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2.3.2 Cellular uptake of the His-TAT-FLIP600_glu 

Preliminary glucose dynamic experiments performed on His-TAT-FLIP600_glu 

loaded COS-7 cells did not elucidate any response corresponding to changes in the 

extracellular glucose levels.  Non responsiveness of the translocated sensors could arise 

due proteolytic degradation of translocated sensors and/or entrapment of sensors inside 

cellular compartments.  Similar observations have been made with TAT-peptide 

mediated cellular translocation of other proteins. 

The mechanism of cell penetration by cationic peptides is still controversial.226;227  

Recent reports suggested that membrane translocation occurs via macropinocytosis-

mediated and energy-dependent endocytosis process, where different cell types exhibit 

varying uptake kinetics and subsequent cellular distribution.227  Thus in TAT-mediated 

endocytosis, cargo with high molecular weights such as proteins, dextrans, nucleic acids 

and nanoparticles tend to localize in cellular compartments including endosomes.228;229  

Sequestering into cellular compartments contributes to reduced bioavailability and 

activity, thus remains a major barrier for cell penetrating peptide based applications.230  A 

variety of methods have been applied to counter endosome entrapping, including co-

incubation of lysosomotrophic agents such as chloroquine, bafilomycin, or NH4Cl, which 

prevent acidification of endosomes and minimize the sequestering process.231;232  In 

addition, peptide sequences that are capable of destabilizing endosomes found in the 

hemagglutinin viral envelope (HA2) used in conjunction with TAT peptide increase 

bioavailability of TAT modified cargo.229  We used chloroquine treatment in conjunction 
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with sensors to minimize potential compartmentalization and degradation, since it is the 

most widely studied lysosomotrophic agent. 

Cellular uptake of His-TAT-FLIP600_glu was assayed using flow cytometry and 

confocal microscopy.  Flow cytometry assays were performed on detached cells after 

trypsin treatment.  Trypsin detachment also minimizes the signal from extracellular 

attached proteins via proteolytic degradation.233  Figure 2-4 shows the result of the flow 

cytometry of COS-7 cells incubated with 20 µM His-FLIP600_glu and His-TAT-

FLIP600_glu for 4 hours, in the presence of 100 µM chloroquine.  Introduction of the 

TAT sequence increased the uptake of protein into cells; flow cytometry results indicate 

that more than 73 % of the cells revealed His-TAT-FLIP600_glu fluorescence, a marker 

for internalization, within 4 hours compared to autofluorescence of control cells.  His-

FLIP600_glu cell uptake was observed in 18 % of the cells within 4 hours (Figure 2-4).  

In addition to increased percentage of cells with internalized sensors, mean fluorescence 

intensity of His-TAT-FLIP600_glu was ca. 4 times higher than His-FLIP600_glu.  These 

two observations suggest that incorporation of TAT peptide increases both number of 

sensor loaded cells and the mean FLIP concentration in COS-7 cells.  The increased 

fluorescence provides a better S/N ratio for glucose detection and more efficient loading 

may minimize the effect of protein degradation has on FLIP response.  Also lower 

excitation power can be used with efficient sensor loading, which minimizes 

photobleaching, especially in long term monitoring.  Propidium iodide exclusion studies 

performed simultaneously with the flow cytometry analysis show that > 90% of the cells 
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retain their membrane integrity during incubation with His-TAT-FLIP600_glu, indicating 

that protein uptake was performed in live cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4: Cell uptake of FLIP proteins. (A) Flow cytometry analysis of His-

FLIP600_glu and His-TAT-FLIP600_glu translocated COS-7 cells.  COS-7 cells were 

initially incubated with 100 µM chloroquine in Opti-Mem for 0.5 hours followed by 

incubation with 20 µM His-FLIP600_glu (I) and His-TAT-FLIP600_glu (II) for 4 hours 

in the same media.  Control cells (III) were used for determining the background 

fluorescence of untreated cells.  (B) His-FLIP600_glu (solid bar) and His-TAT-
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FLIP600_glu (striped bar) were incubated in three different concentrations indicted under 

the same experimental conditions. 

The enhanced percentage of GFP positive cells indicate increased uptake with 

elevated FLIP concentrations.  His-FLIP600_glu internalization observed might result 

from interaction of the glucose binding protein with the cell membrane, as periplasmic 

binding proteins such as maltose binding protein contain bacterial membrane interacting 

domains.234  However, interactions between GBP and mammalian membranes have not 

been investigated. 

 Confocal imaging is widely used to investigate TAT mediated intracellular 

delivery of macromolecules and nanoparticles.  For confocal microscopy, cells were 

treated similar to that for flow cytometry experiments except for omission of the trypsin 

digestion, to minimize cell detachment from the glass surface.  Instead, cells were rinsed 

with heparin (0.5 mg/mL) to minimize fluorescence arising from membrane bound sensor 

molecules.  Both heparin rinses and tryptic digestions have been shown to effectively 

remove extracellular bound TAT cargo.233  For COS-7 cells incubated with His-TAT 

FLIP600_glu for 4 hours diffuse fluorescence was observed with chloroquine treatment, 

suggesting suppressed sequestering of proteins into endosomes (Figure 2-5).  His-

FLIP600_glu incubated COS-7 cells show some sensor internalization, though the 

fluorescence intensity was lower than that of His-TAT-FLIP600_glu.  Increased laser 

power for was used for visualization of His-FLIP600_glu loaded cells compared to His-

TAT-FLIP600_glu loaded cells due to lower uptake efficiency of the former sensor.  

Punctuate fluorescence is also observed in some cells treated with chloroquine, indicating 
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an incomplete suppression of endosomal trapping, where cells lacking chloroquine also 

do not exhibit dispersed fluorescence (Figure 2-6).  Fluorescence emission close to the 

cell membrane result from incomplete removal of His-TAT-FLIP600_glu by heparin and 

buffer rinses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5: Confocal microscopy of His-FLIP600_glu and His-TAT-FLIP600_glu 

translocated COS-7 cells.  Fluorescence and white light overlayed images from His-TAT-

FLIP600_glu (A and B) and His-FLIP600_glu (C and D) show fluorescence emanating 

from the COS-7 cells. 
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Figure 2-6: Confocal image of COS-7 cells incubated with His-TAT-FLIP600_glu in the 

absence of chloroquine.  The YFP fluorescence (A) and the overlay with white light (B) 

do not show dispersed fluorescence compared with Figure 2-5. 

 

2.2.3. Effect of chloroquine on COS-7 cells 
 

Since concentration dependent cytotoxicity of chloroquine has been reported 229, 

COS-7 cells treated with chloroquine were screened for metabolic activity using the MTT 

assay and single cell glucose dynamics using FLIP transfected cells.  Concentration based 

toxicity was observed as a decrease in cell viability (<85%) with chloroquine above 100 

µM (Figure 2-7).  The time based toxicity assay with 100 µM chloroquine indicates that 

there is no significant toxicity for incubation up to 12 hours compared to the 4 hour 

incubation.  These observations support the use of chloroquine, as it does not 
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significantly interfere with monitoring of glucose metabolism in COS-7 cells under the 

specified experimental conditions. 
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Figure 2-7: Concentration-based (A) and time-based (B) toxicity of chloroquine on COS-

7 cells.  Cell viability was compared with non-treated cells under the same experimental 

conditions 
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2.3.4. Monitoring glucose dynamics in His-TAT-FLIP600_glu loaded COS-7 cells 

COS-7 cells show reversible [glucose]i changes corresponding to fluctuations in 

[glucose]ex levels due to transporter mediated uptake and cellular metabolism.74  Glucose 

dynamics in COS-7 cells loaded with His-TAT-FLIP600_glu were assayed by 

alternatively flowing KRB buffer at pH 7.4 supplemented with 2.4 mM Ca2+ in the 

presence and absence of 10 mM d-glucose.  Figure 2-8 shows a typical reversible 

response observed for a small group of cells (ca. 3 cells) that was selected and monitored 

through the adjustable field view selector of the dual channeled photometer.  The 

YFP/CFP emission ratio decreases after ca. 40 s, when buffer containing glucose is 

introduced into the perfusion chamber.  The response time of the sensor is close to the 

value reported under similar perfusion conditions (ca. 30s).74  The observed YFP/CFP 

ratio change of the cells with His-TAT-FLIP600_glu was 2.3 ± 0.9 compared to 7.8 ± 1.4 

for FLIP600_glu transfected cells. 
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Figure 2-8: Glucose dynamics in COS-7 cells incubated with His-TAT-FLIP600_glu.  

Cells were grown on glass coverslips for 24 hours and incubated with His-TAT-

FLIP600_glu similar to flow cytometry studies.  Dynamic glucose monitoring was 

carried as described in section 2.2.7.  The black arrows indicate the flow of buffer with 

10 mM D-glucose whereas the gray arrows indicate the time point where glucose free 

buffer is passed through the flow chamber. 

 
The difference in the response for [glucose]i level in His-TAT-FLIP600_glu 

loaded cells is likely due to the non responsiveness of any degraded or endosome trapped 

FLIP proteins, since both MTT assay and glucose responsiveness of FLIP transfected 

COS-7 cells indicates that chloroquine does not significantly affect the glucose dynamics 

in COS-7 cells.  The viability assayed using MTT show ca. 80% cell viability after 100 

µM chloroquine incubation for 4 hours with no apparent decrease of viability with further 

incubation.  Also, transfected cells respond to glucose in a similar manner in both 
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chloroquine treated and untreated cells (Figure 2-9).  These observations suggest that 

metabolically active cells respond when the TAT modified sensors are internalized and 

freely available in the cytoplasm even in the presence of 100 µM chloroquine.  The cells 

that responded to extracellular glucose fluctuations were stained with propidium iodide 

after the experiment to ensure that membrane integrity was not compromised during the 

flow analysis, where no staining could be detected. 
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Figure 2-9: Glucose dynamics of FLIP600_glu transfected COS-7 carried out as 

described under section 2.7.  Non-treated (A) and chloroquine treated cells (B) show 

similar glucose response curves.  Arrows mark the time point where the buffers were 

switched whereas the dark arrows indicate addition of 10 mM D-glucose. The time point 

of the introduction of free buffer is indicated by the lighter arrows. 

 

Addressing the limitation of TAT mediated translocation will be beneficial in 

improving the intracellular His-TAT-FLIP600_glu response.  It is important to minimize 
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compartmentalization and degradation of the translocated proteins, in order to preserve 

the responsiveness of the sensors.  Enhancing the fluorescence properties and the glucose 

sensitivity will be beneficial in monitoring small glucose fluctuations with lower 

excitation power minimizing photo-damage.  Improved versions of the FLIP sensors have 

the potential of providing higher signal to noise ratios since exhibit higher change of 

emission ratio change per unit change of glucose level.75  Addition of endosome 

destabilizing peptide sequences into the sensor construct or use of alternative novel cell 

translocating moeties235 may also minimize the number of cells that do not have 

sufficient free protein in the cytoplasm and can lead to increased response of the sensor. 
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2.4. CONCLUSION 

Modification of the FLIP glucose sensor with the cell penetrating peptide TAT 

enables non-invasive monitoring of intracellular glucose dynamics in COS-7 cells.  The 

TAT modified FLIP construct exhibits similar substrate binding properties as the parent 

construct and modified sensor displayed enhanced uptake into COS-7 cells compared to a 

non-modified construct under similar incubation conditions.  Chloroquine was used 

during the TAT translocation process to minimize endosome trapping and increased 

bioavailability could be observed through confocal microscopy and glucose dynamic 

studies.  TAT modified FLIP sensor exhibited 2.3 ± 0.9 % FRET change with respect to a 

0 mM to 10 mM step increase of extracellular glucose concentration, compared to a 7.8 ± 

1.4 % change observed with sensor transfected cells.  Both bulk cell viability studies and 

individual cell studies with sensor transfected COS-7 cells indicate that the concentration 

level and time frame used for chloroquine-assisted His-TAT-FLIP600_glu loading did 

not hinder the observation of glucose dynamics.  This proof of concept study indicates 

the potential of using His-TAT-FLIP600_glu as a non-invasive glucose sensor in primary 

cells.  Improved cellular transduction domains and protection to the will be necessary for 

extracting quantitative information since non-responsive or degraded sensors can 

significantly affect the analytical signals. 
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CHAPTER 3.  PREPARATION, CHARACTERIZATION AND UTILIZATION 

OF POROUS PHOSPHOLIPID NANOSHELL GLUCOSE SENSORS FOR 

INTRACELLULAR STUDIES 

3.1 INTRODUCTION 

Investigating glucose metabolism at the cellular level can lead to better 

understanding of the role that glucose plays in biomolecular processes.236  A variety of 

electrochemical optical and other spectroscopic methods have been utilized for detection 

of glucose in biological samples and a detailed description of these methods is provided 

in Chapter 1.  Despite the development of a variety of glucose sensing platforms that 

enable quantification of glucose ex-vivo, only few facilitate reversible glucose 

quantification at the cellular level, due to the limitations in selectivity and 

temporal/spatial resolution. 

 FRET sensors based on d-glucose/d-galactose binding proteins (GBP) facilitate 

reversible glucose detection in single cells.74;213  GBPs undergo conformational change 

upon glucose binding when flanked with suitable fluorophores.  The resulting change in 

FRET can be used to monitor the extent of glucose binding.  Only d-glucose and d-

galactose binding generate significant response, thus GBP sensors are more specific than 

sensors based on con A.  Engineering sensors comprising GBPs and GFP variant 

chromophores have yielded genetically encoded glucose sensors.  A series of such 

sensors have been reported with different glucose affinities and FRET sensitivities and 

can be directly expressed in living cells, allowing glucose dynamics to be investigated 

with high temporal resolution.76  One such sensor with a Kd ca. 600µM (FLIP600_glu) is 
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suitable for investigating glucose levels between 0.06-5 mM, which encompasses a 

significant range of physiological glucose levels (3 - 7 mM).74  FLIP600_glu has been 

used to monitor glucose consumption rates and correlate intracellular vs. extracellular 

concentrations of glucose in COS-7 and Hep-G2 cells.74;75  However, introduction of 

FLIP sensors can be challenging in primary cells, since traditional transfection 

approaches have low rates of success in primary cells.216  In addition, methods that 

exhibit higher rates of transfection in primary cells such as viral transfection and 

electroporation have safety, viability and reproducibility concerns.218;219  

 As an alternative to transfection, we developed a cell penetrating FLIP sensor 

which penetrates into live COS-7 cells and is described in chapter 2.  TAT modified FLIP 

loaded into COS-7 cells, were shown to respond reversibly with respect to changes in the 

extracellular glucose concentration.  However, TAT modified FLIP sensors exhibited low 

FRET signal change compared to FLIP600_glu transfected cells, even with the addition 

of lysosomotrophic agents such as chloroquine, to increase the bioavailability of cargo.  

The low FRET response results from proteolytic degradation and/ or incomplete release 

of cargo.  Therefore, providing a barrier against potential proteolytic degradation was 

hypothesized to be beneficial in maintaining a higher intracellular sensor response. 

A phosphate binding protein FRET sensor has shown enhanced protection against 

extracellular protease degradation after being encapsulated in a polyacrylamide matrix.237  

However, the polymerization process was detrimental to protein activity and extensive 

optimization was required to maintain sufficient protein activity after encapsulation.  

Further, continuous proteolytic degradation was observed even after encapsulation losing 



 116

ca. 30 % activity over a 20 minute exposure to proteases.  Therefore, a different polymer 

matrix that provides enhanced protection may be useful in preserving FLIP activity and 

enhancing resistance to proteolytic degradation. 

Recently our group reported the preparation of stabilized porous phospholipid 

nanoshells (PPNs), for sensing and delivery using polymerized bis-SorbPC.141  Unlike 

natural phospholipids, bis-SorbPC has been shown to form porous lipid bilayers, 

presumably due to the imperfect alignment of the hydrophobic tail region that contain 

sorbyl groups.140;141  Bis-SorbPC forms a stable polymer network using redox, thermal 

and UV/visible induced radical polymerization.107  Utilization of UV-induced radical 

formation preserves the activity of many encapsulated proteins, where a variety of 

biomacromolecules including enzymes have been successfully encapsulated into 

polymerized nanoshells.165;238  PPNs thus are potential candidates for preparing 

intracellular nanosensors. 

In this chapter we describe the preparation and characterization of stabilized PPN-

based glucose sensor by encapsulating FLIP600_glu.  The porous lipid bilayer of PPNs 

was hypothesized to allow glucose diffusion while providing protection against 

proteolytic degradation of the protein sensor.  Nanoshell surface modification with TAT 

peptide, subsequent delivery into live COS-7 cells and feasibility for dynamic monitoring 

of intracellular glucose fluctuations are also investigated. 
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3.2  EXPERIMENTAL 

3.2.1  Materials 

 Cholesterol, DOPC (1,2-dioleoyl-sn-glycero-3-phosphochilne), DOPE (1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine) and rhodamine DPPE (1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) 

were purchased from Avanti Polar Lipids (Alabaster, AL).  Bis-SorbPC (1, 2-bis-[10-(2’-

4’hexadieoyloxy) decanoyl]-sn-glycero-2-phosphocholine) was synthesized and purified 

as described before.239  TAT peptide was purchased from American Peptide Company 

(Sunnyvale, CA).  Luria–Bertani (LB) media was purchased from EMD/Novagen 

(Gibbstown, NJ).  Other chemicals were obtained from Sigma-Aldrich (St, Louis, MI).  

Deionized water (18MΩ) was obtained from a Barnstead EasyPure water purification 

system. 

3.2.1 Protein expression and purification 

The open reading frame (ORF) of FLIP600_glu protein (a kind gift from 

Professor Wolf B. Frommer, Stanford University, CA) was excised from a pCDNA3.1 

vector using BamH I and Hind III restriction enzymes and the gel purified reading frame 

was ligated back into a pET 28 b(+) vector (EMD/Novagen) using the same restriction 

sites.  This resulted in a plasmid construct with an N-terminal 6X histidine tag in the 

same reading frame as the FLIP600_glu protein (His-FLIP600_glu).  Sequence verified 

pET28b (+) plasmid encoding His-FLIP600_glu was transformed into BL21(DE3) strain. 

Transformants were selected using 50 µg/mL kanamycin.  For protein expression, a 

single colony was inoculated into 3 mL of LB media with antibiotics and grown for 8 
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hours.  1 mL of this pre culture was added to 400 mL LB media with kanamycin and 

grown for about 3 hours to reach O.D600 of ~1.  Culture was chilled on ice for 10 minutes 

and isopropyl-beta-D-thiogalactopyranoside (IPTG) was added to a final concentration of 

0.1 mM to induce protein expression.  Protein expression was performd at room 

temperature for ca. 12 hours. 

Bacterial cells were pelleted by centrifugation and resuspended in lysis buffer 

consisting of 20 mM Tris-HCl pH 8.0 with 1 mM phenylmethylsulfonyl fluoride (PMSF).  

Cell lysis was performed using ultrasonication.  Clarified lysate was loaded onto a Ni-

NTA resin packed column that was equilibrated with lysis buffer.  Resin was rinsed with 

the lysis buffer followed by a wash with 10 mM imidazole in lysis buffer.  Protein was 

eluted with 500 mM imidazole in lysis buffer.  Collected fractions were stored with 3mM 

dithiothreitol (DTT) at 4 °C.  All purification steps were carried out < 8 °C.  Protein was 

buffer exchanged and further purified using a Superdex G200 column equilibrated with 

10 mM HEPES buffer at pH 7.4.  Protein fractions were collected and concentrated using 

Amicon (Millipore, Billerica, MA) centrifuge tubes with a 10,000 molecular weight 

cutoff.  His-FLIP600_glu concentration was determined by measuring the absorbance at 

514 nM (ε = 84, 300 M-1 cm-1).224 

3.2.2 Liposome preparation, polymerization and surface modification 

Liposome encapsulation was performed using the lipid hydration method.  Bis-

SorbPC was dried with Ar and further vacuum dried for > 4 hours.  His FLIP600_glu 

(200-300 µM) in 20 mM phosphate pH 7.0 was added to the dried lipid film and vortexed 

at 37 °C to encapsulate the protein in a 10 mg/mL lipid concentration.  Multilamellar 
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liposomes with encapsulated protein were subjected to 10 freeze-thaw cycles by 

switching between a 37 °C water bath and a -77 °C dry ice/ isopropanol bath.  

Unilamellar liposomes were obtained by passing the lipid solution through two stacked 

polycarbonate filters with a 200 nm pore size using a mini extruder at 37 °C.  For the 

preparation of rhodamine labeled liposomes, 1 % Rhodamine PE lipid and 5 % biotin PE 

lipids (molar percentages) were mixed with bis-SorbPC or DOPC before drying under 

vacuum. 

For studies with non-polymerized liposomes, extruded liposomes were passed 

through a sepharose 4B-CL size exclusion column (SEC) to remove non encapsulated 

His-FLIP600_glu.  For polymerization, extruded liposomes were diluted into degassed 

buffer (before SEC) to a final lipid concentration of 1.3 mg/ml (total 4 mg).  This solution 

was added into a cuvette containing Irgacure 907 photoinitiator.  

Ethyleneglycoldimethacrylate (EGDMA) (0.15 µL) was spiked into this solution and 

stirred for 0.5 hours at room temperature in a tightly capped quartz cuvette.  Ascorbic 

acid was added to a final concentration of 1 mg/mL, 20 minutes after adding EGDMA 

and stirred for another 10 minutes.  UV polymerization was performed in a sealed cuvette 

under Ar.  A Hg arc lamp operating at 100W was used as the radiation source (Newport 

model 6281) with a UV band pass filter (Edmund U-330) and a water IR filter.  Typical 

polymerization time was 15 minutes. 

Removal of non-encapsulated protein from the liposome encapsulated protein was 

achieved by a combination of centrifugation and SEC.  Liposomes were centrifuged for 

30 minutes at 14000 rpm and the pelleted liposomes were resuspended in buffer and 
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added to a Sepharose CL-4B SEC.  Liposome fractions collected were verified using 

dynamic light scattering (Brookhaven Instruments, BI-200 with a BI-DS detector and BI-

800AT autocorrelator software) and fluorescence measurements (Fluorolog 3 

Fluorometer, Horiba Inc, NJ) 

 

3.2.3 Basic sensor characterization 

The fluorescence characteristics and dissociation constant of the protein were 

determined as described previously.74  Briefly, purified protein was titrated with D-

glucose in 20 mM phosphate buffer at pH 7.0 and emission intensity measured at 525 nm 

and 475 nm, corresponding to YFP and CFP respectively.  This data was used to prepare 

the binding curve for the protein using Equation 1. 
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s is the level of saturation, [S]b is the concentration of bound substrate, n is the number of 

binding sites, [P]t is the total concentration of binding protein, r is the ratio, rmin is the 

minimum ratio in the absence of ligand and rmax is the maximum ratio at saturation. 

 Protease resistance of encapsulated protein was evaluated by incubating with non 

specific protease Proteinase K (Promega, Madison WI), at a concentration of 6 mAu/mL 

at room temperature.  YFP/CFP emission ratios were recorded using fixed wavelength 

scanning in the photobleaching minimizing mode.  Non-encapsulated His-FLIP600_glu 

was used as the control. 
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3.2.4 Incorporating TAT-PEG2000-DOPE into liposomes 

TAT modified PEG2000-DOPE lipid was prepared by reacting TAT peptide with 

PNP-PEG2000-DOPE lipid micelles as described.240  Non-incorporated TAT peptide was 

removed by overnight dialysis using a 5000 MW cutoff membrane (Spectrapor) against 

water.  The dialyzed TAT-PEG2000-DOPE was lyophilized overnight, re-dissolved in 

chloroform at a concentration of 0.5 mg/mL, and stored at -80 °C.  TAT -PEG2000-

DOPE lipids were incorporated into polymerized liposomes by incubating the briefly 

sonicated lipid suspension up to 2% molar ratio of total lipid content for 2 hours at room 

temperature with occasional vortexing.  Liposomes were stored at 4 °C overnight for 

maximum partitioning into the bilayer.  To confirm insertion of TAT-PEG2000-DOPE 

into pre-polymerized liposomes, modified liposomes were incubated with COS-7 cells on 

glass coverslips for 4 hours at 1 mg/mL lipid concentration at 37 °C.  After incubation, 

cells were rinsed with KRB-HEPES buffer at pH 7.4 and fluorescence images were 

obtained using an inverted Nikon microscope equipped with a Xenon arc lamp and a 

CCD detector (TE 300) using 480/30 nm excitation and 535/50 nm emission filters.  

Liposomes modified with PEG2000-DOPE lacking TAT and cells without liposome 

incubation were used as controls. 

3.2.5 TEM images 

TEM images were obtained with a JOEL JEM 100 CX-II electron microscope 

using 2% uranyl acetate as the staining agent.  
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3.2.6 Sensor loading 

COS-7 cells were split onto glass coverslips with Teflon O-rings 24 hours before 

incubating with liposomes.  0.5 mg of TAT-PEG2000-DOPE modified poly-bis-

SorbPC/FLIP600_glu liposomes (TAT-PB/His-FLIP600-glu) and poly-bis-SorbPC/His-

FLIP600_glu liposomes modified with PEG2000-DOPE (PEG-PB/His-FLIP600_glu) 

were incubated in serum free Opti-Mem media for 4 hours.  Extracellular liposomes were 

removed using a series of washing steps.  Initially, cells were rinsed three times with 

Opti-Mem media followed by two more rinsing steps with KRB-HEPES buffer.  Then, 

cells were rinsed three more times with 0.5 mg/mL heparin in the same buffer with a 5 

minute incubation period for each rinse.  Incubation of rhodamine and biotin labeled 

liposomes were performed similarly. After removal of extracellular liposomes, nuclear 

staining was performed using Hoechst 33342 dye (1µg/mL) for 10 minutes, followed by 

two buffer rinses. 

Confocal microscopy images were obtained in heparin free KRB-HEPES buffer 

pH 7.4 (supplemented with 2.4 mM Ca2+ and 3 mM d-glucose).  Hoechst 33342 dye was 

excited using a 405 nm laser line where as fluorescein labeled d biotin was excited using 

the 488 nm laser line.  YFP was excited using the 514 nm line and rhodamine was excited 

using a 532 nm laser line. 

3.2.7 Effect of redox reagents on the activity of His-FLIP600_glu protein 

Free His-FLIP600-glu protein was incubated with 40 mM of NaHSO3 and 

(NH)2S2O8 in degassed 10 mM citrate buffer pH 7.4 in a tightly closed container and 
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stirred at RT for 1 hour.  Fluorescence emission spectra of His-FLIP600_glu with and 

without exposure were collected for comparison. 

3.2 8 Ascorbic acid as a radical scavenger in protecting His-FLIP600_glu protein 

His-FLIP600_glu protein in degassed 20 mM phosphate buffer at pH 7.0 was 

divided into two samples.  Ascorbic acid (1mg/mL) was added to one sample before 15 

minutes of UV irradiation and the other sample was irradiated without ascorbic acid 

under the same conditions.  After irradiation, samples were stored on ice until analysis of 

YFP/CFP emission ratio and % FRET change upon addition of 10 mM sucrose and 10 

mM d-glucose.  

3.2.9 Temperature dependent uptake of TAT-PB/Rho and TAT-DOPC/Chol/Rho 

liposomes 

COS-7 cells on glass coverslips were incubated at 37 °C and 4 °C in HEPES 

buffered Opti-Mem medium one hour before adding liposomes and continued to incubate 

for 4 hours.  After incubation, TAT modified liposomes were rinsed with 0.5 mg/mL 

heparin and images were acquired in KRB-HEPES buffer at pH 7.4 using 540/25 nm 

excitation and 620/60 nm emission filters  

3.2.10 Effect of chloride on FRET signal of His-FLIP600_glu sensors 

Poly-bis-SorbPC/His-FLIP600_glu (PB/His-FLIP600_glu) were introduced to 

KRB-HEPES buffer at pH 7.4 and HEPES buffer at the same pH value to investigate the 

halide sensitivity of YFP.  The YFP/CFP ratios were recorded in before adding 10 mM 

sucrose and 10 mM d-glucose to the same samples. 
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3.2.11 Glucose dynamic studies 

Dynamic measurement of [glucose]i in a flow cell with ca. 0.7 mL volume at 

2mL/min flow rate.  KRB-HEPES buffer was used for flow analysis and was 

supplemented with 10 mM d-glucose as indicated.  All measurements were performed at 

room temperature.  Fluorescence measurements were performed using a D-104 dual 

channeled photometer detection system (Photon Technology International, Birmingham, 

NJ) attached to an inverted Olympus IX-7 fluorescence microscope.  Excitation was fixed 

to 436 nm using a Delta Ram monochromator with 2 nm bandwidth.  The emission was 

passed though a 460 nm dichroic long pass filter before being separated into CYP and 

YFP channels using a 505 nm dichroic long pass filter.  A 480/40 nm bandpass filter was 

used in the CFP channel and a 535/50 nm bandpass filter was used to observe YFP 

fluorescence.  The exposure time was typically 1 s. 

   

3.2.12 MTT assay 

10000 cells per well were plated in a 96 well plate and allowed to recover for 24 

hours.  TAT-PB/His-FLIP600_glu (1 mg/mL) was incubated for 4 hours at 37 °C in Opti 

MEM.  All rinsing steps afterwards were similar to those used for glucose dynamic and 

confocal studies.  Finally, MTT was incubated at a concentration of 0.5 mg/mL in Opti-

Mem for 4 hours at 37 °C.  An equal volume of 0.01 M HCL with SDS was added mixed 

and incubated overnight.  Absorbance measurements were performed using a plate reader 

at λ= 570 nm.  Dye background was subtracted from all measurements. 
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3.3. RESULTS AND DISCUSSION 

 Retaining activity of encapsulated cargo is a key consideration in nanoparticle 

based biosensors since the physical and chemical manipulations involved in their 

preparation can adversely affect analytical properties in an irreversible manner.241  

Although liposomes have been used to encapsulate a number of enzymes and other 

biomolecules, there are no reports of encapsulation of FRET sensors that rely on ligand 

dependent conformational change.  The hollow interior of the liposomes should provide 

an environment free from steric hindrance, a key requirement for His-FLIP600_glu 

(Figure 3-1).  Conversely, UV initiated polymerization may damage His-FLIP600_glu, 

thus thorough in vitro characterization is required prior to utilization for intracellular 

measurements. 

 

.  

 

 

 

 

Figure 3-1: Schematic of His-FLIP600_glu encapsulated in a poly-bis-SorbPC liposome 

(A) and glucose mediated FRET signal change (B). 
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3.3.1 His-FLIP600_glu in non-polymerized bis-SorbPC and DOPC liposomes  

Encapsulation of a FRET sensor in neither porous or defect free liposomes has 

been reported to our knowledge.  Therefore, spectral, and binding characteristics were 

performed to characterize the effects of liposome encapsulation on the sensor.  

Liposomes were prepared using lipid film rehydration method and separated via SEC.  

Unpolymerized bis-SorbPC liposomes encapsulating His-FLIP600_glu showed similar 

spectral features compared to free His-FLIP600_glu (Figure 3-2).  Both encapsulated and 

non-encapsulated proteins have characteristic isosbestic point ca. 503 nm upon titration 

with glucose.  The isosbestic point is not visible when titrated with a non responsive 

sugar, e.g sucrose and is a good indication of binding mediated change in FRET 

compared to fluctuations arising from dilution or change in refractive index of the 

medium.  However, encapsulation lowers the YFP/CFP ratio of the sensors, likely due to 

enhanced scattering from the liposomes, which is prominent at lower wavelengths. 

Importantly, this observation does not effect on glucose quantification, since the ratio 

change for YFP/CFP emission determines the overall response. 

 

 

 



 127

460 480 500 520 540 560
2.0x106

4.0x106

6.0x106

8.0x106

1.0x107

1.2x107

1.4x107  
  10 mM d-glucose
    0 mM d-glucose

in
te

ns
ity

wavelength (nm)

A

 

460 480 500 520 540 560

1.0x106

1.5x106

2.0x106

2.5x106

3.0x106  
  10 mM d-glucose
    0 mM d-glucose

in
te

ns
ity

wavelength (nm)

B

 

Figure 3-2: Fluorescence emission of free His-FLIP600_glu (A) and bis-SorbPC/His-

FLIP600_glu (B).  The isosbestic point of the latter is not very clear due to the distortion 

of CFP emission caused by PPNs scattering light more prominently in the lower 

wavelengths. 

An unexpected, but recurring, problem encountered upon encapsulation of His-

FLIP600_glu was the destabilization of unpolymerized bis-SorbPC liposomes during the 

SEC judged by the appearance of cloudiness of samples.  DLS analysis of post-column 

fractions showed a poorly defined size distribution for unpolymerized liposomes.  
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Further, total scatter intensity decreased over time indicating lysis or change of liposome 

morphology with His-FLIP600_glu.  Rapid destabilization was not observed for bis 

SorbPC lacking His-FLIP600_glu as well as DOPC with and without His-FLIP600_glu, 

and therefore should not be applicable to all lipids in general. 

Encapsulation of His-FLIP600_glu in DOPC was examined, since DOPC is 

known to form liposomes with very low glucose permeability.242;243  Addition of d-

glucose exhibited ca. 2 % FRET change in DOPC liposomes, compared to ca. 7% change 

observed for unpolymerized bis-SorbPC liposomes (Figure 3-3).  The potential reasons 

for a FRET signal generation in DOPC could be a result of, partial destabilization of 

liposomes, non-specific attachment of His-FLIP600_glu to the liposome 

surface/incomplete separation of non-entrapped His-FLIP600_glu from DOPC entrapped 

His-FLIP600_glu from the size exclusion column.  However, SEC performed on DOPC 

encapsulated His-FLIP600_glu show an effective separation from free His-FLIP600_glu 

(Figure 3-4), therefore, partial degradation of liposomes or non-specific attachment of 

His-FLIP600_glu to liposome surface may be contributing to glucose response. 

Majority of His-FLIP600_glu was found to be encapsulated, since His-

FLIP600_glu recovered from DOPC liposomes after lyophilization gives ca. 5 % FRET 

change, compared to 2 % FRET change observed with intact DOPC (Figure 3-3).  

Detergents such as Triton X-100 were not used for lysis of liposomes since they were 

found to affect the FRET signal.  Additional step of protease treatment followed by SEC 

reduced the glucose response of DOPC encapsulated His-FLIP600_glu ca. 40 % (Figure 

3-3).  Therefore, it is likely that some protein was non-specifically attached to the 
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surface, but the possibility of liposome rupturing cannot be ruled out, since 

unpolymerized liposomes can fuse with surfaces releasing entrapped content. 
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Figure 3-3: FRET signal resulted from His-FLIP600_glu with the addition of, 10 mM D-

glucose into entrapped in unpolymerized bis-SorbPC (I) recovered from DOPC 

liposomes lysed by freezing and lyophilization (II) entrapped in DOPC  (III) and the 

further purification of III with a proteinase K treatment followed by another SEC step 

(IV).   

 

 

 

I- unpolymerized bis-SorbPC encapsulated 
His-FLIP600_glu 
 
II- His-FLIP600_glu recovered from lysed 
DOPC 
 
III- His-FLIP600_glu entrapped in DOPC 
 
IV- His-FLIP600_glu entrapped in DOPC 
after re-purification 
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Figure 3- 4: Separation of DOPC encapsulated His-FLIP600_glu using a sepharose 4B-

CL SEC.  200 µL of extruded sample was added to column and 0.2 mL fractions were 

collected by gravity flow.  Fluorescence intensities were measure by exciting the samples 

at 436 nm and collecting the emission intensity at 525 nm using a Fluorolog 3 

fluorometer. 

 

3.3.2 Encapsulation of His-FLIP600_glu in poly- bis-SorbPC (PB) liposomes 

Unpolymerized bis-SorbPC liposomes with His-FLIP600_glu destabilize rapid, 

thus polymerization was performed before SEC.  Liposomes were diluted in degassed 20 

mM phosphate buffer at pH 7.0 and photoinitiator along with EGDMA was allowed to 

partition into the bilayer lamellar immediately after the extrusion.  Polymerization was 

performed within 0.5 hours of extrusion and the resulting polymerized liposomes 

(PB/His-FLIP600_glu) were stable more than a month with a defined size distribution 
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indicated by DLS and TEM (Figure 3-5).  A typical preparation yields liposomes ranging 

from 130-170 nm before surface modifications.  Both DLS and TEM confirmed the 

resistance of PB/His-FLIP600_glu to surfactants, which is a measure of the stability of 

the polymer-shell.141  The primary liposome distribution and the overall scattering 

intensity remain unchanged with the addition of a 10-fold molar excess of Triton X-100 

indicating that the 0.5 hour partitioning time for photoinitiator and cross-linker is 

sufficient for stabilization of the polymer-shell. The shortened incubation time compared 

to previously reported overnight partitioning141 helps maintain higher protein activity and 

save time in sensor preparation process. 

Introduction of nanometer sized sensors into mammalian cells is expected to exert 

minimal physical and chemical perturbations since each will occupy only ca. 1 ppb of the 

intracellular space.  Secretogenic cells such as pancreatic beta cells are reported to carry 

>10,000 secretory vesicles with similar dimensions.244  Therefore, introduction of similar 

or less number of liposomes should have minimal effect on the function of cells.  This is 

a significant advantage over micrometer sized glucose microelectrodes which exerts a 

greater physical perturbation. 
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Figure 3-5: Size distribution of PB/His-FLIP600_glu after polymerization and 

subsequent exposure to 10 molar excess of Triton X-100 determined by DLS (A) and 

TEM (B-before Triton X-100) and (C-after Triton X-100).  The scale bar is 100 nm. 
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Liposomes prepared from bis-SorbPC can be polymerized using a variety of 

methods including UV, thermal and redox initiated radical generation processes.107  

Thermal polymerizations are typically performed at elevated temperatures (> 60 °C).  

Since, GBP’s are denatured at elevated temperatures,245 thermal polymerization was not 

explored here.  Water-soluble redox reagents such as ammonium persulfate and sodium 

bisulfite were initially examined via exposure to free His-FLIP600_glu to evaluate the 

effect on protein function.  Exposure to redox reagents caused complete loss of protein 

activity; therefore, redox polymerization was not examined further.  Conversely, UV 

polymerization resulted in only a 50 % loss of activity compared to redox for His-

FLIP600_glu and utilized throughout this work (Figure 3-6).  The loss of activity was 

further minimized by incorporating ascorbic acid to the polymerization mixture.  

Ascorbic acid is known to efficiently quench hydroxyl radicals that can be formed during 

the polymerization process.246  Low molecular weight of ascorbic acid should allow rapid 

equilibration into the PB/His-FLIP600_glu and offer similar protection compared to 

protein in free solution.  Use of 1 mg/mL ascorbic acid maintained ca. 7 % FRET 

response after a 15 minute UV exposure in PB/His-FLIP600_glu which was similar to 

non-irradiated His-FLIP600_glu encapsulated in bis-SorbPC (Figure 3-6).  The reasons 

for low protein inactivation in PB/Hs-FLIP600_glu compared to free His-FLIP600_glu 

could be attributed to the encapsulation and the presence of hydrophobic photoinitiator 

Irgacure 907, which absorbs some of the radiation.  Previously published work on 

liposome stabilization via UV induced polymerization also shows that UV 

polymerization leads to higher activity for the investigated proteins and encapsulated 
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enzymes.165;167  However the method of polymerization has to be individually optimized 

for every protein due to the difference of their susceptibility to radical generation 

conditions. 
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Figure 3-6: Effect of UV irradiation of His-FLIP600_glu on free and encapsulated form.  

FRET change is of free His-FLIP600_glu is ca. 4 % upon UV irradiation in the absence 

of ascorbic acid (A)  The presence of ascorbic acid maintains a FRET response of ca. 6 % 

even after UV irradiation (B).  Protein activity after bis-SorbPC encapsulation and 

polymerization in the presence of ascorbic acid (C) is similar non UV irradiated sample 

with no ascorbic acid (D).  Sucrose titration in all samples does not show a positive 

FRET signal change indicating that specificity was maintained in all preparations. 
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3.3.4 Protection of PB/His-FLIP600_glu from proteolytic degradation 

A primary advantage of protein encapsulation is the protection provided against 

proteases.  Non-specific proteases found in the cellular environment can easily cleave 

His-FLIP600_glu proteins, especially in the linker regions and the GBP, diminishing the 

FRET signal irreversibly.237  This is particularly significant for “loaded” proteins, since 

continuous regeneration of protein does not occur as in transfected cells.  Exposure to 

non-specific protease, proteinase K was performed to assess the protease resistance of 

PB/ His-FLIP600_glu.  Upon exposure to proteases, PB/His-FLIP600_glu remains intact 

as evident from the unchanged YFP/CFP emission ratio whereas non-encapsulated His-

FLIP600_glu protein exhibited an immediate drop of YFP/CFP ratio upon exposure to 

proteinase K, indicating rapid proteolytic degradation (Figure 3-7).  PB/His-FLIP600_glu 

was titrated with 10 mM D-glucose following a 20 minute exposure to proteinase K to 

verify the protein activity, and the glucose response remained intact (inset Figure 3-7).  

This observation also confirms that the FRET response is elucidated from entrapped 

protein but not from proteins that may be non-specifically attached to the liposome 

surface.  Proteinase K has a molecular weight of 26 kDa and is expected to be excluded 

from PB interior.  PB/His-FLIP600_glu were intact after one month of storage at 4 °C 

where no significant YFP/CFP ratio was observed after the protease treatment and 60 % 

of the protein was still active as determined by d-glucose response in similar experiments. 
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Figure 3-7: Protease resistance of PB/His-FLIP600_glu sensors.  The YFP/CFP ratio of 

the sensors remains unchanged upon adding 6 mAu/ mL of proteinase K (squares) 

whereas the free protein shows a significant change due to proteolytic degradation 

(circles).  After the 20 minute exposure to protease, d-glucose was added to a final 

concentration of 10 mM and protein activity was observed (inset).  The arrow indicates 

the point of addition of proteinase K. 

 

3.3.5 Substrate binding properties of PB/His-FLIP600_glu 

Non-encapsulated His-FLIP600_glu has a Kd of 640 ± 28 µM for d-glucose in 20 

mM phosphate buffer at pH 7.0.  PB/His-FLIP600_glu resulted in a slightly greater value 

of 850 ± 32 µM under the same conditions (Figure 3-8 A).  The apparent increase in the 

Kd may result from spatial confinement, because access of glucose is somewhat hindered 

even with a polymer shell with higher porosity.  Increase of apparent Km has been 
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reported for GOX entrapped in eggPC/cholesterol liposomes which was postulated to be 

due to hindered substrate diffusion into liposome interior.247  However, a 50% reduction 

of Kd was reported in phosphate binding FLIP sensors entrapped in polyacrylamide.  A 

significant (50 %) of the protein was inactive in this preparation could contribute to the 

decrease of the binding constant.237  The Hill coefficient calculated for PB/His-

FLIP600_glu (Bmax = 0.997) also indicates that a 1:1 binding is preserved in the sensors 

and the apparent increase of Kd is not a result of a change in substrate affinity (Figure 3-8 

B).  The apparent increase of the Kd of PB/His-FLIP600_glu can also increase the upper 

limit of [glucose]i that can be probed which is advantageous compared to non-entrapped 

sensor.  The upper limit of glucose level investigation for non-entrapped sensor is ca. 5 

mM where as the entrapped sensor extends it up to ca. 7 mM. 

The response time of PB/His-FLIP600_glu was investigated by titrating with 10 

mM D-glucose and the time-dependent change of FRET signal was observed using a 

fluorometer.  The response time was found to be < 1 min which was below the time 

resolution of the scan (Figure 3-9).  Intracellular expressed FLIP600_glu sensors have ca. 

30-40 s response time,74 therefore encapsulation has not contributed to a significant 

increase of the response time.  Response time of < 1 min is also an indication that PB has 

a higher porosity compared to previously reported polymer matrices 
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Figure 3-8: A-Glucose binding curves of free His-FLIP600_glu (gray circles) and 

PB/His-FLIP600_glu (black squares). Kd = 654 ± 28 µM for free protein whereas for the 

encapsulated protein Kd is 850 ± 32 µM, as determined using Equation 1.  B- Hill-

coefficient for glucose binding with PB/His-FLIP600_glu. 

His-FLIP600_glu Kd  654 ± 28 µM 
 
PB/His-FLIP600_glu Kd  850 ± 32 µM 
 

A 

0 4000 8000 12000 16000

0.0

0.2

0.4

0.6

0.8

1.0

Data: Data1_B
Model: OneSiteBind 
Equation: 
y = Bmax * x / (k1 + x) 
Weighting:
y No weighting
  
Chi^2/DoF = 0.00065
R^2 =  0.99448
  
Bmax 0.99795 ±0.01758
k1 845.8715 ±50.49186

Sa
tu

ra
tio

n

[Glucose] (μM)

B 



 139

 

 

 

 

 

 

 

 

 

 

 

Figure 3-9:Temporal response of PB/His-FLIP600_glu with 10 mM D-glucose.  The 

response time set as 90 % of the signal change is 1 minute which was the temporal 

resolution of the experiment.  No significant change in the YFP/CFP ratio is observed 

with further incubation of the probe for up to 3 minutes. 

3.3.6 Surface modification of PB/His-FLIP600_glu with cell penetrating peptide 

CPP mediated delivery of liposomes into intracellular environment has been 

reported using peptide conjugated PEG lipids, most commonly PEG MW = 2000.127  

PEG chains are linked to DOPE lipid and the free end is chemically modified to contain 

amine reactive group such as a p-nitrophenol (PNP) facilitating linkage of biomolecules 

such as peptides, enzymes and antibodies.  Addition of pegylated lipids increases the 
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probability of cell surface interaction with the CPP due to the geometric extension 

provided by the PEG lipid from the liposome surface.190 

Surface attachment of TAT peptide can be facilitated doping amine reactive 

DOPE-PEG2000-PNP lipid to the lipid mixture.  TAT peptide reacts with the PNP group 

tethering the peptide to the surface.  TAT modified liposomes can also be prepared by 

introducing TAT peptide pre-tethered lipid to the lipid mixture before rehydration.248  

Former approach requires re-suspension of lipids in a low pH buffer to minimize 

autohydrolysis of PNP groups.  Therefore, TAT peptide pre-tethered DOPE-PEG2000 

lipid was used in our work to prevent His-FLIP600_glu exposure to low pH values.  As 

an alternative, TAT-PEG2000-DOPE was introduced into preformed liposomes 

following polymerization, but before loading.  PEG lipids spontaneously form micelles in 

aqueous solutions, where incubation of liposomes above the phase transition temperature 

(Tm) lipids allows PEG lipids to be incorporated into the preformed liposomes.  This 

approach allows more flexibility for sensor preparation, since protease treatment to 

remove any non-specifically attached His-FLIP600_glu can be carried out before adding 

the TAT-modified lipids without proteolytic degradation of the peptide. 

To date, most PEG lipid modifications on preformed liposomes have been 

performed on liposomes prepared with non-polymerizable lipids in the presence of 

cholesterol.  Since poly-bis-SorbPC bilayers contain defects, it was hypothesized that the 

PEG lipid micelles would conveniently integrate into the phospholipid bilayer even 

below its Tm (28 °C).  Insertion of PEG lipids was initially confirmed by incorporating 

TAT-PEG2000-DOPE and PEG2000-DOPE into the PB/His-FLIP600_glu (TAT-
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PB/His-FLIP600_glu) and incubating modified liposomes with COS-7 cells in serum free 

Opti-MEM media for 4 hours.  COS-7 cells incubated with TAT-PB/His-FLIP600_glu 

exhibit significantly higher fluorescence compared to control (PEG-PB/His-

FLIP600_glu) where the fluorescence intensity was similar to untreated cells (Figure 3-

10).  This suggests that DOPE tagged PEG lipids can insert into polymerized bis-SorbPC 

bilayers and this method was used for modification of preformed liposomes in all 

remaining experiments unless indicated otherwise. 
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Figure 3-10: Incorporation of TAT-PEG2000-DOPE lipid into PB liposomes.  PB 

liposomes doped with a rhodamine containing lipid were incubated with TAT-PEG2000-

DOPE micelles followed by incubation with COS-7 cells.  Unbound liposomes were 

rinsed out and cells were imaged using fluorescence microscopy.  Cells incubated with 

TAT-PEG2000-DOPE incorporated PB liposomes exhibited a significantly higher 

fluorescence compared to control liposomes which were modified with PEG200-DOPE 

lacking TAT peptide. 

 
3.3.7 Further characterization of TAT-PB/His-FLIP600_glu delivery into COS-7 

cells 

TAT mediated uptake depends on the size of the cargo, the percentage of surface 

coverage of peptide, type of cells, composition of media, incubation time and 

temperature.223 We used 2 % molar percentage of TAT-PEG2000-DOPE in serum free 

Opti-Mem media, as low molar percentages of TAT modified lipids have been 

successfully used for efficient intracellular delivery of TAT conjugated liposomes.248  An 
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incubation time of 4 hours with 1mg/mL of sensors generated a good signal to noise ratio 

for the intracellular dynamic analysis thus all experiments were carried out after 4 hours 

of loading.  Confocal imaging was performed to investigate cellular localization of 

delivered sensors.  TAT-PB/His-FLIP600_glu exhibit a strong membrane interaction and 

most of the liposomes are located close to the plasma membrane (Figure 3-11).  Direct 

imaging using confocal microscopy was not sufficient to confirm the intracellular 

localization of sensors.  Repeated washings with heparin were used to minimize liposome 

association with the outer membrane, since heparin effectively minimizes extracellular 

bound TAT and poly-arginine modified cargo, including liposomes.182;249;250  The 

effectiveness of heparin rinse and evidence for intracellular localization was explored 

using biotin and rhodamine dual labeled liposomes.  
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Figure 3-11: Confocal microscopy images of TAT-PB/His-FLIP600_glu loaded COS-7 

cells.  Cells were stained with Hoechst nuclear staining dye (red color) after 4 hours of 

sensor incubation and rinsing away the extracellulaly bound sensors with heparin washes 

as described in the experimental section.  Fluorescence emission from sensors is shown in 

green.   

 
Contrary to previously published reports, more recent work on TAT conjugated 

liposomes indicate that uptake is endocytosis mediated where initial interaction with the 

plasma membrane is facilitated by the TAT peptide.182  After endocytosis, TAT-

liposomes can be either released or subjected to eventual lysosomal degradation.  When 

biotin/rhodamine (Rh) dual labeled liposomes were incubated with COS-7 cells under 

similar conditions used in TAT-PB/His-FLIP600_glu liposomes, fluorescence originating 

from the rhodamine labeled liposomes was clearly visible using both epi-fluorescence 

and confocal microscopes (Figure 3-12).  Most of the liposomes were distributed closer 

to the membrane with some punctuated fluorescence originating from endosomal 

trapping.  After the initial liposome incubation, half of the cell samples rinsed with 

heparin whereas the other half of samples was rinsed with buffer alone.  When both 

samples were incubated with streptavidin-fluorescein (Strep-FL) for counter-staining of 
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biotin, the heparin-treated cells display lower fluorescence originating from the 

streptavidin-fluorescein (Strep-FL), whereas the fluorescence originating from Rh-

labeled liposomes was intact (Figure 3-12).  Control cells with no heparin rinse had a 

significant fluorescence signal from the Strep-FL along with the fluorescence originating 

from Rh present in liposomes, indicating that a subpopulation of liposomes associated 

with the membrane but the ones that are bound to the outer membrane can be efficiently 

removed by heparin.182  Therefore, we can conclude that despite close membrane 

association, a significant fraction of the TAT-PB/His-FLIP600_glu is internalized. 
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Figure 3-12: Confocal imaging of COS-7 cells incubated with rhodamine (Rh) labeled 

TAT-PB (Rh-TAT-PB) with and without biotin-DOPE lipid (Biotin).  Rh-Biotin dual 

labeled TAT-PB show fluorescence corresponding the TAT-PB (Rh) and streptavidin-

fluorescein (Rh-TAT-PB+Strep-FL), when heparin is not used for removal of 
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extracellular bound TAT-PB.  Heparin rinse before the addition of Strep-FL significantly 

reduce the binding of Strep-FL to Biot labeled TAT-PB but Rh fluorescence from TAT-

PB is not affected indicating they are located intracellularly.  Rh labeled TAT-PB does 

not show any binding of Strep-FL after heparin rinse.  

 

In addition to the biotin-labeled liposomes, temperature dependent uptake was 

explored as evidence of liposome internalization.  Sensors incubated at 37 °C and 4 °C 

with COS-7 cells show different uptake efficiencies as observed by epi-fluorescence 

microscopy (Figure 3-13).  Fluorescence intensities for cells incubated at 4 °C are lower 

than at 37 °C.  Temperature dependent change cellular fluorescence is further evidence 

for an endocytosis mediated liposome uptake.  Control liposomes made of cholesterol 

stabilized non-polymerizable DOPC lipid show a similar trend, in agreement with 

previous work on TAT mediated liposome internalization.182 
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Figure 3-13: Temperature dependent uptake of TAT-PB/Rh and TAT-DOPC/Chol/Rh 

liposomes.  Liposomes were incubated with COS-7 cells that were pre-incubated at 37 °C 

and 4 °C and for 1 hour.  Liposome were incubated for another 4 hours under the same 

conditions, rinsed with buffer containing heparin and imaged using Rh fluorescence.  

Both TAT-DOPC/Chol/Rh and TAT-PB/Rh exhibited temperature dependent uptake 

evident with increased fluorescence at 37 °C. 

  

 

3.3.8 Halide ion sensitivity of His-FLIP600_glu 

The fluorescence of YFP variant used in the His-FLIP600_glu construct can be 

quenched by halide ions.  KRB-HEPES buffer used for the flow studies contains ca. 140 
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mM Cl- ions, therefore, quenching of fluorescence from extracellular located sensors 

could affect the FRET signal.  The effect of Cl- ions on the FRET signal was examined 

by measuring the YFP/CFP ratio of His-FLIP600_glu in HEPES buffer in the presence 

and absence of salts corresponding to KRB.  KRB containing HEPES buffer suppressed 

the YFP/CFP ratio and the percentage FRET change from 7 to 4 with the addition of 10 

mM d-glucose (Figure 3-14).  This shows that a significant amount of FRET signal 

response emanating from any extracellularly bound sensors is suppressed under the 

experimental conditions.  Although this observation does not rule out the possibility of 

extracellular sensor accumulation, combined with dual-labeling and temperature-based 

uptake studies it is probable that majority of the sensors are internalized. 
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Figure 3-14: Halide dependence of His-FLIP600_glu FRET signal.  His-FLIP600_glu 

sensors were introduced to KRB-HEPES buffer at pH 7.4 and HEPES buffer without any 

additional salt under the same conditions.  YFP/CFP ratios were recorded before addition 

of 10 mM sucrose (S) and 10 mM d-glucose (G) to the same samples.  In the presence of 

KRB, which contains about 140 mM chloride ions, the YFP/CFP ratio is lower with a 4 

% FRET change upon addition of glucose.  Sensors in HEPES only buffer has a higher 

YFP/CFP ratio and results in a 7 % FRET change upon addition of glucose  

 

 

3.3.9 Monitoring glucose dynamics of COS-7 cells with TAT-PB/His-FLIP600_glu 

Reversible glucose monitoring in cultured mammalian cells has been reported 

upon transfecting FLIP600_glu proteins into COS-7 and Hep-G cells.74;75  Dynamic 

glucose measurements were performed in TAT-PB/His-FLIP600_glu loaded COS-7 cells 
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and compared to transfected cells.  A reversible FRET change could be observed in TAT-

PB/His-FLIP600_glu upon glucose introduction with a response time similar to 

transfected cells (Figure 3-15).  The magnitude of FRET change 3.3 ± 0.3 compared to 

7.8 ± 1.4 for transfected cells.  Upon adding 10 mM D-glucose the FRET ratio was 

decreased to its lowest value within 40 seconds.  Observed response times are similar to 

that of transfected FLIP600_glu sensors in COS-7 cells reported previously,74 and with 

the control experiments reported herein.  The response time includes the time d-glucose 

containing buffer takes to reach the flow cell from the 2-way valve, mixing time and 

glucose uptake into cells.  Therefore the response time of TAT-PB/His-FLIP600_glu was 

only used as a comparison against transfected cells, which the flow measurements were 

carried out under the same conditions.  TAT-PB/His-FLIP600_glu that responded to 

glucose was stained with propidium iodide (PI) after the analysis to ensure that the cell 

membrane integrity was not compromised.  This work represents a significant 

improvement over most of the polymer encapsulated glucose sensors where the response 

time can be more than an order of magnitude longer. Slow glucose oscillations (1-2 

minute period) reported in metabolically significant cells such as pancreatic β-cells13 can 

be monitored with the reported sensors.   

The overall decrease of FRET efficiency after internalization can be attributed to 

a fraction of the sensors being entrapped in endosomes and becoming unresponsive to 

glucose.  Since the intracellular glucose concentration of COS-7 cells is known to be 

about 50 % of the extracellular glucose concentration74 (up to 10 mM extracellular level), 

FRET signal change is not limited by the intracellular glucose level under the 
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experimental conditions. It is also an indication that the PPNs allows rapid equilibration 

of small polar molecules and carry the potential to serve as an encapsulation matrix for 

other small analyte detection schemes.  Endosomal release mechanisms such as 

chloroquine and HA peptide can be explored for release of some of the entrapped sensors 

to increase the FRET response.251 
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Figure 3-15: Glucose dynamic studies carried on COS-7 cells loaded with TAT-

PB/FLIP600-glu sensors (A) and comparison with transfected cells (B).  KRB_HEPES 

buffer at pH 7.4 with (black arrows) and without 10 mM d-glucose (gray arrow) was 

alternatively introduced to the flow cell at the indicated point of time.  The YFP/CFP was 

normalized the starting value. 
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3.3.10 Cell viability assay 

The concentration dependent cytotoxicity of TAT mediated cargo and TAT 

peptide itself has been reported.250;252 We have examined the cytotoxicity by means of a 

MTT assay which is commonly used to assess the metabolic activity of cells.  The cells 

after sensor incubation and extensive heparin rinse, > 70 % viability was observed 

(Figure 3-16).  Extensive rinsing also contributes to the decrease of the cell viability in 

addition to toxicity arising from the sensors.  Use of high liposome concentration (1 

mg/mL) may be a major reason for the decreased viability observed but a high enough 

liposome concentration was required to generate sufficient S/N ratio for downstream 

dynamic studies.  Optimization of sensor loading conditions and use of more sensitive 

and brighter versions of FLIP_glu versions reported will decrease the concentration of 

sensors required.75 

 

 

 



 155

i ii iii
0

20

40

60

80

100
%

 v
ia

bi
lit

y

 

Figure 3-16: Cell viability assay of COS-7 cells after loading TAT-PB/FLIP600-glu.  

MTT assay was performed on COS-7 cells after sensor loading and rinsing steps: (i) only 

the rinsing steps (ii) and control with no loading or rinsing (iii).  Cells subjected to both 

loading and rinsing show ca, 30 % reduction in viability and the rinsing steps alone 

contribute ca. 10 % for the overall reduction of viability. 
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3.4. CONCLUSION 

 The stabilized glucose-PPNs withstand physical and chemical insults such 

as centrifugation and detergent exposure.  Encapsulation and polymerization has minimal 

effect on the activity to glucose transducer.  Glucose-PPN sensor responds to glucose < 1 

minute, which facilitates the utility for monitoring faster glucose oscillations compared to 

previously described encapsulated nanosensors.46  Glucose-PPNs exhibit enhanced 

protection against proteolytic degradation and can be modified with TAT peptide to allow 

intracellular translocation.  Upon introduction to live COS-7 cells, glucose-PPNs 

reversibly respond with a 3.3 ± 0.3 FRET change compared to 2.3 ± 0.9 observed for 

non-entrapped sensor described in Chapter 2.  Novel cellular transduction moieties that 

are less susceptible to endosomal trapping253 will also be useful in obtaining a higher 

response from internalized sensors.  To our knowledge this is the first report of dynamic 

intracellular glucose monitoring using a FRET based encapsulated glucose nanosensor.  

The described sensor preparation method has the potential to be adapted for 

encapsulation of a number of biomolecules for nanosensor applications. 
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CHAPTER 4. PERMEABILITY CHARACTERIZATION OF POROUS 

PHOSPHOLIPID NANOSHELLS USING DEXTRAN RETENTION AND 

PROTON PERMEATION 

4.1 INTRODUCTION 

Permeability is an important physical property pertaining to liposomes, and is 

primarily dependent on the composition of the lipid bilayer.254  Regulating bilayer 

permeability is essential when liposomes are used as nanoreactors/containers255 and 

nanosensors.164  Controlling the permeability properties is also important in acid 

degradable polymers where permeation of protons into the lipid bilayer is important for 

triggering degradation.166  Liposomes composed of naturally occurring lipids are less  

permeable towards hydrophilic and charged compounds254; therefore, pore forming 

proteins,165 bilayer disrupting compounds256 and skeletonization143 approaches are 

employed to facilitate transport of hydrophilic and/or charged species across the bilayer.  

Each of these approaches changes the bilayer permeability to a different extent, and thus 

must to be individually characterized. 

Recently we reported that bis-SorbPC can be used to prepare stable porous 

phospholipid nanoshells (PPNs).141  PPNs are permeable to hydrophilic charged 

compounds such as 3-mercaptopropionic acid, compared to liposomes formed from 

naturally occurring lipids, such as DOPC.  PPNs are also permeable to small hydrophilic 

molecules such as glucose and ATP with a nominal molecular weigh cutoff limit 

(NMCL) estimated to be below 3000 (unpublished data).  To date, detailed 

characterization of PPN permeability has not been performed. 
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Permeability studies carried on liposomes can be broadly divided into two groups 

depending on what information is sought by the experimentation.  The first group of 

studies has addressed the permeability of a specific ion or molecule of interest.  Intrinsic 

and induced liposome permeability of various chemical species, i.e. ions (H+, K+)257;258 

and molecules (glucose, fluorophores)134;135 has been explored by encapsulating and 

subsequent separation of liposome retained material using gel permeation 

chromatography138 or dialysis membranes.259  The second group of studies have focused 

on understanding broader permeability characteristics such as nominal molecular weight 

cutoff values (NMCL) and/or pore sizes, via encapsulation of molecular weight “ladders” 

such as dextrans.143;144;260  When multiple dextran distributions with varying average 

molecular weights are employed for this purpose, the fraction of the dextran distributions 

remaining inside the liposomes can be compared to the original distributions to estimate 

the NMCL.143  Dextran-fluorophore conjugates have been used with gel permeation 

chromatography (GPC) to analyze changes in retention upon bilayer destabilization.144  

When unlabeled dextrans are used, quantification of retained dextrans can be carried out 

using colorimetric methods such as phenol-sulfuric acid reaction.143  Measuring the total 

amount of dextrans retained, limits the mass resolution of this approach to the average 

molecular weights of the dextran standards.  This leaves a greater uncertainty in the 

determination of the MW cutoff and pore sizes of membranes, especially in membranes 

with a lower NMCL.  The mass resolution can be increased by analyzing the retention of 

individual dextran oligomers of a given population of dextrans, since the mass difference 

of oligomers is 162 units.  However, detection methods with higher mass resolution such 
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as Matrix assisted laser desorption ionization based mass spectrometry (MALDI-MS)261 

are required to use a single dextran distribution for NMCL determination, since GPC 

does not have the capability to resolve individual oligomers with ca. 162 mass unit 

difference within a single dextran population.262  In addition, low mass sensitivity of GPC 

requires large quantities of lipids to be used for experiments. 

Derivatization of dextran with highly charged fluorophores such as 1-

aminopyrene-3,6,8-trisulfonate (APTS) allows electrophoretic separation of the 

oligomers with high mass resolution using capillary zone electrophoresis-laser induced 

fluorescence (CZE-LIF).263  Electrophoretic separation of APTS derivatized dextrans are 

carried out in coated capillaries or under low pH conditions to achieve the maximum 

mass resolution by minimizing the electro-osmotic flow (EOF).264  Acrylamide and poly-

vinylalcohol (PVA) coatings are commonly coatings used for this purpose although a 

number of other coatings are also available for suppression of EOF.265  Dextran “ladders” 

pre-labeled with APTS have been used to characterize paracellular transport with a mass 

resolution of 162 units.266  However, pre-labeling of dextrans affects the lower mass limit 

of analysis due to the mass contribution from APTS (ca. 3 glucose monomers).  The 

permeability can be affected with pre-labeling, where unlabeled dextrans give a more 

uniform permeability assessment due to preservation of their homopolymeric nature.  

Pre-labeling of dextrans also requires large quantities of dye since the fraction of material 

that is encapsulated is lower in commonly used liposome preparation methods such as 

lipid hydration and ethanol injection. 
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 We have investigated the permeability characteristics of PPNs using a single 

dextran distribution with higher mass resolution and sensitivity compared to previously 

described approaches for liposome permeability.  Dextrans retained in PPNs were post 

labeled with APTS and analyzed using capillary zone electrophoresis with laser induced 

fluorescence (CZE-LIF).  Dextran retention in dialysis membranes with different NMCLs 

was used to validate this approach.  Permeability characteristics of PPNs constructed with 

binary lipid mixtures were determined using the same method. 
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4.2 EXPERIMENTAL 

4.2.1 Materials 

APTS was obtained from Biotium (Hayward, CA).  6000 MW dextran and all 

other chemicals were purchased from Sigma (St. Louis, MO).  Deionized water (18 MΩ) 

was obtained from a Barnstead water purifier. Dialysis tubes were obtained from 

Spectrapor (1000 NMCL) and Pierce (3500 NMCL).  DOPC (1,2-dioleoyl-sn-glycero-3-

phosphochilne), a mini extruder and  nucleopore membranes were purchased from Avanti 

Polar Lipids (Alabaster , AL).  All chemicals were used as received.  Bis-SorbPC was 

prepared and purified according to a previously published protocol.239 

4.2.2 Liposome preparation, polymerization and recovery of retained dextran 

Liposomes were prepared by lipid film rehydration.  Dextran (100 mg/mL H2O) 

was added to dried lipid films and rehydrated.  Liposome suspension was subjected to 10 

freeze-thaw cycles and extruded 21 times through 200 nm pore sized membranes using a 

mini extruder.  Separation of non-encapsulated material was performed by passing the 

extruded liposomes through a sepharose 4B CL column (Sigma).  Dynamic light 

scattering (Brookhaven Instruments, BI-200 with a BI-DS detector and BI-800 AT 

autocorrelator software) was used for size determination.  When indicated, 

polymerization was performed using a UV polymerization setup for 15 min with stirring 

[Hg arc lamp operating at 100W (Newport model 6281) with a UV band pass filter 

(Edmund U-330) and a water IR filter].  Polymerized samples were placed in a dialysis 

bag (12-14000 NMCL) and dialyzed for 18 hours against nano pure water at 4 °C.  To 

recover dextrans retained in liposomes, Triton X-100 was added to liposomes up to 10 
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molar excess of the total lipid content and vortexed.  After the liposome lysis, dextrans 

were separated by two consecutive chloroform extractions, where most of the lipids and 

the detergent were removed from the aqueous portion which contained the dextrans.  

Finally, the recovered dextrans were frozen and lyophilized before derivatizing with 

APTS. 

 

4.2.3 Derivatization of dextrans with APTS. 

Dextran samples and other sugars (typically 100 µg or less) were derivatized 

similar to published protocols.265  Briefly, 2 µL of 0.01M APTS in 1M citric acid and 1 

µL of 1M sodiumcyanoborohydride in DMSO were added to dried dextran samples 

(Figure 4-1).  The samples were heated to 60 °C for 4 hr and diluted with the CE running 

buffer (20 mM phosphate at pH 7.0).  Occasionally, APTS derivatized samples contained 

insoluble matter indicating inefficient extraction of lipids and detergent before dextran 

derivatization, thus chloroform extraction of derivatized sample was performed before 

CZE-LIF analysis.  Fluorescein was added as a marker to a final concentration of 50 nM 

before running samples.  Samples were stored at -20 °C after derivatization with no 

degradation up to 3 months. 
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Figure 4-1: Dextran derivatization with APTS under reductive amination.  Since each 

oligomer contains only one reducing end homogeneous labeling can be achieved with all 

oligomers. 

  

 

4.2.4 CE instrumentation. 

CE instrumentation was built in house and a custom Lab View (National 

Instruments) program was used for data acquisition.267  Fused silica capillaries (25 µm 

i.d.; 360 µm o.d) (Innovaquartz, Phoenix, AZ) were used.  The total capillary length was 

42 cm and the total separation distance was 32 cm.  A 24 kV potential was applied 

yielding field strength of 570V/cm (Spellman CZE 1000R).  Samples were injected using 

gravity flow for 4-6 s.  Capillaries were coated with 0.2 % polyethylene oxide (PEO) as 

described previously.268  Capillaries were rinsed with buffer between runs and a freshly 

coated capillary was used each day.  Peak analysis was carried out using the Cutter 7 
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software (Kennedy group, University of Michigan).  Relative peak areas and relative 

retentions were calculated by using; 

 

                                                            Equation 1 

         Equation 2 

 

4.2.5 Preparation of pH sensors. 

Liposome based pH sensors were prepared by encapsulating 10,000 MW FITC-

dextran into rhodamine PE labeled liposomes prepared using 100% DOPC and bis-

SorbPC mixed up to 20 % (molar ratio) with DOPC.  Non-encapsulated material was 

separated using a sepharose 4B-CL column.  Fluorescence measurements were performed 

using a Fluorolog spectrofluorophorometer (Jobin Yvan). 

4.2.6 Estimation of pore size of PPNs 

Pore size estimation was performed by calculating the hydrodynamic radii of 

oligomers with 90% retention in PPNs.  Hydrodynamic radii calculations were performed 

using two different relationships derived for the diffusion coefficient (D) and Stokes-

Einstein radii (rp) of dextrans to their MW derived using DOSY-NMR269 and gel 

permeation chromatography.270  The two relationships that allow estimating the pore size 

based on the hydrodynamic radii of dextran are; 

D=8.2.10-9Mw-0.49 (m2s-1)  Equation 3 

rp= 0.488 (Mw)0.437  Equation 4 
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Diffusion coefficient for a given dextran molecular weight can be calculated using 

equation 3, and hydrodynamic radius can be determined using Stokes-Einstein equation.  

Equation 4 can be used to directly estimate the hydrodynamic radius. 
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4.3 RESULTS AND DISCUSSION 

The goal of the experiment was to characterize the NMCL and the pore size of 

PPNs by monitoring dextran retention.  When dextrans are encapsulated in PPNs, 

oligomers that have smaller hydrodynamic radii compared to the pore size can leak out 

with time.  The percentage retention of each oligomer can be calculated by comparing the 

abundance of dextran oligomers retained in the PPNs compared to the abundance of 

corresponding oligomers in the original distribution. 

4.3.1 Electrophoretic separation of dextrans after APTS derivatization 

We have utilized a novel approach to characterize PPN permeability by high 

resolution electrophoretic separation of post labeled dextrans retained in PPNs.  High 

resolution separations of labeled dextrans were performed under EOF suppressed 

conditions, since electrophoretic separation leads to high efficiency.  A neutral, 

hydrophilic coating is used to minimize non-specific interactions with the wall.  In our 

work, we used a simple and convenient capillary coating based on polyethylene oxide 

(PEO)268 for electrophoretic separation of labeled dextrans since permanent coating with 

acrylamide did not provide reproducible electropherograms.  PEO coated capillaries 

show excellent reduction of EOF and can be used below pH 7.5 with minimal 

degradation.  Efficient separations of labeled dextran oligomers were obtained at pH 7.0 

using PEO coated capillaries (N = 460,000 plates/m in the 20th glucose unit) (Figure 4-2). 

It should also be noted that irregular peak heights and areas can arise from capillaries that 

are not coated properly or with degraded coatings and were not used for analysis. 
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Figure 4-2: Electropherogram of APTS derivatized 6000 MW dextran, obtained using a 

PEO coated capillary.  Peak corresponding to glucose 20-mer is shown in the inset.  The 

FWHM of the peak is 2.5 s. Migration time of the peak is 458.5 s.  The shoulder peak 

that migrates before the peak of interest is due to branched dextrans that are present in 

lower abundance. 

 

Unambiguous identification of glucose units in derivatized oligomers was 

performed using fluorescein and APTS derivatized glucose/maltose standards.  

Fluorescein migrated following oligomer with 3 glucose units, and was added to all 

dextran samples before carrying out CZE-LIF for convenient peak identification (Figure 

4-3).  Linear relationship between the double log plot of apparent electrophoretic 

mobility and number of glucose units indicate an electrophoreticaly driven dextran 

separation (Figure 4-4).264  Under EOF suppressed conditions, migration time APTS 
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derivatized dextran oligomers is dependent on the viscous drag, which is proportional to 

its MW. 

 

 

 

 

 

 

 

 

 

 

Figure 4-3: Peak identification for dextran oligomers using glucose, maltose and 

fluorescein as standards.  Each of the standards was run individually to determine the 

migration time and a mixture of dextran with the standards were run simultaneously for 

peak identification corresponding to each oligomer.  Fluorescein migrated near 3-mer as 

seen in the enlarged image. 
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Figure 4-4: Relationship between the double log plot of apparent electrophoretic 

mobility and glucose units for APTS derivatized dextrans on 0.2 % PEO coated 

capillaries.  The linear relationship is observed up to the 20th peak (log (glucose unit) ca. 

1.3), and start to deviate by the 25th peak. Three dextran samples were run on the same 

capillary under the same conditions 

 

4.3.2 Method evaluation using dextran retention in dialysis membranes 

Since post-labeling of a single dextran distribution coupled with CZE has not 

been performed for NMCL determination, dialysis membranes with different NMCL 

were used to simulate dextran retention in PPNs.  Dialysis membrane with a NMCL of 

peak # 4 

peak # 25 
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1000 and 3500 were used to evaluate the feasibility of APTS derivatization and 

subsequent CZE-LIF analysis to monitor the difference of oligomer abundance of a 6000 

MW dextran population before and after dialysis.  Choice of 6000 MW dextran 

distribution was based on the assumption that NMCL of PPNs were < 3000.  6000 MW 

dextran sample was divided into two halves.  First half was dialyzed overnight in the 

dialysis membrane against H2O at 4 °C.  After lyophilization and APTS derivatization, 

the sample was analyzed by CZE using PEO coated capillaries.  The non-dialyzed portion 

was also derivatized and analyzed under identical conditions.  Derivatized dextrans show 

two peak distributions, with the dialyzed dextran having decreased peak areas 

corresponding to lower MW oligomers compared to the non-dialyzed dextrans as 

expected (Figure 4-5).  The percentage of derivatized dextran oligomers retained in 1000 

NMCL membranes were compared to non-dialyzed 6K dextran and used to estimate the 

50 % and 90 % cutoff of the membrane.  The contribution from each peak area to the 

total peak area (peaks 4-20) was calculated using equation 1 for each electropherogram 

and the two different dextran distributions were compared (Figure 4-6).  Peaks 

corresponding to 4 glucose units were chosen as the lowest MW oligomers to minimize 

ambiguity of peak identification in the lower oligomer units due to poor resolution from 

multiple peaks that arise from APTS. 
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Figure 4-5: Electropherograms for APTS derivatized; (A) dialyzed 6000 MW dextran 

(B) non-dialyzed 6000 MW dextrans.  Peak numbers 4 and 20 are denoted by the arrows. 
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Figure 4-6: Relative peak areas corresponding to dextran oligomers retained in 1000 

NMCL membrane (black squares), 3500 NMCL membrane (blue triangles) and non 

dialyzed 6000 MW dextran (red circles). 

 

Relative retention of oligomers was determined by calculating the ratio of relative 

peak areas of individual oligomers.   Relative peak area ratios of oligomers with glucose 

units from 14-20 were constant indicating that these oligomers did not permeate the 

dialysis membrane (Figure 4-7).  The dialysis membrane with 1000 NMCL showed a 50 

% cutoff of ca. 6 glucose units whereas the 90 % value was ca 10 units.  These values 

correspond to MW values of ca. 990 and 1638.  3500 MNCL membrane showed 50 % 

cutoff ca. 1300 MW and an ill-defined 90 % cutoff ca. 2600.  NMCL for dialysis 

membranes is usually defined at 90 % retention for globular proteins thus dextran 

retention did not coincide with the manufacturer’s values.  However dialysis membranes 



 173

are not used as NMCL standards in this work due to the higher uncertainity of NMCL 

associated with the membranes.  Linear polymers such as dextrans can also “wiggle” 

through the pores compared to globular proteins with similar MWs and thus can exhibit 

different NMCL values when used as molecular weight ladders.270  Therefore dialysis 

membranes were strictly employed to obtain different dextran oligomer distributions.  

Importantly the different NMCL membranes were clearly observed by CZE-LIF followed 

by APTS derivatization.  Therefore, this approach should be useful for assessing the 

permeability of liposomes based on differential dextran retention.  Use of MALDI/MS as 

an alternative method for monitoring oligomers distributions did not provide satisfactory 

results especially in the higher MW range, and was not pursued. 
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Figure 4-7: Relative retention of dextran 1000 NMCL membrane (dark squares) and 

3500 NMCL membrane (light circles) compared to non-dialyzed dextran.  Top X axis 

indicates the molecular weight of the corresponding glucose units in the bottom X axis. 
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4.3.4 Dextran retention in PPNs 

PPN permeability was assessed in a similar manner where retained dextrans were 

extracted using a combination of detergent lysis and solvent extraction before 

derivatization with APTS.  Dextran retention in DOPC liposomes was used as a control 

for assessing PPN permeability since DOPC forms liposomes with very low permeability 

towards hydrophilic molecules.141  PPNs were introduced to 12-14000 NMCL dialysis 

membranes and dialyzed for 18 hours at 4 °C to allow maximum dextran leakage since 

temporal leakage was not the focus of current study.  Only polymerized PPNs were 

characterized since unpolymerized PPNs gradually started disintegrating after their 

preparation, observed by DLS.  The scattering intensity of unpolymerized PPNs dropped 

ca. 75 % over the 18 hour incubation period which is an indication of PPN 

destabilization. 

Dextrans recovered from DOPC encapsulated liposomes exhibited a different 

oligomer distribution compared to dextrans recovered from polymerized PPNs (Figure 4-

8) indicating that some of the lower molecular weight oligomers leaked out of the PPNs.  

The 50 % NMCL of 990 was similar to 1000 NMCL dialysis membrane whereas the 90 

% cutoff was ca 11 glucose units which corresponds to a MW ca. 1800 (Figure 4-9).  

This finding confirms that PPNs have a much higher permeability compared to DOPC, 

which is attributed to the defects that are found in the lipid bilayer.  The increased 

standard deviation observed for low MW dextran oligomers in DOPC liposomes could be 

a result of liposome disintegration over time, since they are not stabilized.  This is the 

first report of a NMCL estimation of PPNs and the high mass resolution offered by this 
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method should be beneficial for determination of NMCL of other porous nanoparticles.  

NMCL estimated from this study will provide a bench mark for the materials that can be 

encapsulated/ permeated into PPNs. 
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Figure 4-8: Electropherograms of APTS derivatized poly-PPN retained dextran (A), and 

DOPC retained dextran (B).  The arrows from left to right indicate peaks 4 and 20 

corresponding to the number of glucose units in the polymers.  

 

 

4

4 

20

20

PPN 

DOPC 



 176

2 4 6 8 10 12 14 16 18 20 22
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

 DOPC
 PPN

R
ea

tiv
e 

re
te

nt
io

n

Glucose units

 

Figure 4-9: Relative retention of dextran in DOPC (squares) and poly-PPNs (diamonds) 

compared to non-dialyzed dextrans. 

 

4.3.5 Permeability of binary lipid mixtures 

We hypothesized that the two distinct permeability characteristics of liposomes 

prepared from DOPC and bis-SorbPC can be utilized to control the porosity of PPNs.  

Increase of bis-SorbPC content in liposomes prepared with binary mixtures is expected to 

increase the pore density without affecting the NMCL, since NMCL will be primarily 

dependent on the properties of the leakier lipid (Figure 4-10).  High mass resolution 

dextran analysis used for PPN permeability was utilized for verifying how the NMCL 

and pore density may vary in binary lipid mixtures.  Control of pore density will be 

useful in modulating enzymatic or binding activity of proteins encapsulated in PPNs 

which could be beneficial for tuning sensor response. 
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Figure 4-10: Controlling the pore density of PPNs prepared from binary mixtures of bis-

SorbPC and DOPC.  Increasing the bis-SorbPC percentage in binary mixture could 

increase the pore density of the liposomes. 

 

 

Mixed liposomes prepared with varying compositions of DOPC and bis-SorbPC 

were UV polymerized and tested for this purpose.  DLS measurement of size distribution 

and scattering intensity of PPNs at different stages of the experiment confirmed that 

binary PPNs were intact until lysed with detergent for APTS derivatization.  PPNs 

prepared with 40 % bis-SorbPC have similar permeability characteristics to that of 100 % 

bis-SorbPC (Figure 4-11).  This indicates that at 40 % bis-SorbPC, the size of the pores 

% bis-SorbPC % DOPC 

polymerization 
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that are formed in the bilayer is not significantly different to that of 100 %.  This 

observation is likely attributed to formation of sufficiently large bis-SorbPC lipid 

domains upon polymerization at 40 % molar percentages in the mixed liposomes, where 

the NMCL is primarily determined by bis-SorbPC pore size.  However, the permeability 

is drastically reduced when bis-SorbPC content is reduced to 20 % whereas 30 % bis-

SorbPC exhibit permeability properties similar to 40 %.  The reason for the significant 

change at 30 % bis-SorbPC can be explained by considering the molecular arrangement 

of lipid mixtures at the gel point.  At the gel point, lipids are not highly miscible with 

each other thus can form lipid domains where the molecular weight cutoff will be 

governed by the lipid domain with the higher permeability.271  Evidence for the gel point 

around 30 % bis-SorbPC can be observed with binary mixtures of mono-SorbPC and bis-

SorbPC.160  There is a significant shift in the liposome stability and solubility attributed 

to an increase in the cross linking observed in these mixtures, which is thought to be a 

consequence of lipid solubility difference at gel point.  Unlike DOPC, mono-sorbPC has 

one polymerizable lipid tail, but the appearance of a gel point in the same lipid 

composition, evident by drastic changes in the permeability, points out that DOPC and 

bis-SorbPC binary mixtures behave similarly. 

The lowering of 90% NMCL when bis-SorbPC % is changed from 40% to 20% 

can be due to two reasons.  One reason is the reduction of pore densities where dextran 

leakage can be kinetically hindered.  The other reason could be the reduction of pore 

sizes with decreasing bis-SorbPC content.  A temporally resolved leakage study needs to 
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be carried out to verify which of the two reasons play a prominent role in the observed 

leakage behavior. 
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Figure 4-11: Relative retention of dextrans in PPNs made of 100 % bis-SorbPC (black 

diomonds), 40 % bis-SorbPC (blue triangles), 30 % bis-SorbPC (green triangles), 20 % 

bis-SorbPC (blue circles) and 100 % DOPC (red squares) compared to non-dialyzed 

dextran. 

 
 

4.3.5 Proton permeability into binary lipid mixtures 

Using the APTS-CZE approach, the permeability of binary lipid mixtures 

composed of < 20 % bis-SorbPC revealed only minute changes in permeability.  

However, even below 20 % bis-SorbPC, changes to the permeability of liposomes can be 

observed when proton permeability is examined in unpolymerized binary mixtures.  The 
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proton permeability studied using FITC encapsulated liposomes doped with rhodamine 

PE (pH sensor) shows evidence of permeability changes. When binary lipid PPN pH 

sensors are subjected to a step change from pH 7.0 to 5.5, the fluorescence ratio of 

FITC/rhodamine decreases with increasing molar ratio (0-20 %) of bis-SorbPC (Figure 4-

12).  This may be an indication of increasing disorder caused in the lipid bilayer with the 

addition of bis-SorbPC.  Effect of polymerization on the proton permeability was not 

studied in detail in the current work, however, previous studies from our group indicates 

an increase of proton permeability in binary lipid mixtures with 20 % bis-SorbPC upon 

polymerization (unpublished data) although the mechanism is not clear. 
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Figure 4-12: Response of pH sensors with 100% DOPC (black squares), 90% 

DOPC/10% bis-SorbPC (red circles) and 80% DOPC/20% bis-SorbPC (green triangles) 

to a step change of pH from 7.0 to 5.5.  The ratio of FITC/rhodamine fluorescence at 

indicated time is compared to the ratio at t = 0. 
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4.3.6 Estimating maximum pore size of PPNs 

In addition to determination of NMCL, dextrans can also be used for estimating 

pore size of PPNs.  Estimating the pore size using the hydrodynamic radii of high 

molecular weight dextrans (> 8500 MW) has been carried out, but lower molecular 

weight dextrans have not been used for estimating the pore sizes.  The non-spherical 

nature of dextrans has been indicated to overestimate pore size of membranes,272 but 

some reports have indicated that increased hydration compared to globular proteins may 

lower the partitioning of dextrans into pores compared to proteins.273  However, the 

deviations of RH of dextrans for equivalent-molecular weight spherical proteins and other 

spherical molecules such as ficoll is minimal in lower molecular weights according to 

data obtained from glomerular filtration,274 and diffusion through track etched 

membranes275 and this will leave lower uncertainty of pore size estimation using a MW 

ca. 2000. 

Dextrans have been modeled as oblate cylinders where the RH for pullulans (1-4 

linked oligosaccharides) and dextran fractions has been calculated using DOSY-NMR 

technique269 and gel permeation chromatography.270;276  DOSY-NMR data indicates that 

a double log plot of diffusion coefficient and molecular weight has a linear 

relationship,269 where RH can be calculated using Stokes-Einstein equation.  The diffusion 

coefficient for a molecular mass of ca. 2000 has been calculated to represent a RH of ca. 

0.9 nm using DOSY-NMR using equation 2.  RH was calculated to be 1.2 nm using 

equation 3 assuming temperature and concentration of dextran has minimal effect on the 
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hydrodynamic radius.  This gives us an estimate of the maximum pore size of 2 nm for 

PPNs.  The persistence length of dextrans is also between 6-13 Å275, therefore the 

possibility of adapting multiple molecular configurations is also minimal, where 

hydrodynamic radii of dextrans will be similar to that of the pore radii. 
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4.4 CONCLUSION 

PPNs composed of bis-SorbPC have NMCL of ca. 1800 assessed by dextran 

retention with a mass resolution of 162 Da.  The maximum pore size in PPNs was 

estimated to be 2 nm considering the RH corresponding to this MW.  High mass 

resolution was obtained by electrophoretic separation of PPN retained dextrans post 

labeled with APTS and evaluation of this approach was carried out using dextran 

retention in dialysis membranes.  Binary lipid mixtures made of bis-SorbPC and DOPC 

were also analyzed to assess permeability variations via varying molar ratio of the lipids.  

The NMCL of PPNs constructed with binary mixtures does not change significantly 

down to 30 % of bis-SorbPC.  However a significant reduction of permeability was 

observed when bis-SorbPC was decreased to 20%.  The reason for sudden decrease of 

permeability is though to be attributed to the gel point of the lipid mixtures which 

previous studies have indicated to be between 25-35 % for mixtures of bis-SorbPC and 

mono-SorbPC.  Maximum pore sizes of the PPNs were estimated to be ca. 2 nm based on 

calculated hydrodynamic radii of the retained dextrans.  Proton permeability studies with 

binary lipid mixtures consisting of ≤ 20 % bis-SorbPC molar percentages indicate that 

increasing bis-SorbPC content leads to higher permeability although the effect of 

polymerization was not investigated in this study. 
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CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS 
 

5.1 SUMMARY 
 
 Understanding metabolism at the cellular level provides valuable information on 

the molecular defects that lead to various disease states such as type II diabetes.236  

Glucose stimulated insulin secretion from pancreatic β-cells has been investigated 

extensively to understand the origin of abnormalities in insulin secretion observed in 

diabetic patients.10;277;278  These investigations have revealed the dynamic nature of the 

metabolic signaling process.  Temporally-resolved monitoring of important metabolites 

and signals such as Ca2+and K+ have revealed how in vivo insulin levels may depend on 

metabolite fluctuation at the cellular level.86;279;280  The dearth of suitable detection 

methods for intracellular monitoring has hindered investigating the dynamic nature of 

glucose metabolism and possible contribution to secretion of insulin.  Current methods 

for monitoring glucose metabolism at the cellular level do not provide sufficient temporal 

resolution and reversibility for observing dynamic glucose fluctuations.  Therefore, it is 

important to integrate reversible and sensitive glucose detection methods into sensing 

platforms that facilitate cellular delivery and protection to develop a new generation of 

sensors. 

 A variety of sensitive and reversible in vitro glucose detection methods based on 

glucose oxidase and glucose binding proteins have been developed.46  These are multi-

component sensors that facilitate the selective detection and signal elucidation upon 

glucose binding.  Adapting multi-component in vitro detection methods for intracellular 

glucose monitoring requires miniaturization and spatial co-localization of sensing 
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materials for the preservation of sensor integrity.  Nanosensor scaffolds that encapsulates 

sensing component have been successfully used as intracellular sensors for ions and gases 

in the cellular environment.52  Nanoaturized architectures for glucose detection have 

limitations imposed by the nature of the polymer network, including increased response 

time.  Binding protein FRET sensors do not require spatial co-localization due to their 

inherently integrated nature, and respond only to d-glucose and and/or d-galactose.74  

However, introduction of FRET sensor is limited to immortalized cell lines where 

intracellular expression of the sensor is achieved via transfection of the gene.  Altered 

glucose metabolism and insulin secretion thresholds exhibited in many immortalized 

pancreatic cell lines make them less desirable for investigation of metabolic defects 

relevant to diabetes.267;281;282  Therefore, a glucose sensor that can be introduced to 

primary cells will be beneficial in deciphering glucose dynamics in cells that exhibit 

glucose dependent biochemical responses. 

 We explored two approaches that facilitate glucose measurements in primary 

cells.  The first approach utilized the specificity and the versatility of previously reported 

glucose binding protein FRET sensors coupled with cellular delivery tags.  The result was 

a self-loading glucose sensor prepared by tethering the cell penetrating peptide TAT to 

the FRET sensor (His-TAT-FLIP600_glu).  His-TAT-FLIP600_glu was expressed in 

E.coli and purified via affinity chromatography.  Upon introduction of the TAT peptide, a 

decrease in the affinity towards Ni-NTA column was observed, presumably due to 

nucleic acid co-purification caused by the strong positively charged peptide.  Use of 

cationic protein protamine sulfate in the purification procedure improved the binding, 
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allowing sufficient amount of protein to be purified for cellular investigation.  The 

attachment of the strong positively charged peptide did not significantly change the 

selectivity or specificity towards glucose.  His-TAT-FLIP600_glu exhibited increased 

cellular uptake in COS-7 cells with a 4 hour loading time compared to a construct lacking 

the TAT peptide.  However, intracellular glucose fluctuations corresponding to changes 

in the extracellular environment could not be observed after delivery of the sensor into 

COS-7 cells.  This may to be due to degradation and/or entrapment of protein in cellular 

compartments, i.e. endosomes.  Use of a lysosomotrophic agent chloroquine, improved 

the FRET response to 2.3 ±0 9 % / 10 mM D-glucose compared to sensor transfected 

cells with a response of 7.8 ± 1.4 % / 10 mM D-glucose.  These observations highlight 

the limitations of introducing a protease sensitive protein into the cellular environment 

via TAT facilitated uptake.  Since continuous sensor generation is absent in His-TAT-

FLIP600_glu loaded cells, degraded or entrapped proteins can significantly lower the 

FRET ratio masking the signal generated upon glucose binding.  A sensor encapsulation 

based method was found to be more suitable for cellular function. 

 Our group has developed porous phospholipid nanoshells (PPNs) using 

polymerizable lipid bis-SorbPC that allow diffusion of small polar and charged molecules 

across the lipid bilayer, including glucose (MW = 180).  His-FLIP600_glu encapsulated 

in unpolymerized bis-SorbPC responded to glucose within 1 minute with > 80% FRET 

change compared to free protein.  However, the stability of the His-FLIP600_glu 

encapsulated liposomes was unexpectedly low, and large aggregates formed with UV 

polymerization.  UV polymerization was chosen over thermal and radical polymerization 
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due to susceptibility of the protein to degrade under conditions required for thermal and 

redox polymerization.  Destabilization upon encapsulation was not observed in non-

polymerizable lipid DOPC, hence reasons for the aggregation are not clear.  This problem 

was mitigated by polymerizing the bis-SorbPC with encapsulated His-FLIP600_glu 

immediately after extrusion and monomer/ photoinitiator partitioning.  PPNs with His-

FLIP600_glu were purified with a combination of size exclusion chromatography and 

centrifugation.  Trace amounts of free protein present in the preparations were removed 

by protease digestion.  Photo-damage to the protein during the UV irradiation was 

minimized by including 1 mg/mL ascorbic acid as a radical scavenger.  Prepared sensors 

exhibited > 80% overall activity with a response time of less than 1 min.  The glucose 

binding constant of the sensor increased to 850 ± 32 µM compared to a value of 654 ± 28 

µM for the free protein.  This increase may be the result of encapsulation, since creating a 

diffusion barrier can decrease the kinetics of biomolecule recognition.  However, it is 

clear that His-FLIP600_glu can be successfully encapsulated in stabilized PPNs retaining 

> 80% of its activity.  PPNs were stable to detergent lysis indicating that use of ascorbic 

acid did not have a negative effect on PPN stability. 

 Cellular uptake of the sensors was facilitated by tethering cationic TAT peptide to 

the surface of the liposomes.  Peptide was introduced into pre-formed, stabilized sensors 

to prevent proteolytic degradation in the protease digestion step during purification.  

Cellular delivery of TAT-modified sensors into COS-7 cells was studied by confocal 

imaging, temperature dependent uptake and streptavidin-fluorescein labeling of 

biotinylated sensors.  Sensors are internalized in a temperature dependent manner which 



 188

is an indication of endocytosis mediated uptake.  Interaction between streptavidin-

fluorescein, and biotin suggests that sensors are present in a both intracellular and 

extracellular milieu.  Poly-anionic heparin effectively removes extracellularly bound 

sensors.  Internalized sensors responded reversibly to controlled 10 mM glucose 

fluctuations in the extracellular environment with a 3.3 ± 0.3 FRET signal change, a 

significant improvement over the FRET signal change observed with non-encapsulated 

His-TAT-FLIP600_glu, emphasizing the importance of protecting sensitive proteins in 

intracellular environments.  The reasons for not observing a higher FRET signal change 

may be due to endosomal trapping which reduces the bioavailability of the sensors.  

Therefore methods that improve the bioavailability of delivered sensors will be beneficial 

in improving intracellular sensor performance.  However, these experiments highlight the 

versatility of PPNs as intracellular nanosensor scaffolds.  Biologically active molecules 

can be incorporated into stabilized PPNs with minimal loss of activity and cellular 

delivery can be facilitated by tethering cell penetrating peptides.  This polymer scaffold 

can be extended to other multi-component glucose detection schemes with minor 

modifications, and will also be applicable to other biomolecule based nanosensor and 

nanoreactor applications. 

 A novel, dextran based method was developed for determining the nominal 

molecular weight cutoff limit (NMCL) of PPNs.  Retention of dextrans (MW = 6000) in 

PPNs was monitored by capillary zone electrophoresis (CZE) after homogeneous labeling 

of oligomers with APTS.  This approach has a considerable advantage in terms of  mass 

resolution (162 Da) compared to NMCL detection methods based on the average MW of 
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dextran distributions, where the mass resolution is often 1000 units or higher.143  

Comparison between PPNs with non-entrapped dextran and DOPC entrapped dextran 

revealed that the 90 % cutoff for UV polymerized membrane was ca. 1800 Da.  This was 

in agreement with previous observations that PPNs prepared using bis-SorbPC have a 

NMCL between 1000 and 3000 based on fluorescent dextran entrapping experiments 

carried out previously.  A cross-linking agent was not used for polymerization to increase 

the stability, since recovery of dextran from PPN was necessary for CZE based analysis.  

This method was validated by analyzing dextran retention in dialysis membranes with 

NMCL limits of 1000 and 3500.  Pore size of PPNs was estimated between 1-2 nm based 

on the hydrodynamic radii of retained oligomers, using MW-hydrodynamic radii 

relationships derived from previously published DOSY-NMR and size exclusion 

chromatography experiments.269;270  This method was extended to characterize 

permeability of PPNs prepared by lipid mixtures of DOPC and bis-SorbPC.  It was 

hypothesized that the kinetics of permeability can be altered by mixing bis-SorbPC with 

DOPC where the latter is known to form liposomes with lower permeability towards 

hydrophilic molecules.  Dextran retention was compared in UV polymerized liposome 

doped with 0 %, 20 %, 30 %, 40 % and 100 % bis-SorbPC.  0 % bis-SorbPC (100 % 

DOPC) did not display any apparent dextran leakage and 20 % bis-SorbPC also revealed 

low dextran leakage at 666 MW which was the lowest mass unit explored in the 

experiment.  A significant change in the permeability was observed when the bis-SorbPC 

content was increased to 30 % where NMCL was only slightly lower than 100 % bis-

SorbPC.  40 % bis-SorbPC exhibited a similar NMCL to that of 100 %bis-SorbPC.  
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Rapid increase of NMCL from 20 % to 30 % bis-SorbPC can be due to increased 

possibility of domain formation at the gel point of lipids, which has been observed by 

O’Brien and coworkers for binary lipid mixtures.160  Permeability kinetics for 

polymerized lipid mixtures remains to be examined.  However, proton permeation studies 

performed on unpolymerized liposomes composed of ≤ 20 % bis-SorbPC revealed time 

resolved, bis-SorbPC concentration dependent, increase in bilayer permeability. 

 This work describes preparation, characterization and intracellular utilization of 

two novel glucose nanosensor delivery platforms. To our knowledge this is the first such 

report on self loading FRET based glucose sensors to explore intracellular glucose 

dynamics.  The advantage of delivering encapsulated sensors for intracellular studies was 

also established.  Methods developed for encapsulation and stabilization of biomolecules 

in PPNs can be adapted for the preparation of novel intracellular sensors targeting a 

number of metabolically important analytes. 
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5.2 FUTURE DIRECTIONS 
 
5.2.1 Improving the bioavailability of intracellular sensors 
  
 The main experimental limitations for introducing His-TAT-FLIP600_glu and 

PPN encapsulated His-FLIP600_glu were the inefficient delivery into cells and 

bioavailability.  It is possible that His-TAT-FLIP600_glu may be inactivated, especially 

if the protein enters the endosomes and/or lysosomes inside the cells.  Therefore, 

employing methods that release entrapped material from endosomal compartments will 

be useful for increasing bioavailability of sensors.  Peterson and coworkers have 

developed a synthetic receptor based on cholesterylamine, and co-incubation with a pH-

dependent membrane lytic peptide PC4283 is effective at releasing endosome entrapped 

fluorescent markers in CHO cells.284  The same synthetic receptor modified with an NTA 

group has been successfully used for rapid internalization of GFP into Jurkat T-

lymphocytes.285  Combination of the lytic peptide modified receptor and the NTA-

modified receptor may be useful in minimizing the degradation of His-FLIP600_glu 

protein inside the cells.  A cell penetrating sequence is not required in this approach, and 

His-FLIP600_glu can be directly used for internalization.  This approach will also 

minimize complications associated with the purification of His-TAT-FLIP600_glu. 

 Use of fusogenic peptides can be extended to the PPNs for endosomal escape.  

Previous reports on using pH dependent membrane lytic/fusogenic peptides were carried 

on unpolymerized liposomes for eventual release of liposome entrapped material into the 

cytoplasm.  However, in the context of liposome based nanosensors, rupture of the 

liposome structure is not desirable. It will be useful to investigate how PPNs will behave 
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in the presence of lytic peptides under low pH conditions.  It is possible that the bilayer 

structure will be resistant to lysis, due to the covalently linked lipid network.  However, 

this speculation needs to be verified before using lytic peptides in polymerized 

liposomes.  This can be carried out by monitoring the leakage of fluorescently labeled 

dextrans in the presence on the lytic peptide after polymerization.  Alternatively, CE 

based NMCL determination explained in chapter 4 can also be used for this purpose. 

If the lytic peptide does not significantly alter the permeability of the PPNs, they 

can be tethered using methods described before for liposome peptide conjugation.155  

However, facilitating the liposome interactions with the cell surface can be affected by 

positioning the fusogenic peptide on the PEG surface.  Therefore a two layered targeting 

and endosomal disruption approach adapted from “SMART”delivery system286 is 

proposed for this purpose (Figure 5-1).  In this approach, the cellular targeting group is 

attached to the end of the PEG chain and incorporated into the PPNs, loaded with the 

material of interest.  PEG chain is tethered to the PPNs via a pH dependent cleavable 

group.  The lytic peptide can be tethered to the PPNs with a short linker, minimizing the 

interactions with the cellular surface.  Upon internalization and entrapment into 

endosomal compartments, acidification will cleave the PEG chains exposing the activated 

pH dependent lytic peptide.  The lytic peptide will help the PPNs escape the endosomal 

compartment releasing PPNs into the cytoplasm.  Lytic peptide can also be engineered to 

be released from PPNs upon entering the cytoplasm.  A disulfide bond can be used to 

tether the lytic peptide with the liposome surface, where cellular reducing agents such as 

glutathione (GSH) can cleave the disulfide bond.  The oxidizing environment present in 
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the endosomes will prevent the release of lytic peptide until in is released to the reducing 

cytoplasm.  This approach benefits from having both targeting and endosomal releasing 

mechanisms which can be conveniently introduced into poly-PPNs. 
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Figure 5-1: Schematic of the proposed dual targeting and endosome escape approach for 

PPNs. 
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5.2.2 Extending the utility of PPNs as nanosensor and drug delivery vehicles 

The porous nature of PPNs opens up a variety of avenues for liposome based 

applications which were not possible with conventional liposome preparations which are 

relatively non permeable to most polar and hydrophilic substances.  The additional 

physical and chemical stability imparted by polymerization addresses the limited stability 

of liposome preparations that are prepared from non-polymerizable lipids.  Since UV 

polymerization of PPNs can be carried out with minimal loss of protein activity, PPN 

scaffold can be extended to other applications including drug delivery nanosensor 

platforms. 

One possible avenue to explore will be regulating the kinetics of intracellular drug 

release.  A variety of drug formulations including doxorubicin (Doxil TM) are successfully 

used in clinical practice.  However, controlled release of drugs for liposomes is not 

currently offered, which may be useful in developing therapeutics with longer half- lives.  

A combination of pH degradable polymers166 and the ability to control the proton 

permeation into the PPN bilayer, may be useful in developing drug encapsulating 

liposomes that can be triggered to be destabilized in a controlled manner.  One can 

envision that, administrating a mixture of liposomes with a range of proton susceptibility, 

will lead to controlled release of drug, minimizing the dosage number.  pH dependent 

control of permeability has already being identified as a future direction for liposome 

based therapeutics.287 
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5.2.3 Post polymerization labeling of sensor components to minimize photodamage  

The sensor scaffold can be extended to other glucose sensing schemes which 

involves the use of other binding proteins such as apo-GOX which have higher sensitivity 

compared to His-FLIP600_glu.  However, fluorophore modified sensors are susceptible 

to photodamage upon UV irradiation. Therefore it may be useful to label the proteins 

after UV irradiation since small fluorophores have already shown to cross PPNs.141  

Different functional groups can be targeted if more than one component needs to be 

derivatized. 

 

 

5.2.4 PPNs as nanoreactors 

 Liposomes have been used for in vitro translation of proteins in a controlled 

environment.288  However, decreased rate of protein synthesis with time will occurs due 

to the depletion of ATP and amino acids.  In vitro translation performed in PPNs will 

facilitate the continuous replenishment of consumable small molecules involved in the 

process, increasing the yield of proteins further.  GUVs can also be used for the same 

purpose to increase the capture volume if necessary.  Immobilized GUVs will allow 

monitoring cell free expression of proteins which can act as reporter molecules. i.e. GFP, 

luciferase,  

This approach can be extended into caring out “on-demand” protein synthesis in 

nano reactors.  Biomolecules required for in vitro translation, minus the amino acids, can 
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be encapsulated in PPNs.  Protein translation will only begin with the addition of amino 

acids, allowing pre-fabrication and storage of PPNs capable of in vitro protein synthesis. 

  

5.2.4 SNARE complex mediated liposome fusion for insertion of biomolecules into 

pre-polymerized bis-SorbPC containing liposomes. 

 Post encapsulation of material into polymerized PPNs could be explored to 

prevent degradation of radical susceptible material.  However, post insertion of 

hydrophilic biomolecules into requires a transient increase in membrane permeability 

which will be challenging in polymerizable liposomes.  Therefore, a lipid fusion 

approach is proposed for post insertion of hydrophilic material into liposomes that carry 

poly-bis-SorbPC. 

Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 

complex formation has been used for fusion of liposomes where both lipids and the 

entrapped material mix in the fusion process.289;290  SNARE fusion of liposomes has been 

performed by introducing an acceptor complex such as syntaxin-SNAP into one group of 

liposomes and synaptobrevin which acts as a donor into another group of liposomes.290  

Upon mixing the two groups of liposomes, the donor interacts with the acceptor complex 

and induces liposome fusion.  Adapting this approach to introduce hydrophilic 

biomolecules into pre-polymerized PPNs will require membrane fluidity for the fusion 

process to take place.  Therefore a mixture of bis-SorbPC and another non-polymerizable 

lipid can be used to prepare liposomes carrying the acceptor complex (Figure 5-2).  Upon 

polymerization, the formation of lipid domains will likely to result an increase of 
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syntaxin-SNAP complex concentration in the fluid lipids.  Alternatively, the complex can 

be reconstituted after the polymerization.  Synaptobrevin can be incorporated into 

liposomes which carry the biomolecules of interest and the fusion of the liposome will 

introduce biomolecules into poly-bis-SorbPC/fluid lipid containing PPNs.  As evident 

from dextran retention, 30 % bis-SorbPC is sufficient to impart permeability to PPNs and 

lipid composition of the acceptor liposome can be further optimized for lipid fusion, 

stability and permeability.  After fusion and mixing, small hydrophilic molecule or ions 

will have access to the biomolecules of interest, due to the porosity of fused liposomes. 
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Figure 5-2: Schematic of the proposed method for post-incorporation of highly radical 

susceptible biomolecules into poly-bis-SorbPC containing porous liposomes. 
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APPENDIX A: RECOMBINANT GLUT-2 CONSTRUCTS FOR 

HETEROLOGOUS EXPRESSION IN MAMMALIAN AND Pichia pastoris 

SYSTEMS 

Mammalian cell membranes are impermeable to glucose thus its transport occurs 

exclusively via dedicated glucose transporters (GLUTs).291-293  There are at least 12 

GLUT subtypes identified to date but only a few (GLUT 1-4,) are directly involved in 

glucose transport.294  GLUTs consist of 12 membrane spanning domains where 6 of them 

are believed to be involved in the formation of the hydrophilic pore that allows glucose to 

traverse the membrane.292;295  Another characteristic feature of GLUTs is the large 

intracellular loop that connects the 6th and 7th transmembrane domains.  Extracellular 

loop between the 1st and 2nd transmembrane domains contain an Asp residue that can 

undergo glycosylation and plays an important role in anchoring into the cell 

membrane.296  GLUT isomers have different “affinities” to glucose, allowing cells to 

achieve different glucose levels under a given extracellular glucose level. 
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NH2

COOH
 

Figure A-1: Topology of GLUT-2.  Both N and C termini are located intracellularly and 

the large extracellular loop between the 1st and 2nd transmembrane domains contains an 

N-linked glycosylation site. 

 
 GLUT-2 is a high velocity, low affinity transporter with a Km of 15-20 mM 

towards D-glucose.297;298  GLUT-2 is found primarily in cells that are involved in glucose 

homeostasis. i.e. pancreatic β-cells, hepatocytes, epithelial cells, of intestine and kidney 

and neurons in hypothalamus.  With low affinity and the high velocity, GLUT-2 rapidly 

equilibrates extracellular glucose levels with the intracellular levels, since transporter is 

not saturated even under the upper limits of physiological glucose levels (ca. 10 mM).  

GLUT-2 also transports fructose299 and glucosamine300 with  high velocities, but varying 

affinity compared to l-glucose.  Chimeric GLUT-2 constructs expressed in oocytes 

revealed that transmembrane domains 7-8 are responsible for fructose transport and 9-12 

with the intracellular C-terminal are responsible for the glucose affinity.301;302  Detailed 

structural basis of high velocity and specificity remains to be explained.  



 201

Heterologous expression of GLUT-2 has been reported in a variety of mammalian 

cell lines, Xenopus laevis oocytes, yeast, and bacteria.  Thorens et.al reported expression 

of GLUT-2 in phosphotransferase system lacking bacteria297, but no other prokaryotic 

expression has been reported to date, likely due to the requirement of post-translation 

modifications that may be crucial for membrane localization and glucose transport that 

are not facilitated in prokaryotic systems.  Expression of chimeras of GLUT-2 in oocytes 

has been performed by injecting mRNA corresponding to the protein.301-305  Protein 

expression in oocytes has been confirmed by immunostaining membrane fragments and 

radiolabeled glucose transport.  Oocyte expression of GLUT-2 and its chimeras have 

enabled detailed study of transport and binding kinetics for glucose and glucose 

transporter inhibitors, respectively. 

A variety of mammalian cell lines have been stably and transiently transfected with 

GLUT-2.  GLUT-2 has been stably expressed in INS-1, AtT20ins
282, RIN1046281, 

RINm5F, MIN 6306 and transiently in COS-7 cells.307  Both viral and lipid mediated 

transfections have been used for plasmid introduction.  Over-expression of GLUT-2 in 

RIN-1046 and AtT-20ins re-established the glucose stimulated insulin secretion of the two 

cell lines, which was diminished in the process of immortalization.  GLUT-2 expressed 

transiently in COS-7 cells has been incorporated into egg PC liposomes by membrane 

fragment reconstitution.307  GLUT-2 reconstituted liposomes were used to monitor 

glucose transport and binding of GLUT-2 ligands, such as cytochalasin B and 3-

[125I]Iodo-4-azidophenetylamido-7-O-succinyldeacetyl-forskolin (IAPS-forskolin). 
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 GLUT-2 has also been expressed in the fission yeast Schizosaccharomyces 

pombe.308  GLUT-2 was expressed with an N-terminal gluthathione-S-transferase (GST) 

tag for purification and 100µg of purified protein was obtained from a 1 L culture, the 

first report of an affinity purification of GLUT-2.  However, the activity of the protein 

was not investigated in this work.  Transgenic expression of GLUT-2 in pancreatic β-

cells of mice that lack GLUT-2 has restored glucose stimulated insulin secretion and 

prolonged their life.309 

 The goals of this work to express and purify functional GLUT-2 and EGFP 

tagged GLUT-2 for liposome reconstitution.  It was hypothesized that upon 

reconstitution, glucose nanosesnors with high specificity could be prepared, enhancing 

the utility of glucose detection methods that lack specificity, but exhibit high sensitivity. 

 

 

Materials and methods. 

Preparation of GLUT-2 constructs with a pET 28 a (+) bacterial expression vector 

Rat GLUT-2 open reading frame (ORF) was a gift from Professor Bernard 

Thorens (Institute of Pharmacology and Toxicology, Lausanne, Switzerland).  The open 

reading frame (ORF) was cloned into pET 28 a (+) vector using Nde I (CCG G AAT 

TAC ATA TGA TGT CAG AAG ACA AGA TCA) and Sac I restriction sites.GLUT-2 

was also cloned into another pET vector using Not I (AAT AGC GGC CGC ATG TCA 

GAA GAC AAG ATC ACC) and Xho I (ATA CTC GAG TTC ACA CAG TCT CTG 

ATG ACC) restriction sites carrying EGFP sequence in the N-terminal.  Construct 
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integrity was confirmed by sequence analysis. All constructs were transformed into BL21 

(DE3) (Novagen) cells for protein expression.  

Single colonies were inoculated into 3 mL Luria-Bertani (LB) media with 

kanamycin and grown overnight at 37 °C.  1 mL of this culture was inoculated into 100 

mL of LBK and grown at 37 °C for 3 hours until the cultures reached an optical density 

(O.D600) ca.1.  IPTG was added to a final concentration of 1 mM for protein expression to 

achieve continuous expression of protein.  Samples were obtained just before induction 

and every hour afterwards. Samples were stored at -20 °C until they were analyzed using 

SDS-PAGE. 

 

Preparation of GLUT-2 constructs with PCDNA3 TOPO-His Max 4 mammalian 

expression vector. 

pET 28 a(+) vectors with the His-GLUT-2 (forward: GGA TCC ATG TCA GAA 

GAC AAG ATC ACC GGA AC 3’…Reverse: 5’  GGA TCA CAC AGT CTC TGA 

TGA CCC CAG 3’) and His-EGFP-GLUT-2 (forward: 5’  ATG GTG AGC AAG GGC 

GAG GA, same reverse primer) were used as the PCR template for cloning into 

PCDNA3 TOPO-His Max 4 vector.  TOPO cloning does not involve the use of restriction 

enzymes.  Both constructs were verified by sequencing. 

Transfection of the constructs 

 CHO-S suspension cells were grown at 37 °C with stirring in SFM II media 

(Gibco).  Typical cell density before transfecting with Lipofectamine 2000 (Invitrogen) 

was 0.5-1.0 x 106 / mL.  DNA : Lipofectamine 2000 ratio of 1:2.5 was used after 
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optimizing the ratios.  Typical transfection efficiency judged by EGFP expression 

construct was ca. 10%. 

 Zeocin was used as the selection marker for the formation of a stable cell line.  

500µg/mL was used after developing a kill curve of non-transfected cells.  Plasmid DNA 

was linearized using Xho I, downstream of the stop codon and transfections were carried 

out in reduced serum media (Opti-Mem) (Gibco).  Zeocin was added 24 hours post 

transfection.  Fluorescence imaging was performed using an inverted fluorescence 

microscope (Nikon). 

 HEK 293 cell transfections were also performed with Lipofectamine 2000.  Cells 

were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 10% FBS at 37 °C.  

Cells were transfected at 80-90 % confluency with GLUT-2-EGFP pCDNA 3.1 plasmid.  

Selection was performed using 400 µg/mL Zeocin 24 hours post transfection.  

Epifluorescence images were obtained similar to CHO-S cells.  Confocal images of 

transfected cells were obtained using inverted LSM 510 confocal microscope (Carl Zeiss, 

Thornwood, NY). 

 

Preparation of plasmid constructs for Pichia transformation. 

pGAPZ (B) plasmid was used for cloning and transformation into Pichia (SMD 

1168 strain).  PGAPZ (B) plasmid contains an N-terminal cloning sites and a C-terminal 

polyhistidine tag followed by a stop codon.  Three constructs were prepared: (a) EGFP 

only (B) GLUT-EGFP and (c) GLUT-2 only.  GLUT-2 forward primer was common for 

both constructs with GLUT-2. (5’ ATACATGGTACCGCC AAC ATG TCA GAA GAC 
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AAG ATC ACC GG).  Kpn I restriction site is underlined and the start of GLUT-2 

reading frame is in bold.  Reverse primer for GLUT -2 only construct was 5’ 

ATACATGCGGCCGCCACAGTCTCTGAT GACCCCAGG with Not I restriction site 

underlined.  Forward primer for EGFP was 5’ 

ATACATCGCGGCCGCTACCATGGTGAGAAGGGC with Not I site underlined and 

the start of EGFP reading frame in bold.  The reverse sequence was 5’ 

ATACATTCTAGAATCTT GTA CAG CTC GTC CAT GCC with Xba I site underlined.  

EGFP was cloned into GLUT-2 pGAPZ (B) vector to prepare GLUT-2-EGFP- 6X His 

construct. 

Plasmid constructs were linearized with BspH I before transforming into Pichia 

by electroporation (protocol was adapted from Cregg et.al).310  Briefly, electrocompetent 

cells were prepared by harvesting Pichia grown overnight at room temperature in YPD 

media (OD600 ~1).  Cells were rinsed in cold water and 1M sorbitol and finally re-

suspended in a small volume of 1M sorbitol (~200 µL).  Cells were added to 2 mm gap 

electroporation cuvettes and 5-10 µg of linearized DNA was gently mixed in 5 minutes 

before electroporation.  Electroporator was set to 1.5 kV field, 129 Ω resistance and 

capacitor out configuration.  This configuration typically resulted in a 5 ms pulse.  50:50 

YPD/ 1M sorbitol was added to the cuvette immediately after pulsing and cells were 

removed from the cuvette.  Cells were maintained at 30 °C for 4 hours with gentle 

shaking before inoculating into 100 µg/mL YPD/ Zeocin plates.  Inoculated plates were 

observed for 3-7 days for growth of resistant colonies.  Blank transformations were 

performed with nano pure water instead of DNA. 



 206

Monitoring transformation and protein expression in Pichia 

Genomic DNA isolation was carried out according to the protocol provided by 

Invitrogen.  Briefly, Pichia cells from an overnight 10 mL culture were rinsed with water, 

resuspended in SCED buffer (1 M sorbitol, 10 mM sodium citrate, 10 mM EDTA, 10 

mM DTT pH=7.5).  Zymyolase was added and incubated at 37 °C to hydrolyze the the 

cell wall.  Cells were lysed with 1 % SDS and potassium acetate/ethanol was used to 

precipitate DNA. 

Cells were fixed with 4 % paraformaldehyde for fluorescence imaging and 

immunostaining.  Cells were allowed to settle on poly lysine coated coverslips for 5 

minutes rinsed with water and air dried.  Cold acetone was added for the final fixation.  

Anti-EGFP-Alexa 594 was used for immunostaining of GLUT-2-EGFP -6X-His 

transformed cells. 

 

Results and Discussion 

 The goal of this project was to express and purify sufficient amount (microgram 

to milligram)  recombinant GLUT-2 for liposome reconstitution.  All recombinants 

carried an N or C terminal polyhistidine tags (Figure A-2).  In some constructs EGFP was 

added either to the N or the C-terminal as a marker for following the expression, 

purification and reconstitution.  Both N and C-termini of EGFP are in the cytoplasm, 

therefore positioning of the EGFP will not have an effect on cellular localization, unless 

positioning of EGFP disrupts cellular trafficking especially when it is positioned in the 

N-terminal since most cellular localization signals are present in the N-terminal. 
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Figure A-2: Plasmid constructs for recombinant expression of GLUT-2.  A and B 

constructs were cloned into pET 28 a (+) vectors for bacterial expression and for in vitro 

transcriptions.  Same constructs were cloned into pCDNA 4 His-Max-TOPO vectors for 

mammalian expression.  C and D constructs were cloned into pGAPZ B vectors for 

expression in Pichia pastoris.  Restriction site used for cloning are indicated in arrows. 

 

Bacterial expression of GLUT-2 or EGFP-GLUT-2 was monitored with SDS-

PAGE and compared with non-transfected cells.  The expected protein bands for GLUT-

2 and GLUT-2EGFP are 57 and 84 kDa respectively.  No new bands were observed as 

monitored by SDS-PAGE after two trials and bacterial expression was not pursued 
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further.  EGFP-GLUT-2 construct was used for PCR amplification and cloning into 

mammalian expression vector pCDNA his-MAX 4 TOPO vector. 

 GLUT-2 and EGFP-GLUT-2 pCDNA4 His Max TOPO vectors were expressed in 

two different cell lines.  The first cell line to be transfected was the suspension cell line 

CHO-S.  CHO cells are widely used for recombinant protein expression, and use of 

suspension cell culture was expected to assist scaling up of protein production with serum 

free media which is cost effective.  Initially proteins were transiently expressed by 

transfection.  However even after optimization of transfection parameters the efficiency 

was <10% judged by EGFP-GLUT-2 transfected cells.  Under low transfection 

efficiencies, protein purification from a transient transfection will not give sufficient 

protein even from a large scale culture.  Therefore selection of transfected cells was 

carried out by using Zeocin antibiotic in the media.  Unexpectedly, after a week’s 

treatment cells started dying and an increase of stably transfected cell could not be 

observed by monitoring the fluorescence of EGFP.  Experiment was repeated with no 

improvements. 

 As an alternative to a suspension cell culture, HEK293 was used for the 

expression of GLUT proteins.  HEK293 is grown in monolayers and is also widely used 

for recombinant protein expression and preparation of stable cell lines.  HEK293 cells 

were transfected under the optimal conditions found for the cell line.  HEK293 also 

displayed lower transfection efficiencies similar to that of CHO-S cells.  Confocal 

imaging of EGFP-GLUT-2 transfected cells indicates membrane localized protein, 

however protein can also be observed in the cytoplasm (Figure A-3).  When transfected 
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cells were subjected to antibiotic selection, cells died with no apparent increase in the 

number of fluorescent colonies.  The exact reason for the failure to establish a cell line is 

not clear since other reports have indicated that GLUT-2 can be stably transfected into 

mammalian cell lines.  However, most of the constructs did not carry EGFP or 

polyhistidine tag in the N-terminal, with only a C-terminal EGFP reported for wild type 

GLUT-2.  However it is unlikely that positioning of the chimeric protein in the N-

terminal played a crucial role in the protein expression since other GLUT protein such as 

GLUT-1 and GLUT-4 have been expressed with N terminal tags.   

 

Figure A-3: Confocal images of HEK293 cells expressing EGFP-GLUT-2 6X His.  Cells 

were fixed before images were obtained.  

GLUT-2 protein expression was explored on Pichia,which is commonly used for 

large scale recombinant protein expression and incorporate most post translational 

modifications that occur in mammalian systems.  A protease deficient SMD1168 strain 

was used for this purpose since it has been shown to increase the yield of some proteins.  

The expression plasmid used in Pichia (pGAPZ) contained a C-terminal polyhistidine 
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tag, therefore EGFP was added to the C-terminal of GLUT-2.  Transformation into 

Pichia was performed by electroporation and Zeocin resistant colonies could be observed 

up to 1000µg/mL indicating multiple inserts.  The insertion of GLUT-2-EGFP into 

Pichia was confirmed by PCR amplification of the gene from genomic DNA (Figure A-

4).  The GAP promoter of the pGAPZ is a constitutive promoter, therefore protein 

expression was carried out without an inducer. 

 

Figure A-4: PCR amplification of GLUT-2-EGFP-6X His from a genomic DNA 

preparation obtained from transfected Pichia colony.  GLUT-2 and GLUT-2-EGFP 

portions were separately amplified to confirm the presence of the tandem construct. 

 

The native fluorescence and immunostaining with anti-EGFP-Alexa 594 was used 

to monitor the GLUT-2-EGFP-6XHis expression in transformed Pichia.  However, 

significant difference in native fluorescence or immunostaining could not be observed 

between the transfected and non-transfected cells. (Figure A-5).  Therefore, expression of 

protein in Pichia remains to be confirmed. 

GLUT-2 ~1600 bp 

GLUT-2-EGFP ~2300 bp 
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A recent report from Mueckler group indicates that GLUT-1 can be expressed and 

purified using a polyhistidine affinity tag positioned on the C-terminal.311  100g of wet 

cell pellet resulted with 1 mg of purified protein after Ni-NTA affinity purification.  The 

N-linked glycolylation site has been removed by site specific mutation to facilitate large 

scale purification and subsequent crystallization. 

Optimization of GLUT-2 expression in Pichia may lead to successful purification 

o protein, since protocol for GLUT-1 could be readily adapted.  Inducible expression 

system may also be useful, especially if continuous expression of GLUT-2 leads to cell 

death. 
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Figure A-5: Analysis of GLUT-2-EGFP-6XHis expression in Pichia.  Fluorescence 

images were obtained corresponding to EGFP and anti-EGFP-Alexa 594 emissions in 

both transformed and controlled cell after fixing and permeabilizing the cells.  Images are 

on the same scale for each of the fluorescence channels. 
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r 
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