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 Drug development for the central nervous system (CNS) has struggled to reach clinical approval.  

One reason many drugs do not advance into clinical applications is their low uptake in the CNS due to the 

blood brain barrier (BBB).  Targeted drug delivery to the CNS has been well-studied for over 30 years, 

and recently has been focused on methods of BBB disruption (e.g., focused ultrasound), circumvention 

(e.g., convection enhanced delivery) or exploitation (e.g., receptor mediated targeting).  Receptor 

mediated targeting is a method of active transport across the BBB by exploiting endogenous receptor-

ligand interactions.  The work outlined in this dissertation has studied a novel drug delivery method for 

receptor mediated targeting through the exploitation of P-glycoprotein (P-gp).   P-gp is naturally 

overexpressed at the BBB and therefore makes an attractive target for CNS drug delivery.  It was 

hypothesized that this new approach to CNS delivery could be accomplished by creating a polymeric 

nanoparticle delivery system with a P-gp substrate as a targeting moiety.  

 The work focused on the development of a polylactide (PLA) nanoparticle containing a surface-

tethered polyethylene glycol (PEG) linker terminated with rhodamine as a P-gp targeting moiety.  

Rhodamine dyes are a well-known class of P-gp substrates and the two used in this study, rhodamine 6G 

(Rho6G) and rhodamine 123 (Rho123) show high and moderate affinity to P-gp, respectively.  Due to the 

novelty of this system, the PEG-Rho linker was first assessed in vitro to determine if it was still capable 

of interacting with P-gp as a substrate. It was evident that the conjugates of PEG-Rho still remained P-gp 

substrates; therefore, the PLA-PEG nanoparticle was developed to assess targeting of the drug delivery 

system in vivo.  Before targeting efficiency could be measured in vivo a nanoparticle detection method 

was needed.  The autofluorescence of various tissues poses a problem when considering nanoparticle 

detection by fluorescence in vivo.  Therefore, the time resolved fluorescent properties of europium 



 
 

chelates were utilized to overcome autofluorescence challenges.  Europium chelates continue to emit 

photons microseconds after excitation, whereas the autofluorescent molecules in tissues emit photons for 

only nanoseconds.  By measuring photon emittance at microsecond timescales following excitation, the 

autofluorescent background was eliminated allowing sensitive detection of the nanoparticles in vivo.  

Once the Rho-PEG-PLA nanoparticle was synthesized and a detection method to track and quantify the 

particles in vivo was developed, the targeting efficiency of the systems was assessed.  In a mouse model, 

Rho6G-PEG-PLA nanoparticles accumulated 2.6 times greater in the brain than untargeted control 

mPEG-PLA nanoparticles.  Using a P-gp knockout mouse, the accumulation of Rho6G-PEG-PLA 

nanoparticles was shown to significantly decrease in the brain compared to the wild type mouse.  Thus the 

conclusion was made that Rho6G-PEG-PLA nanoparticles can actively target P-gp at the BBB and can 

enhance the accumulation of drug delivery nanoparticles in the CNS. 
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CHAPTER 1 

INTRODUCTION 

 The population diagnosed with neurodegenerative diseases and aggressive brain cancers is 

continually growing. According to the 2013 CDC report, Mortality Multiple Cause Micro-data Files, 

Alzheimer’s disease and stroke are among the top 10 leading causes of death in the United States 
1
.  The 

American Cancer Society reports brain cancer having only a 35% five-year survival rate
2
.    As of June 

2009 only 8.2% of drugs developed for activity in the central nervous system (CNS) have been approved 

for clinical use, making it the lowest percentage of all therapeutic classes.   However, therapies for CNS 

diseases are among the top targets for drug development 
3
.  The challenge in the translation from drug 

development to clinical success has been greatly dampened by delivery challenges to the CNS, largely 

due to the blood brain barrier (BBB) 
4
. 

 The BBB serves a natural protective function to prevent the entry of toxic substances to the CNS.  

Tight cellular junctions strictly limit diffusion of polar molecules from the blood through the capillary 

endothelial cells.   Passive transport through the BBB occurs for lipid soluble molecules that are less than 

400 kDa in molecular weight. However, although lipophilic molecules may passively diffuse through the 

BBB, they can quickly be expelled by endogenous membrane transport proteins expressed by the BBB 

endothelial cells, most notably P-glycoprotein (P-gp), Multidrug Resistance-associated proteins (MRP) 

and Breast Cancer Resistant Protein (BCRP).  Of the macromolecules that are capable of transporting 

across the BBB, most pass through via receptor mediated endocytosis or adsorptive mediated 

endocytosis; however, these routes are limited to specific molecules 
5
.  Due to these restrictions, there has 

been considerable research over the past 20 years to develop drug delivery systems capable of 

surmounting this recalcitrant barrier. Although a number of successful strategies have been brought to 

bear, there still exists a need for more precise and efficient drug delivery to the CNS.  This review focuses 

on the most recent efforts made in the field of targeted drug delivery to the CNS.  Strategies include 

methods to disrupt the BBB (e.g., focused ultrasound), circumvent the BBB (e.g., nanoparticle delivery or 
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direct injection methods), or to exploit endogenous receptors/interactions between certain molecules and 

the BBB (e.g., receptor mediated transport and cell-penetrating peptide strategies). 

 

1.1 Circumvention 

 Ways to circumvent the BBB have been proposed as one strategy to enhance drug delivery to the 

CNS.  Various delivery routes and carriers are used to bypass this restrictive barrier and increase the 

concentration of therapeutics in the brain.  Circumvention methods reported here are nanoparticle 

systems, convection enhanced delivery (CED) methods and intranasal delivery.   

 

1.1.1 Nanoparticles.  Nanoparticles have been used in drug delivery applications for decades.  They are 

favored for targeted drug delivery due to their large surface area, enhanced circulation times and 

reduction of systemic side effects
6
.  In the field of CNS targeted drug delivery, nanoparticles have become 

increasingly important.  Not only do they increase circulation and reduce systemic uptake of therapeutics, 

but they also evade efflux from transport proteins located at the BBB, such as P-glycoprotein
7
.  Recent 

work has focused on the use of nanoparticles for efficient and effective drug delivery across the BBB.  

Surface modifications have been explored to further enhance the effects.  

 Lipid based nanoparticles have attracted attention as drug carriers for a range of applications due 

to their biocompatibility and efficient packaging of drugs 
8
.  In recent years there have been a number of 

successful examples using both liposomes and solid lipid nanoparticles.  Where liposomes are a lipid 

bilayer with a hydrophilic core that exhibit burst release, solid lipid nanoparticles are densely packed 

lipids capable of encapsulating hydrophobic drugs with high efficiency 
8
.  Liposomes have been shown to 

significantly improve CNS drug delivery for the treatment of glioblastoma with liposomal formulations of 

irinotecan (Irinophore C™), doxorubicin (Caelyx®) and vincristine, which are all known P-gp stubstrates, 

demonstrating the ability of liposomal formulations to overcome BBB efflux 
9
.  Liposomes transporting 

FK506 increased neuroprotective effects in an ischemia-reperfusion injury model while decreasing 
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systemic effects 
10

.  Neuroprotection was also seen in liposomes carrying Asialo-erythropoietin 
11

.  Solid 

lipid nanoparticles have effectively transported clonazepam, delaying seizure response from 1.5 minutes 

(free drug) to 13.5 minutes 
12

.  They have also shown effective memory retention via quercetin delivery 
13

. 

 Like lipid based carriers, chitosan nanoparticles were originally inspired by nature. As a natural 

polysaccharide with antifungal and antibiotic properties, chitosan-based nanoparticles have aided in CNS 

targeted drug delivery 
14

.  One of the attractive applications of chitosan nanoparticles for CNS drug 

delivery is the oral administration of neuropeptides.  Unencapsulated, orally delivered peptides would 

quickly degrade in the GI tract, however due to protection and adhesive properties of the chitosan 

nanoparticle, significant adsorption at the intestine walls and uptake in the brain is possible 
15,16

.  Chitosan 

nanoparticles encapsulating siRNA for P-gp knockdown have also shown success at delivering 

doxorubicin in vitro 
17

.  

 Beside the effect of the nanoparticle core, surface modifications are important to further enhance 

CNS drug delivery.  In recent years, polysorbate 80 has been widely studied for its effects on nanoparticle 

uptake in the CNS.  Its enhancement to CNS drug delivery systems has been attributed to  attractive 

forces between polysorbate 80 and apolipoprotein, which actively targets the BBB, 
18

 and polysorbate 

80’s ability to inhibit P-gp 
19

.  Polysorbate 80-modified particles have more efficiently and effectively 

improved the treatment of depression using chitosan nanoparticles 
20

, slowed tumor progression  using 

poly(methacrylic acid) nanoparticles 
21

, and increased the brain concentration of  PLGA-PEG 

nanoparticles 
22

.  Polysorbate 80 in conjunction with poly(butyl cyanoacrylate) (PBCA) has become a 

popular combination in CNS drug delivery as it is relatively safe
23

 and has shown  increased brain uptake 

24
, enhanced transport of large molecules to brain injury site 

25
 and neuroprotection in an ischemic injury 

model 
26

.   Further improvements have been made by using polysorbate 80 in conjunction with poloxamer 

188 to coat chitosan 
27

, PLGA 
28

, and PLGA-PEG-PLGA
29

 nanoparticles.  It is thought that, like 

polysorbate 80, poloxamer 188 also attracts apolipoproteins, but also has the added benefit of attracting 

transferrin, another BBB targeting molecule, 
30

.  The combination of polysorbate 80 and poloxamer 188 is 

an example of multiple targeting to the BBB.  Additional surface modifications that have been explored to 
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increase CNS uptake include varying the particle charge.  Cationized BSA-PEG-PLA nanoparticles and 

cationic trimethylated chitosan nanoparticles have shown improved efficacy, due to adsorptive mediated 

endocytosis from the cationic nature of the particles 
31

.  Although surface modification is a promising 

approach for targeted drug delivery to the brain, concerns remain about the systemic safety of the various 

particle systems, particularly in the epithelial lining of the lungs 
32

.  Therefore, uptake in the lung and 

other vital organs should be considered when designing surface modified nanoparticle systems. 

 Like nanoparticles, dendrimers have received considerable attention for CNS drug delivery.  They 

possess multiple locations for drug and ligand conjugation, are uniform in size, are on the nanoscale, and 

have a globular shape that helps them to mimic biological macromolecules 
33,34

.  Two commonly used 

dendrimers in CNS drug delivery include polyamidoamine (PAMAM) and carbosilane.  Due to their 

cationic nature,  they are able to cross membranes
35

 and can efficiently complex and transfer siRNA 
36,37

. 

Carbosilane dendrimers carrying siRNA-NEF not only showed efficient delivery to the brain, but were 

able to transfect HIV infected astrocytes 
37

.  However, over population of dendimers with amino 

functional groups can increase toxicity
34

; therefore, a balance between transfection efficiency and toxicity 

should be considered. 

 Other particle types that have drawn recent attention for drug delivery to the CNS include 

magnetic nanoparticles 
38–40

, poly(trimethylene carbonate) nanoparticles (PTMC) 
41

 and gold 

nanoparticles 
42

. In addition to drug delivery, magnetic nanoparticles can be used in imaging and magnetic 

targeting applications 
43

.  PTMC is a biodegradable polycarbonate-ester, and like PLA, can be 

manipulated to tune degradation kinetics by altering the copolymer composition
44,45

.  Gold nanoparticles 

are also an attractive delivery platform as they are monodisperse and have tunable properties to change 

biodistribution and payload 
46

.   

 Many of the nanoparticles and dendrimers discussed in this section (and some not yet mentioned) 

are discussed throughout the remainder of this review as they pertain to many aspects of CNS targeted 

drug delivery. Table 1.1 provides a summary of the nanoparticle formulations used in conjunction with 

other techniques discussed throughout this work.  In particular, while not discussed in detail in this 
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section, traditional biodegradable polymeric nanoparticles of PLA and PLGA, play a large role 

throughout the remainder of this review.  

 

1.1.2 Convection enhanced delivery.  Convection Enhanced Delivery (CED) circumvents the BBB by 

continually infusing drug intraparenchymally.  It makes use of basic transport properties; convection will 

enhance diffusion 
47

, and differs from passive diffusion in that the transport distances are significantly 

enhanced.  Perhaps the most successful example thus far of exploiting passive diffusion for local therapy 

in the CNS is the Gliadel
®
  system.  Gliadel

®
 wafers contain BCNU that diffuses from the wafer as it 

degrades and slowly penetrates the surrounding tissue.  The penetration depth is governed by the 

concentration gradient created by the Gliadel
®
 drug reservoir.  It is implanted following tumor resection 

with the goal to destroy remaining tumor cells surrounding the resection cavity.  While a Gliadel
®
 is 

clinically useful 
48,49

, further enhancement of therapy by CED could allow even further penetration of 

drug molecules into surrounding tissue.  Thus, using the principles of convection and diffusion, CED 

looks to further enhance the accessibility of drugs to more remote regions of the brain. 

 Although CED for unencapsulated drug molecules is still being studied
50–54

, there has been a shift 

in the field toward understanding and utilizing nanoparticles in combination with this technology.  It was 

initially thought that particles above 64 nm could not diffuse within brain tissue 
55

, however densely PEG 

coated particles up to 114 nm were shown to efficiently diffuse throughout the brain 
56

.   The PEG coating 

enhanced the brain distribution by limiting specific interactions with tissues and receptors, a phenomenon 

that has also been seen with maghemite particles coated with human serum albumin 
57

.   In recent 

literature, treatment of gliomas by CED of unmodified PLGA nanoparticles has proved ineffective 
58,59

; 

however, PEG modified
59

 or trehalose modified 
60

 PLGA nanoparticles have shown efficacy.  Efficacy to 

treat gliomas has also seen limited success with lipid based particles in recent years 
61,62

.  Together these 

studies provide evidence that carrier type and surface coating may play a role in efficient and effective 

delivery with CED 
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Table 1.1.  Nanoparticle delivery systems used in drug delivery to the CNS 

particle core functionalization targeting/active  agent use reference 

PLGA PEG N/A CED 
56,59

 

FUS 
151

 

CPP IN 
118

 

Glutathione RM-peptide 
217

 

Lactoferrin RM-other 
234

 

TPGS N/A IN 
105

 

Trehalose N/A CED 
60

 

N/A N/A CED 
58

 

Glycopeptide RM-peptide 
213–215

 

Polystyrene PEG N/A CED 
56

 

FUS 
151

 

Fn14 antibody RM-other 
225

 

N/A gH625 CPP 
244

 

PCL PEG CPP IN 
108

 

Transferrin RM-transferrin 
180

 

angiopep-2 RM-peptide 
205,207

 

Lactoferrin RM-other 
233

 

N/A N/A CED 
58

 

PLA-PCL PEG   CED 
67

 

Liposome PEG N/A CED 
54,62

 

CPP IN 
109

 

RM-peptide FUS 
152

 

transferrin antibody RM-transferrin 
184–186

 

Transferrin RM-transferrin 
174

 

ApoE peptide RM-peptide 
201,202

 

Glutathione RM-peptide 
220,221

 

T7 and TAT CPP 
239

 

N/A N/A CED 
68,80

 

Glucoside RM-other 
229

 

Other lipid based carriers PEG Transferrin RM-transferrin 
175,181

 

5-HT-moduline RM-peptide 
219

 

N/A N/A CED 
61

 

N/A IN 
103

 

Borneol CD 
133

 

iron oxide chitosan-PEG N/A CED 
65

 

CD20 antibody RM-other 
222

 

N/A N/A FUS 
167

 

PECAM-1 antibody RM-other 
224
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Table 1.1continued.  Nanoparticle delivery systems used in drug delivery to the CNS 

particle core functionalization targeting/active  agent use reference 

PLA-PCL Chitosan N/A IN 
112

 

PEG CPP IN 
117,118

 

transferrin antibody RM-transferrin 
187

 

Peptide RM-peptide 
196

 

TGN and QSH RM-peptide 
197,198

 

LDLR mediated peptide RM-peptide 
211

 

Penetratin CPP 
242

 

MT1-AF7p CPP 
241

 

TPGS Transferrin RM-transferrin 
179

 

Gold Nanoparticles PEG N/A FUS 
149,150

 

TAT CPP 
240

 

N/A transferrin peptide RM-transferrin 
192

 

PE PEG angiopep-2 RM-peptide 
204,206

 

PAMAM dendrimer   angiopep-2 RM-peptide 
208

 

PAMAM-carbomethyl 

chitosan  

Dendrimer 

N/A CD11b antibody RM-other 
223

 

Albumin N/A Glutathione RM-peptide 
218

 

gelatin-siloxane 
PEG 

TAT CPP 
238

 

SynB CPP 
243

 

magnetic PLGA 

/solid lipid NP PEG TAT CPP 
236

 

Chitosan PEG TAT CPP 
237

 

CPEGGM-PDSGM  N/A des-octanoyl ghrelin RM-other 
232

 

PBCA  N/A CRM197 RM-other 
227

 

Abbreviations: PLGA (polylactide-co-glycolic acid), PEG (polyethylene glycol), TPGS (d-- tocopheryl 

polyethylene glycol 1000 succinate), PCL (polycaprolactone), PLA (polylactide), PE(1, 2-Distearoyl-sn- 

glycero-3-phosphoethanolamine), PAMAM (poly amido amine), CPEGGM-PDSGM (poly(carboxyl ethylene 

glycol-g-glutamate)-co-poly(distearin-g-glutamate), PBCA (polybutylcyanoacrylate), CED (convection 

enhanced delivery), FUS (focused ultrasound), IN (intranasal), RM (receptor mediated), CPP (cell penetrating 

peptide) 
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 In an effort to better treat gliomas implanted in a rodent model with CED, there have been a 

number of studies using a combination of CED and either systemic chemotherapy or radiation.   These 

strategies have seen a range of efficacies from no enhancement 
50

 to significant improvements upon co-

delivery 
52,63,64

.  In some cases the combinations also improve safety compared to systemic 

chemotherapeutic administration alone 
65

.  Among the significant improvements, one was attributed to 

BBB opening by the CED infused chemotherapeutic (nimustine), which allowed greater penetration of the 

systemically administered liposomal doxorubicin 
54

. Inconsistencies in efficacy could be attributed to 

specific carrier type or particular chemotherapy regimen used, but there have also been suggestions that 

there can be significant variability among animals with CED 
66

.  Part of this variability can be attributed 

to the non-uniform penetration geometries that are experienced upon CED administration 
67

.  Therefore, 

to further enhance treatment of gliomas with CED optimization with respect to penetration patterns 

should be considered. 

 Although the majority of CED in vivo models have focused on glioma, there are others worthy of 

discussion.  Gene delivery with CED has been explored and has proven efficient 
68,69

 and moderately 

effective at delivering siHtt as a treatment for Huntington’s disease; however, knockdown was mostly 

present at the injection site 
70

.  CED of BDNF was used in a spinal cord injury model and while there 

were significant restorative effects, in this study there was no comparison to systemically administered 

BDNF 
71

.  CED has also been used to treat brain stem tumors 
72,73

 and in a methamphetamine addiction 

model 
74

, showing improvements over controls in all cases.    

 Optimization thus far has been focused on understanding the distribution of macromolecules 

within the CNS using CED.  Co-administration of either Gd-albumin or Gd-DTPA with Evans blue dye 

revealed site-specific distribution at the hippocampus 
75,76

, which was attributed to neuroanatomical 

structures that provided less fluid resistance
76

.  The ability of Gd-DTPA to be used as a model 

macromolecule for imaging is possible, but may require calculations for standardization 
77

.  Alternatively, 

Gd-DTPA has been directly conjugated to various molecular weights of polylysine showing and inversely 

proportional relationship between distribution volume and molecular weight; however, there was also 
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tissue damage associated with this method 
78

.  Gd-DTPA has also been used to determine properties 

associated with CED in an ischemic stroke model 
79

.    

 In the last five years, of the areas of research mentioned in this review, CED has shown the most 

translation from small animal models to clinical trials. The transition into non-human primates has mainly 

focused around safety and feasibility of CED systems in more sophisticated models.  Nanoparticle 

delivery via CED was feasible 
80

 and infusion of ACNU was found to be generally safe 
81

.  To enhance 

the effects of gene delivery for Parkinson’s disease seen in Phase I clinical trials, a non-human primate 

MRI guided CED system was tested and provided a more predictable distribution 
82

. There have been a 

number of Phase I, II and III clinical trials reported in the last few years, all for treatment of glioma.   The 

description of a future Phase I clinical trial for carboplatin seems promising as carboplatin has been 

successful in animal models 
83

.  A CED Phase Ib study for topotecan showed a 6 month progression-free 

survival and 6 month overall survival of 44% and 75%, respectively, without evidence of systemic 

toxicity 
84

.  Topotecan was also used in a CED trial of 2 pediatric patients with brain stem tumors, and 

although it was unable to prolong survival, the study  proved feasibility of using CED in children and for 

brain stem tumors 
85

.  A Phase IIb trial to treat high grade glioma with CED of trabedersen, saw no 

significant improvements at the 6 month endpoint; however, the low dose group showed promising results 

versus standard chemotherapy with less adverse effects 
86

. In the well-known Phase III PRECISE trial, the 

largest trial to treat glioblastoma multiforme after resection, there were no significant improvements 

compared to Gliadel
®
 wafers which was largely attributed to the specificity of the drug compared to the 

heterogeneous nature of glioblastomas 
87

.  In a review of recent CED clinical trials, Shahar et al. cover the 

drawbacks the catheter placement surgery can have on the success of the trial.  They urge for optimization 

of catheter type and placement for development of a successful trial 
88

.  Catheter placement and type has 

been a highly studied attribute of CED and while it is beyond the scope of this review, the literature is 

replete with examples of current advancements 
89–94

.     
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1.1.3 Intranasal administration.  Intranasal (IN) drug delivery has become an attractive approach to 

circumventing the BBB in the last decade. It provides a direct route to the brain and is able to decreases 

systemic exposure and limit degradation of therapeutics 
95

.  In recent years IN delivery has been explored 

for therapeutic proteins, small molecules, nanoparticle systems, and in conjunction with other targeting 

moieties. 

 Therapeutic proteins and small molecules can have high rates of degradation in the blood stream 

and can show limited uptake in the brain due to the BBB 
96

. Therefore, IN has been explored to increase 

their concentration in the brain.  While some IN molecule formulations have shown accumulation 
97

 and 

efficacy
98

 in the brain, there have also been site specific accumulations in the olfactory bulb 
99

 and no 

significance in comparison with other administration methods 
98,100

.  However, faster peak 

accumulations
100

 and response time 
98

 are reported along with overall different brain distributions using 

IN 
100

. Therefore, in an effort to increase brain concentrations and efficacy, nanoparticle and bioadhesion 

technologies have been explored in combination with IN delivery. 

 The controlled release properties of nanoparticles can be beneficial to enhance retention of 

therapeutics at the nasal mucosa.  In recent years most nanoparticle systems for IN delivery have been 

lipid based, as they can decrease clearance and incorporate into the mucous membrane 
101

.  Lipid 

formulations that have been administered IN have shown a 1.8 time greater analgesic effect 
102

 and 

enhanced performance in behavior analysis tests in a depression model 
103

.  Solid lipid microparticles 

were able to deliver a poorly water soluble drug and significantly increase its concentration in the brain 

through IN administration 
104

.  Polymeric nanoparticle systems have also been studied for IN 

administration.  PLGA-TPGS based nanoparticles showed greater nasal retention 
105

 and polyethylene 

oxide-polypropylene oxide micelles were 5 times more efficient when administered IN vs. IV 
106

. Cell 

penetrating peptides (discussed in section 4.2) have been used to increase the uptake of drugs in the nasal 

cavity
107

, and when used in conjunction with nanoparticles have shown significant increases in brain 

uptake compared to IV administration 
108

 and retention in the hippocampus and cortex 
109

. 
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 Due to the rapid clearance of molecules in the nasal cavity, retention at the nasal mucosa is 

limited.  Bioadhesives have been proposed as a method of enhancing contact time 
110

.  In recent years, 

chitosan and lectin have been the two most widely studied bioadhesives. Chitosan is a biocompatible and 

biodegradable polysaccharide that, when protonated, adheres to negatively charged surfaces making it an 

attractive bioadhesive 
111

.  Chitosan particle formulations have shown enhanced efficiency
112–114

 and 

efficacy
115

 in recent years; however, lectin has been more widely studied for IN delivery.  Lectin is a 

family of peptides that selectively bind to glycosylated proteins, such as those lining the nasal mucosa 
110

. 

IN administered lectin conjugated PLA-PEG nanoparticles have increased brain to blood ratios by 2 fold 

compared to non-lectin particles 
116

, increased concentration of basic fibroblast growth factor while 

reducing side effects 
117

 and showed the best performance in a Parkinson’s model 
118

.  Similarly, lectin 

PLGA-PEG particles increase brain concentration, initially in the olfactory bulb but in the cerebrum and 

cerebellum at longer times 
119

.  However, they failed to increase efficacy in a schizophrenia model 

(catalepsy test) 
120

.  These studies all show the benefits lectin can have on IN delivery and provide a nice 

alternative to chitosan, however more efficacy tests are needed.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

 

1.2 Disruption of the blood brain barrier    

 To overcome limited drug passage through the tight endothelial cell junctions of the BBB, 

strategies have been developed to actively permeabilize the BBB to allow unrestricted passage of small 

molecules, macromolecules and therapeutic viruses.  Initial studies on BBB disruption focused on 

chemical means, but more recently physical forces have been considered.  Recent advances in both 

chemical and physical disruption are discussed.  

 

1.2.1 Chemical disruption.  Mannitol is the most widely studied chemical for disrupting the BBB.  It 

hyperosmotically shrinks endothelial cells, providing space for large molecules to passively diffuse across 

the BBB 
121

.  In recent years it has been used in conjunction with gene delivery 
122,123

, nanoparticles 
124

, 

peptides
125

, cellular delivery 
126

 and even as a component of a polyplex for siRNA delivery 
127

.  Mannitol 
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has also been studied in clinical treatment of recurrent malignant glioma with intra-arterial delivery of 

both mannitol and bevacizumab 
128

. While the previously mentioned studies showed success, there have 

also been some challenges associated with mannitol delivery.    When adapting mannitol usage from a 

rodent model into rabbits there was wide variation in the extent of BBB disruption amongst different 

animals 
129

.  Another potential concerns surrounding mannitol administration involve discrepancies 

regarding its injection method.  Typically mannitol is injected arterially, but in a few of the studies 

mentioned above 
123,127

  showed BBB permeation after intravenous injection.  Another study suggests that 

mannitol is ineffective at BBB disruption upon intravenous injection 
130

.  Therefore, there is a need for 

fundamental work regarding various injection methods and mannitol’s effectiveness.   

 In the past few years a few other chemicals have shown promise in BBB disruption.  Another 

carbohydrate, polydixylitol, functions similar to mannitol in that it disrupts based on osmotic pressure, but 

also provides osmotic shock to the cells which enables effective penetration of siRNA polyplex into 

astrocytes 
131

.  Borneol, a molecule used in traditional Chinese medicine, has also been explored as a BBB 

disrupting agent, via opening of tight junctions 
132

.  Recently, Borneol has been investigated to facilitate 

liposomal transport across the BBB 
133

, as well as its  effect on the expression of MDR1 and Mrp1 

transporters at the BBB while enhancing penetration of rhodamine 123 
134

.  Other agents include 

lyophosphatic acid 
135

, a signaling molecule, and anti-endothelial barrier agent 
136

.  While there are still 

studies involving chemical disruption of the BBB, inconsistencies have shifted the field toward less 

invasive physical disruption. 

 

1.2.2 Focused ultrasound.  One of the emerging fields in CNS drug delivery is Focused Ultrasound 

(FUS), which presents a non-invasive physical approach to BBB disruption. Disruption of the BBB 

caused by ultrasound was first discovered in the 1950’s 
137

, however, drug delivery applications involving 

FUS did not appear until the early 2000’s.  The current method for FUS combines the power of 

ultrasound with sonoporation enhancement of microbubbles 
138

.  Ultrasound is focused at the target site in 
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the brain and when circulating microbubbles reach the targeted area they enhance the sonoporation of the 

targeted vessels 
139

.  

 The main treatment objective with focused ultrasound has been to deliver molecules that cannot 

naturally penetrate the BBB.  To gain an understanding of the efficiency of FUS systems, a variety of 

model drugs and therapeutics have been used.  Although some small molecules have been studied for 

efficiency
140,141

, the major focus has been on macromolecules.  The hydrodynamic diameter of 

macromolecules is their main limitation for crossing the BBB
5
.    Dextran has been used as model 

macromolecule due to its flexibility in molecular weight and ability for conjugation of fluorescent makers 

for detection.  Dextran has been used in proof of concept studies involving the effects of various FUS 

parameters on BBB disruption 
142

, to assess the combined strategies of  intranasal (IN) and FUS 
143

, 

alongside a PBCA super paramagnetic iron oxide nanoparticle 
144

 and as a model mAb 
145

.  Another 

important class of macromolecules that have been studied are neurotrophic factors, which are important 

for the treatment of neurodegenerative disease.  Brain derived neurotrophic factor (BDNF) showed 

greater uptake and maintained activity with FUS 
146

 and glial-derived neurotrophic factor accumulated 

over 4 times greater in the brain than without FUS 
147

. 

 Although FUS with macromolecules has been efficient, the more interesting application of FUS is 

its enhancement on nanoparticle uptake.  As mentioned above, nanoparticles have been a key component 

to the advancement of targeted drug delivery.  Gold nanoparticles can be used as an independent therapy 

or as a carrier for other drugs 
148

.  PEG coated gold nanoparticles with FUS have shown a 336% increase 

in brain uptake 
149

 and accumulation of both 50 nm and 120 nm particles 
150

.  Other nanoparticle systems 

explored with FUS have been PEG-polystyrene
151

, PEG-PLGA
151

 and peptide conjugated liposomes
152

.   

 The effect of FUS on efficient gene delivery has also been explored with viral vectors 
153,154

, 

DNA
155,156

 and siRNA
157

.  The combination of siRNA and FUS enabled 32% knockdown of Htt, the 

mutant protein associated with the neurodegeneration of Huntington’s disease.  This result shows promise 

for future efficacy models combining FUS and gene delivery. 
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   In recent years, further development of FUS has involved testing for technique efficacy.  A 

major area of FUS efficay has focused on treating brain tumors, particularly glioblastoma.  FUS was able 

to aid drug infiltration into a glioblastoma in an animal model 
158

 and significantly decreased tumor size 

and increased survival
159

.  A peptide-conjugated liposomal doxorubicin formulation increased median 

survival time to 15 days with FUS compared to 9 days for control 
152

.  In a glioma model BCNU was 

encapsulated into the microbubbles designed to release at the onset of microbubble burst.  Incorporation 

of the drug into the microbubble further enhanced median survival from 29.5 days for drug alone to 32.5 

days for microbubble encapsulated drug 
160

.  Tumor treatment with poly(analine-co-n-(1-one-butyric acid) 

coated iron oxide nanoparticles encapsulating epirubicin increased median survival by 66% over controls 

161
.   Beyond glioma, metastatic brain tumors have been treated with repeated IV doses of trastuzumab 

combined with FUS showing 38% longer survival with 4 out of 10 completely resolved tumors 
162

.   

 Preliminary efficiency models and tumor efficacy models provide evidence that FUS can be an 

effective tool for CNS drug delivery.  However, there is still ongoing work to optimize these protocols.  

Using Definity© microbubbles, 1.1-3.3 µm lipid particles with octafluoropropane gas encapsulated, 

numerous studies have investigated the effects of various experimental parameters on FUS.  Parameters 

such as sonication duration, microbubble concentration, pulse repetition frequency, pulse length, and  

influence of standing waves and pressure are all important 
142,163–166

 for both efficacy and safety.  Since 

the BBB is a naturally protective function, the safety risks of temporarily permeabilization have to be 

assessed.  To assess inflammation that may occur during various sonication parameters, Liu et. al. 

magnetically labeled macrophages with super paramagnetic iron oxide nanoparticles to track them in real 

time.  They found there were an ideal set of parameters that did not induce an inflammatory response 
167

.  

Safety of repeated FUS bursts in conjunction with repeated doses of liposomal doxorubicin has also been 

studied 
168

 as repeated low doses of liposomal doxorubicin has proven more effective 
169

.  It proved to be 

a more effective and safer approach than administration of one large dose 
168

.  Few studies have moved 

beyond rodent models, but the existing non-human primate models  found challenges determining optimal 

parameters due to the thicker skull, but were able to eventually identify safe and optimal parameters 
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170,171
.  As a promising technology, a wider range of efficacy studies and extension to larger animal 

models can make FUS a valuable technique in CNS drug delivery.  

 

1.3 Exploitation 

 Exploiting endogenous receptors and transport processes at the BBB has proven to be an effective 

tool for drug delivery of systemically toxic substances, proteins and peptides.  The most common 

strategies leverage receptor-mediated transport, with either small molecules, antibodies or peptides as the 

ligand, as well as cell penetrating peptides.   

 

1.3.1 Receptor mediated.  Receptor mediated endocytosis exploits the natural receptor-ligand 

interactions that take place at the BBB and utilizes them for active transport of macromolecules that 

cannot passively diffuse past the BBB.  In the past emphasis was placed on systems utilizing transferrin, 

insulin and low density lipoprotein receptor mediated systems, however new targets are continually 

explored.  Recent advances in transferrin, peptide-receptor interactions, and various other antibody and 

ligand-receptor targeting systems will be explored here. 

 

1.3.1.1 Transferrin.  Transferrin transports iron through the BBB and in 1995 it was discovered that this 

occurs through a receptor mediated process, wherein there is a specific receptor for transferrin 
172

.  Since 

this discovery, its use in targeted drug delivery has been exploited as a means for transporting 

therapeutics across the BBB 
173

.  In recent years drug delivery systems conjugated to transferrin have 

mostly been studied in vitro 
174–178

, however efficiency 
179

  and efficacy in brain tumor models 
180–182

 have 

been explored in vivo.  Although the mentioned efficacy models showed significant improvement in 

decreasing tumor volume and survival,  endogenous transferrin has been shown to competitively inhibit 

receptor binding of transferrin conjugated systems in vivo;  therefore, other forms of transferrin receptor 

targeting have been explored 
183

. Monoclonal antibodies specific to transferrin have proven efficient for 
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transferrin receptor targeting 
183

 and  recently have been used to evaluate in vivo efficiency 
184,185

 and in 

vitro efficacy studies for future neurodegenerative disease applications 
186,187

.  Although these 

immunotargeted systems are effective, there has been evidence of potential safety risks, including 

hemolytic anemia, associated with transferrin monoclonal antibodies 
188,189

.  Therefore, a peptide 

approach to targeting transferrin receptor has been developed  by determining peptide sequences from 

phage display that are capable of binding to the transferrin receptor without competitive inhibition of 

transferrin 
190

.  Using these novel peptides, recent studies have created  transferrin peptide conjugates with 

a cell penetrating peptide that enabled efficient transportation of siRNA 
191

 and a gold nanoparticle 

containing a β-sheet breaker peptide capable of interacting with Aβ1-42 
192

.  With the little interference 

between transferrin and transferrin receptor binding peptides, this approach has promise to be an effective 

strategy for BBB targeting in the future. 

 

1.3.1.2 Peptides.  Peptides have become an emerging strategy for receptor mediated endocytosis, due to 

their specificity and ability to trigger and undergo endocytosis.   The RGD peptide for tumor targeting has 

been widely studied and serves as an example for peptides-receptor mediated endocytosis  
193

. To 

discover cell and site specific peptides, a unique strategy has emerged; phage display.   

 Phage display is a method developed to screen for peptide sequences that bind specifically and 

selectively to a target site.  The literature describes the details of phage display extensively
194

 but a brief 

introduction is provided for context.  Exogenous peptide sequences are displayed on the surface of a 

bacteriophage, which is then incubated with cells expressing the receptor of interest.  Through a series of 

wash steps, only the bound phage remains and through an elution process, bound phage is recovered.  The 

recovered phages are replicated in bacteria and this process is repeated 2-3 more times.  The final phage 

particles are isolated and sequenced to obtain the peptide sequence(s) that bind selectively to the target 
194

.  

The phage display technique has been used in recent literature to create novel targeted drug delivery 

systems.  Novel peptides have been developed with phage technique by incubating phage with choroid 

plexus explants.  The three peptides that were chosen from phage display were able to target choroid 
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plexus epithelium and ependymal 
195

.  Phage display was also used for in vivo screening of a brain 

targeting peptide by injecting page display library into mice, allowing distribution and recovering targeted 

sequences from brain homogenate.  These peptides were conjugated to nanoparticles and increased the 

blood/brain accumulation ratio to 1.57 compared to 0.42 for controls 
196

.  Other systems have made use of 

peptides that had been previously discovered with phage display to target the BBB and Aβ42 in 

Alzheimer’s models with TGN and QSH 
197,198

.  Tet-1, which has binding characteristics of tetanus toxin, 

was previously discovered with phage display and its specific interactions with neuronal cells was 

confirmed with a Tet-1 coated PLGA nanoparticle system in vitro 
199

.   

 Using phage display and other techniques, there has also been an effort to design peptide targeted 

drug delivery systems toward the low density lipoprotein receptor (LDLR) family of proteins.  

Traditionally the whole molecule of ApoE was used for targeting to LDLR; however, its binding 

capabilities can be reduced by interference of serum proteins 
185

 and it may have a potential role in 

Alzheimer’s disease 
200

.  This has urged the development of targeting methods using peptides specific to 

LDLR.  Peptides have been designed from ApoE, showing increased uptake in vitro 
201,202

 and increased 

brain uptake with a system capable of gene delivery 
203

.  Like ApoE and ApoE-derived peptides, 

Angiopep-2 has also been found to bind to low density lipoprotein receptor related protein (LRP) at the 

BBB and its binding has been exploited for targeted drug delivery.   Not only have angiopep-2 targeted 

systems shown efficiency in brain uptake 
204

 and glioma uptake
205

 but they have demonstrated efficacy 

against brain fungal infection with 30% still surviving at the end of the study 
206

 and in a glioblastoma 

model with 37 days median survival compared to 30 days for untargeted systems 
207

.  Although effective, 

the density of angiopep-2 on the targeted particle can be problematic and increase RES uptake
208

 and 

angiopep-2 has the potential for degradation due to metabolic barriers
209

.  To address potential 

degradation issues, a d-isomer peptide of angiopep-2 was created, shown to be significantly more stable 

in serum, and produced greater uptake into the brain.  However, there was also visually greater uptake in 

the liver 1h post injection 
209

, which could lead to negative systemic effects.  Due to the initial success of 

targeting the LDLR family, phage screening was used to develop a peptide that can not only target the 
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LDLR family, but had less competition with endogenous molecules 
210

 and capable of targeting treatment 

to glioma, showing 146% lifespan extension over drug alone 
211

.   

 Strategies separate from the LDLR family have also been developed.  In an attempt to exploit 

neurotropic behavior found in nature, Fu et. al. developed a rabies virus glycoprotein-derived peptide that 

when fused to various therapeutic proteins significantly lowered neurological deficits in a stroke model 

212
.  Glycopeptides

213–216
, glutathione 

217,218
 and 5-HT 

219
 have also shown success as peptide ligands for 

receptor mediated targeting.  Although the glutathione system (glutathione conjugated to pegylated 

liposomal doxorubicin) showed 4.8 time increase in brain to plasma ratio, there was also a 1.3 times 

higher systemic exposure 
220

.  However, the glutathione ligand to GLUT receptor targeting system has 

proven effective in a neuroinflammation model of experimental autoimmune encephalomyelitis where 

delivery of glutathione conjugated pegylated liposomes encapsulating methylprednisolone showed 100% 

survival compared to 77.8% for untargeted pegylated liposomes and 16.7% for untreated subjects. 
221

 

 

1.3.1.3 Others.  Beyond transferrin and peptide strategies, there have been various other receptor 

mediated targeted strategies in recent years.  The success in antibody targeting efficacy with transferrin 

has translated to the design of other antibody-receptor targeting systems.  Recently two systems were 

tested in vitro for cell specific uptake with CD-20 antibodies (for PCNSL cells) 
222

 and CD11b (for 

microglial cells) 
223

, which showed 4 times greater accumulation compared to controls and cell specific 

uptake, respectively.  In vivo, antibody receptor mediated endocytosis was tested using Anti-PECAM-1, 

and although it gave a 2 fold increase in the brain it also produced at 4 fold increase in the lungs which 

could have negative side effects 
224

.  In attempts to overcome some toxicity and specificity challenges of 

antibody receptor mediated approaches, intracranial injections of an antibody against fibroblast growth 

factor inducible 14 (Fn14) have been studied 
225

 along with a novel approach to create monovalent and 

bivalent fusions of antibody FC5 with human Fc domain for neuroactive peptide delivery 
226

.  The 

antibody FC5 was engineered to eliminate its toxic effects while still remaining effective.  In a 
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Hargreaves model of inflammatory pain it had a significant effect on analgesic properties; however, the 

systemic toxicity was not discussed in this study 
226

.  

 Due to the large number of processes that take place at the BBB there are a wide variety of 

molecules that have been assessed for receptor mediated targeting.  In an in vitro study a ligand active to 

diphtheria toxin receptor showed increased permeability 
227

.  Efficient delivery was seen for targeted 

systems toward axon transport facilitator 
228

 and GLUT transporter 
229,230

.   However, there is potential for 

systemic effects with the GLUT systems, as GLUT receptor is located in various organs throughout the 

body 
231

. Other studies showed enhanced efficacy using des-octanoyl ghrelin, a functional hormone, as a 

targeting moiety in an analgesic model 
232

 and lactoferrin to target the low density lipoprotein receptor in 

a glioma model 
233

 and a Parkinson’s disease model 
234

.  Although effective, they all experienced changes 

in biodistribution of all organs (not just brain) when the targeting moiety was conjugated, which could 

have potential negative effects.  Hu et. al. investigated the inflammation their targeted system had on 

spleen, kidney and liver and found there was an increase in inflammation after 24 but it disappeared 

within 48 hours 
234

.  These consequences of conjugation should be investigated for all systems to rule out 

potential side effects.   

 Many of the receptor mediated strategies reviewed here have shown promising efficiency and 

efficacy both in vitro and in vivo.  One remaining challenge is the potential systemic effects these targeted 

systems could have.  Often, the receptors studied are expressed elsewhere, leading to active targeting to 

non-target tissues.  More studies involving multi-targeted systems could eliminate some of the increases 

in undesired organs and further enhance efficacy.    

 

1.3.2 Cell penetrating peptides.  As a complement to receptor mediated approaches, cell penetrating 

peptides (CPP’s) have provided another means of exploiting endogenous processes at the BBB to enhance 

drug delivery.  CPP’s possess the ability to penetrate the BBB through mechanisms that are not yet fully 

realized 
193

.  One of the most widely studied CPPs, TAT, was derived from the HIV-1 tat protein.  It has 

served as the model CPP for mechanistic studies of cellular entry and the potential for CPPs to carry 
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various cargo across the BBB 
235

.   In recent literature, TAT has been used for both in vitro and in vivo 

interactions with a range of success.  While TAT enabled nanoparticle delivery in vitro
236,237

, it was not 

significantly better at transfecting siRNA than untargeted particles 
237

.  TAT modified nanoparticles 

showed greater accumulation in the brain
238

 and in a glioma model 
239,240

 with increased survival
240

; 

however, modification with a second peptide to target the glioma greatly enhanced tumor uptake 
239

.   The 

greater increase upon dual peptide conjugation suggests future work should focus on dual targeted 

systems.  Also in these studies, the accumulation in the liver and spleen was decreased upon TAT 

conjugation in one instance 
238

, but increased in another 
239

.  Cell morphology studies were conducted and 

showed no significant differences between the nanoparticle treated livers and spleens compared to saline 

controls 
239

.  The variation in biodistribution changes between studies is most likely a factor of the 

nanoparticle composition, solidifying the importance of studying the accumulation in all major organs 

with each novel drug delivery system. 

 Although TAT has been the most widely studied CPP in recent years, others have also shown 

promise in CNS drug delivery.  In a combination therapy strategy, a glioma targeted bind peptide (MT1-

AF7p) was conjugated to a nanoparticle system and co-administered with a tumor penetrating peptide 

(iRGD).  The combination therapy enhanced median survival from 12 days without iRGD to 39 days with 

its co-administration 
241

.  Penetratin increased brain accumulation by 1.89 times while having no change 

on the systemic biodistribution 
242

 while a SynB nanoparticle system showed an increase in brain 

accumulation with a decrease in the liver 
243

.  These alternative strategies are promising and could provide 

even greater enhancements when used in combination with receptor mediated peptides.   

 

1.4 Future recommendations.  Targeted drug delivery has seen important improvements in recent years; 

however, there still exist a need for more site specific delivery.  This can be accomplished by finding new 

receptor mediated targets or combining various strategies reviewed above to enhance the targeting 

specifically to the CNS.  There is also a need for more advanced and diverse efficacy models.  The 
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majority of efficacy models focus on gliomas in rodents, however, there are many other CNS diseases that 

could be investigated.  

 

1.5 P-glycoprotein  

  P-glycoprotein is a 170 kDa transport protein expressed among species of mammals, most 

notably in humans and rodents.  The natural function of P-gp is to protect the body from toxic substances 

by actively transporting drugs at tissue-fluid barriers.  During the oral route of administration of drugs, P-

gp plays a role in transport of its substrates in and out of the intestines, liver and kidneys. P-gp is 

responsible for expelling its substrates from intestinal tissue back into the gastrointestinal lumen. During 

excretion of P-gp substrates in the kidney and liver, P-gp prevents re-adsorption by maintaining its 

substrates in the proximal tubule lumen and bile, respectively.  P-gp is also located at the blood-brain 

barrier, blood-testis barrier and blood-placenta barrier.  In these tissues, substrates are kept in the blood 

lumen and prevented from adsorption into the endothelial cells.
245,246

  Although the natural function of P-

gp is protective, it can also create major challenges in drug delivery of important therapeutic substances.  

Therefore, many studies have focused on identifying P-gp substrates and inhibitors.   

 Substrates of P-glycoprotein were first studied in the 1970’s but the majority were discovered 

between the 1980’s to present.  To date the various classification of substrates have included dyes, 

chemotherapeutics, antibiotics,  and steroids among many other hydrophobic and cationic molecules.
247

    

The process through which P-gp interacts with substrates was best described by Aller et al. in their study 

involving the x-ray structure of P-gp which revealed its polyspecific binding pockets.  They were able to 

show that once a P-gp substrate enters into the inner leaflet of the cell membrane it is recognized by the 

protein and transported to one of two binding pockets through an inner membrane pore.  Once the 

substrate is bound, ATP binds at the intracellular nucleotide binding domains of P-gp which causes a 

conformational change.  The conformational change leads to expulsion of the substrate by P-gp.
248

   

 Understanding P-gp structure and function has been important when considering methods of drug 

delivery of P-gp substrates.  Often, attempts to overcome the challenges associated with delivering P-gp 
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substrates has been focused on inhibition of P-gp function.  First generation inhibitors, such as verapamil, 

showed promising inhibition in vitro but carried negative side effects when co-administered with P-gp 

substrates in vivo.
249

 Attempts have continually been made to discover new inhibitors and have led to a 

promising class of inhibitors, pluronics.  

 Pluronics are block copolymers composed of ethylene oxide-propylene oxide-ethylene oxide and 

they vary in molecular weight of the different blocks. Their ampiphillic nature made them ideal 

candidates for micelle drug delivery systems and these studies led to the discovery by the group of 

Kabanov that Pluronics can act as P-gp inhibitors in drug resistant cells.  Systems using pluronics as P-gp 

inhibitors have reached clinical trials
250,251

, but efforts are in progress to elucidate the mechanism(s) of 

inhibition. In a recent review by Alakhov and Kabanov
252

 the MDR inhibition mechanism is described as 

involving complex interactions at various layers within the cell.  The first interaction takes place at the 

cell surface and involves the inhibition of P-gp. When the hydrophobic core of the pluronic inserts itself 

into the cell membrane it alters the lipid environment around P-gp, which is important for proper P-gp 

function.
252

  

 The effect Pluronics have on P-gp function has been the most widely studied polymeric 

interaction with P-gp; however, the effect of other polymers on P-gp or of P-gp on other polymers are still 

being discovered.   Early attempts to evade P-gp expulsion of doxorubicin were made by conjugation of 

doxorubicin to HPMA-based copolymers.  This conjugation took place at the primary amine on 

doxorubicin, which is necessary for recognition by P-gp, and thus allowed doxorubicin to accumulate 

intracellularly.
253,254

 Sakai-Kato et al. have also studied the interactions of polymer conjugated 

doxorubicin, however they found that their doxorubicin conjugated polyethylene glycol-polyaspartate  

micelles still intereacted with P-gp.
255

  In further studies they evaluated the same polymeric micelles with 

various dyes and drugs conjugated and concluded that the polymer itself was recognized by P-gp.
256

 

 

1.6 Design Criteria and Rationale 

 In this work, a targeted drug delivery system toward P-gp is proposed.  Figure 1.1 summarizes the  
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proposed mechanism through which P-gp can be targeted.  First a nanoparticle containing a PEG linker 

and P-gp substrate approaches a P-gp expressing cell.  The P-gp substrate crosses into the cell membrane 

where it is recognized and pulled through an intermembrane pore into one of two binding pockets.  This 

effectively tethers the particle at the cell surface and allows local drug release. 

 A PLA-PEG particle platform was chosen for this work as each moiety of the copolymer 

provides an advantage in biological systems.
257

  PEG provides greater biodistribution
257

 and 

poly(lactide)s provide biological compatibility and biodegradability
258

.   A 5000 Mn PEG was 

chosen as it is able to cross into the cell membrane without providing a significant amount of 

steric hindrance.  The contour length (maxiumu chain length)  and Flory radius (random coil 

radius) for PEG 5000 have been found to be 47.9 nm
259

 and 6.7 nm
260

 respectively.  Given that a 

typical cell membrane is 4-5 nm thick
261

 (3-4 nm for the hydrophobic core and 1 nm for the polar 

head groups), this PEG length should be sufficient to allow the P-gp substrate to cross into the 

cell membrane.  PEG 5000 was also found to have the maximum effect on reducing protein 

adsorption to the surface of nanoparticles 
262

.   

 The rhodamine dye class of P-gp substrates was chosen for the targeting moiety of this 

system since they represent a well characterized class of P-gp substrates and possess 

conjugatable functional groups.  Rhodamine123, is a good P-gp substrate and is particularly well 

represented in the literature as a probe to quantify the activity of the protein under different 

conditions.
263–265

  Rhodamine123 (Rho123) has played a historic role in the detection of P-gp 

inhibitors and in the analysis of potential treatments for multidrug resistant (MDR) cancers.
266–269

  

Rhodamine 6G (Rho6G) is another rhodamine dye that has also been used for P-gp studies.
270–273

 

Although Rho6G is not as widely used as Rho123 it has been shown to have a greater affinity to 

P-gp.
263
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Figure 1.1.Tethering of drug delivery carriers to cells through interaction with P-gp. (A) Drug 

carrier/PEG linker/P-gp substrate (B) PEG linker spans membrane as P-gp substrate diffuses into cell 

membrane. (C) Export of P-gp substrate by P-gp tethers drug carrier to cell and drug is released locally. 

 

  

 

  

(A) 

(B) 
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CHAPTER 2 

SYNTHESIS AND CHARACTERIZATION OF MACROMOLECULAR RHODAMINE 

TETHERS AND THEIR INTERACTIONS WITH P-GLYCOPROTEIN* 

 

2.1 Introduction 

P-glycoprotein (P-gp) is an ATP-binding cassette membrane efflux protein that actively 

transports small molecules across the cell membrane.  It is expressed in both healthy (e.g., gastrointestinal 

endothelium) and diseased (e.g., multidrug resistant cancers) tissues.
1–3

  Although general characteristics 

of P-gp substrates are known, such as high lipophilicity, the protein is fairly promiscuous and transports a 

surprisingly wide range of structures.
4,5

  The clinical ramifications of P-gp expression in cancers are well 

documented and the literature is replete with examples of drug targeting with antibodies against P-gp 

expressing cell types 
6,7

 or of attempts to inhibit P-gp mediated efflux of substrates.
8
  However, to date the 

clinical impacts of these approaches have been yet to be fully realized.  For these reasons, probes to 

evaluate the functionality of P-gp are increasingly important to help better understand the mechanism and 

specificity of its activity.
9,10

  In particular, polymeric probes could prove useful for in vivo applications 

since the majority of probes are small molecules that often have limited circulation time.
11,12

  

Polymeric materials have been extensively studied for their ability to inhibit P-gp.
13

 Poloxamers 

are a particularly well known class of polymeric P-gp inhibitors.
14

  Poloxamers inhibit P-gp by either 

decreasing membrane fluidity or depleting ATP.
15

  The polymers do not directly interact with P-gp and 

are not considered substrates of the protein.  Little is known about polymers acting as substrates of P-gp 

and our aim is to describe such interactions through the conjugation of polymers the established P-gp low 

molecular weight substrates.   

Rhodamine dyes are one popular class of P-gp substrates.  The rhodamine variant, rhodamine123, 

is a strong P-gp substrate and is particularly well represented in the literature as a probe to quantify the 
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activity of the protein under different conditions.
16–18

  Rhodamine123 (Rho123) has played a historic role 

in the detection of P-gp inhibitors and in the analysis of potential treatments for multidrug resistant 

(MDR) cancers.
19–22

 Although Rho123 is more widely used as a P-gp substrate, other rhodamine variants 

have been explored for affinity to P-gp.  Rhodamine 6G (Rho6G) and Rhodamine B (RhoB) have also 

been used as P-gp substrates and have higher and lower, respectively, affinity to P-gp than Rho123.
16

  An 

expansion of the potential use of rhodamines could lead to opportunities for further investigation into P-

gp function. One useful expansion would be conjugation of a macromolecule to rhodamine variants.  

Early conjugates of rhodamine derivatives were synthesized by activation of the 4’ or 5’ sites
23,24

, but 

more recently a one-step substitution of small compounds through the 2’ position of Rho6G and Rho123 

was reported.
25

  

Herein we report the synthesis and characterization of a methoxypolyethylene glycol (mPEG) 

conjugate of Rho6G and Rho123 through the 2’ position and characterize their interactions with P-gp 

(Figures 1a and 1b).  PEG is a well-established tether of small molecules, peptides and proteins 
11,26

 and  

mPEG-Rho6G and mPEG-Rho123 conjugates could be useful to investigators in the P-gp field.  We also 

compare the P-gp interaction of the 2’ substituted mPEG-Rho6G and mPEG-Rho123 to the more 

common and commercially available 4’ substituted mPEG-RhoB (Figure 1c). Recognizing that 

perturbations of the molecular architecture of a P-gp substrate can influence the interaction with P-gp
27

, 

we sought to establish the retained activity of the macromolecular rhodamine conjugates using the P-gp 

expressing breast adenocarcinoma cell line, MDA-435/LCC6 MDR.  Our results show that PEG was 

effectively linked to Rho6G and Rho123 in a single step as determined by both 
1
H NMR and diffusion 

ordered NMR.  Additionally, retention of the P-gp interaction with the PEG-Rho6G, PEG-Rho123 and 

PEG-RhoB conjugates were confirmed by both FACS analysis and confocal microscopy.  Both 

techniques showed that the P-gp interaction with the conjugates directly correlated to that of free Rho6G, 

Rho123 and RhoB thereby establishing the potential use of these macromolecular tethers of rhodamine 

derivatives as P-gp interactive conjugates. 
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2.2 Materials and Methods 

 

2.2.1 Materials.  Dialysis tubing of 2000 g/mol molecular weight cutoff (MWCO) was purchased from 

Spectrum Laboratories (Rancho Dominguez, CA). Deuterated dimethyl-sulfoxide was purchased from 

Cambridge Isotope Laboratories (Andover, MA).  Methoxy polyethyleneglycol amine (mPEG-NH2),  

rhodamine 123 (Rho123), rhodamine 6G (Rho6G), rhodamine B (RhoB), anhydrous dimethylformamide 

(DMF), triethylamine (TEA), RIPA buffer, phosphate buffered saline (PBS) with calcium and 

magnesium, protease inhibitor cocktail, monoclonal anti-P-glycoprotein antibody produced in mouse, 

monoclonal anti-β-actin antibody produced in mouse, anti-mouse antibody produced in goat, and BCIP-

blue liquid substrate were purchased from Sigma Aldrich (Saint Louis, MO). Methoxy 

polyethyleneglycol rhodamine B (mPEG-RhoB) was purchased from Nanocs (New York, NY).   PD-10 

columns were purchased from GE Healthcare Bio-sciences (Piscataway, NJ).  Accutase, 

penicillin/streptomycin, NOVEX Bis-Tris 10% gels and MOPS running buffer were purchased from Life 

Technologies (Grand Island, NY).  PVDF membrane was purchased from Pall Corporation (Port 

Washington, NY). Non-fat dry milk blotting grade blocker was purchased from Bio-Rad (Hercules, CA).   

Sterile cell culture phosphate buffered saline (PBS) and fetal bovine serum (FBS) were purchased from 

Cellgro (Manassas, VA).  HyClone MEM Richter’s modification with L-glutamine and phenol red was 

purchased from Thermo Scientific (Rockford, IL).  T-flasks were purchased from Corning (Corning, NY).  

MDA-435/LCC6 WT and MDA-435/LCC6 MDR cells were graciously donated by Dr. Robert Clarke 

(MD Anderson Cancer Center, Houston, TX).  

 

2.2.2 Synthesis of mPEG-Rho6G and mPEG-Rho123.  For production of mPEG-Rho6G, the mPEG-

NH2 (Mn 5000, 241.6 mg, 4.8x10
-5 

mol ) was dissolved in anhydrous DMF (2 mL) with excess TEA at 

room temperature. Excess TEA was added to Rho6G powder (77.2 mg, 1.6x10
-4

mol) which was then 

dissolved in anhydrous DMF (12 mL) with slight heating.  For production of mPEG-Rho123, mPEG-NH2 
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(Mn 5000, 71.6 mg, 1.4x10
-5

 mol) was dissolved in anhydrous DMF (1 mL) with excess TEA at room 

temperature.  Excess TEA was added to Rho123 powder (10.8 mg, 2.8x10
-5

 mol) which was then 

dissolved in anhydrous DMF (1 mL) at room temperature.  For both mPEG-Rho6G and mPEG-Rho123 

production, the two DMF solutions were combined and stirred at 30 °C for 1 week while protected from 

light with an aluminum foil cover.  The solution was then diluted with Milli-Q water (38 mL) and 

dialyzed (MWCO 2000g/mol) in the dark against deionized water with 14 water exchanges over 1 week 

at room temperature.  After dialysis the solution was dried to a light pink powder by lyophilization in the 

dark for 3 days.  Product yields for mPEG-Rho6G and mPEG-Rho123 were 54.7% and 83%, 

respectively.  
1
H NMR and diffusion ordered NMR were conducted on an Inova 600 MHz spectrometer at 

25 °C. mPEG-Rho6G conjugate 
1
H NMR (600 MHz, DMSO-d6) δ(ppm): 3.24 (s, 3H, CH3O mPEG), 3.5 

(s, 4H, CH2CH2O mPEG), 6.06 (s, 2H, ArH Rho6G), 6.26 (s, 2H, ArH Rho6G), 6.97 (d, 1H, ArH 

Rho6G), 7.50 (m, 2H, ArH Rho6G), 7.77 (d, 1H, ArH Rho6G), 1.86 (s, 6H, ArCH3), 1.21 (t, 

6H,NCH2CH3).  mPEG-Rho123 conjugate 
1
H NMR (600 MHz,  DMSO-d6) δ (ppm): 3.17 (s, 3H,CH3O 

mPEG), 3.44 (s, 4H, CH2CH2O mPEG), 6.09 (s, 1H, ArH Rho123), 6.10 (s, 1H, ArH Rho123), 6.14 (d, 

1H, ArH Rho123), 6.16 (d, 1H, ArH Rho123), 6.26 (d, 1H, ArH Rho123), 7.43 (m, 4H, ArH Rho123), 

7.68 (d, 1H, ArH Rho123).    For diffusion ordered NMR of the mPEG-Rho6G conjugate and mPEG-NH2 

with free Rho6G, the gradient pulse was incremented in 12 steps and 16 steps, respectively.  For the 

diffusion ordered NMR of the mPEG-Rho123 conjugate and mPEG-NH2 with free Rho123, the gradient 

pulse was incremented in 16 steps and 12 steps, respectively.  Stejskals-Tanner plots were made to 

represent the intensity decrease with increasing gradient.  Points were included on the plots until the 

peaks had disappeared. The proposed structures of the resulting conjugates are shown in Figure 2.1 along 

with the structure of purchased mPEG-RhoB.   

  



51 
 

 

 

 

Figure 2.1  The proposed structure of a) mPEG-Rho6G conjugate, b) mPEG-Rho123 conjugate, and c) 

commercially available mPEG-RhoB 
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2.2.3 Purification of mPEG-RhoB.  Purchased mPEG-RhoB was further purified by dissolving the 

purchased powder in MilliQ water and passing the sample through a series of PD-10 columns.  In brief, 

the column was equilibrated with 25 mL of MilliQ water.  After equilibration, 2.5 mL of a 6 mg/mL 

mPEG-RhoB solution was passed through the column followed by elution with 3.5 mL of MilliQ water.  

Eluent (3.5 mL) was collected and run through a second column that was also equilibrated with 25 mL of 

MilliQ water and eluted with 4.5 mL of MilliQ water.  A clear separation of the high and low molecular 

weight components was observed in the second column and only the high molecular weight fraction was 

collected and lyophilized to dryness. 

 

2.2.4 Cell culture.  MDA-435/LCC6 MDR and MDA-435/LCC6 WT cells were maintained at 37 °C 

with 5% CO2 in Richter’s modified MEM (IMEM) containing L-glutamine, phenol red, 10% fetal bovine 

serum and 1% penicillin/streptomycin in 25 cm
2
 canted T-flasks.    

 

2.2.5 P-glycoprotein detection by Western blot.  Total protein was extracted from 4x10
6
 of both MDA-

435/LCC6 WT and MDA-435/LCC6 MDR cells by incubating in RIPA buffer (0.5 mL) with 1% protease 

inhibitor cocktail for 1 hour on ice. Cell lysate and any remaining debris were separated by centrifugation 

at 16,000xg for 2 min.  Protein was quantified using the BCA protein assay. Cellular protein (50 µg) was 

separated on a 10% Bis-Tris NOVEX
®
 gel with MOPS running buffer at a constant current of 80 mA. 

Proteins were transferred to a PVDF membrane at 300 mA for 45 minutes and then 350 mA for an 

additional 45 minutes.  After blocking in non-fat milk, the membrane was incubated with a 1:5000 

dilution of primary anti-P-glycoprotein antibody and 1:8000 dilution of primary anti-β-actin antibody for 

1 hour followed by incubation for 30 minutes with a 1:3600 dilution of secondary anti-mouse antibody 

with alkaline phosphatase. The membrane was developed with BCIP blue liquid substrate. 

 

2.2.6 P-glycoprotein interactions.  MDA-435/LCC6 WT or MDA-435/LCC6 MDR cells (1x10
6 

each) 

were detached from the culture flask surface with Accutase then incubated in suspension (in Accutase) 
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with 27 µM of either mPEG-Rho6G conjugate, mPEG-Rho123 or mPEG-RhoB or 0.27 µM of free 

Rho6G, free Rho123 or free RhoB for 1 hour at either 37 °C or 4 °C.  For inhibition studies the cells were 

first incubated at 37 °C with 0, 5, 25, 50, 75, or 100 µM verapamil for 20 min then incubated with mPEG-

Rho6G conjugate, mPEG-Rho123 conjugate, mPEG-RhoB conjugate, free Rho6G, free Rho123, or free 

RhoB for an additional hour at 37 °C.  Inhibition studies evaluated with confocal imaging were conducted 

with 25 µM of verapamil since this was determined to be the lowest effective concentration from the 

FACS experiments.  All studies were conducted with the cells gently suspended by rotation during the 

incubation time.  After incubation the cells were centrifuged at 300xg for 10 min.  The supernatant was 

removed and the cells were washed once with PBS.  They were centrifuged again and resuspended in PBS 

with calcium and magnesium and placed on ice until FACS or confocal imaging analysis.  The two 

centrifugation steps were included to allow time for efflux.  FACS assays were performed on a BD LSR 

II FACS (San Jose, CA) machine equipped with a 488 nm laser and 100,000 cells were counted for each 

trial.  Each experimental condition was conducted in triplicate.  Data for mPEG-Rho6G conjugate, 

mPEG-Rho123, free Rho6G, and free Rho123 were collected under a FITC filter at a voltage of 300V.  

Data for mPEG-RhoB and free RhoB were collected under a PE filter at a voltage of 300V.  FACS data 

were analyzed by gating all cell populations based on untreated cells. Imaging was performed on a Leica 

(Buffalo Grove, IL) SP2 confocal microscope with a 40x objective at 488 nm wavelength for fluorescent 

measurements of mPEG-Rho6G, mPEG-Rho123, free Rho6G and free Rho123. A 543nm wavelength 

was used for fluorescent measurements of mPEG-RhoB and free RhoB.  For visual clarification images of 

cells incubated with RhoB and mPEG-Rho123 were adjusted for brightness by an equal amount for all 

images.  Statistical significance was determined by Student’s t-test with a p-value of <0.01 for all dyes 

and conjugates. 

 

 

 

 



54 
 

2.3 Results  

 

2.3.1 Synthesis and characterization of mPEG-Rho123and mPEG-Rho6G.  The conjugates of mPEG-

Rho6G and mPEG-Rho123 were characterized by 
1
H NMR (Figure 2.2 and Figure 2.3 respectively) and 

diffusion ordered NMR (Figure 2.4 and Figure 2.5 respectively).   The single proton NMRs (Figure 2.2 

and 2.3) show the respective Rho6G and Rho123 peaks visible from a chemical shift between 5 and 8 

ppm (aromatic region).  Percent conjugation yields were ~90% (of polymer chains that were initially NH2 

terminated), calculated from peaks at 3.17 (from mPEG), 1.25 ppm (from Rho6G), and 6.14 and 6.16 

(from Rho123) ppm. To confirm  that the 
1
H NMR results were not from an unconjugated mixture of 

mPEG-NH2 and free Rho6G or free Rho123 and that covalent conjugates were made, diffusion ordered 

NMR (which calculates relative diffusion of each peak in the spectra) was also performed (Figure 2.4 and 

2.5).  Small molecules, like free Rho6G or free Rho123, diffuse fast relative to macromolecules, like 

mPEG-NH2.  NMR signals with equal diffusion rates are indicative of covalently linked compounds.  

Diffusion ordered spectras of  Rho6G with  mPEG-NH2 (Figure 2.4A), of conjugated mPEG-Rho6G 

(Figure 2.4B), of Rho123 with mPEG-NH2 (Figure 2.5A) and of conjugated mPEG-Rho123 (Figure 2.5B) 

were obtained and represented by Stejskals-Tanner plots. The results show that Rho6G and Rho123 are 

covalently conjugated to the mPEG-NH2 tether. 

 

2.3.2 P-glycoprotein interactions. The interaction between the mPEG-Rho6G, mPEG-Rho123 and 

mPEG-RhoB conjugates and P-gp was investigated using two MDA-435/LCC6 cell lines; MDA-

435/LCC6 MDR which expresses P-gp and MDA-435/LCC6 WT which does not.
28

  Before tests were 

initiated, P-gp expression in both MDR and WT cells was confirmed by Western blot (Figure 2.6).  The 

Western blot confirms the expression of P-gp in the MDR cells and the lack of expression in WT cells.  

The protein band in the MDR cells is visible around the molecular weight of P-gp, 170 kDa, which 

correlates to the reported molecular weight of the protein.
29
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Figure 2.2 
1
H NMR of the mPEG-Rho6G conjugate in DMSO-d6 at 600 MHz.  Peaks in group e 

represent Rho6G while peaks at a and b are the peaks from mPEG. 
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Figure 2.3 
1
H NMR of the mPEG-Rho123 conjugate in DMSO-d6 at 600 MHz.  Peaks in group e 

represent Rho123 while peaks at a and b are the peaks from mPEG.  The peak at d represents the formed 

amide bond. 
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Figure 2.4 Stejskals-Tanner plots of diffusion ordered NMR. () Rho6G peak at 6.95 ppm, () Rho6G 

peak 1.25 ppm, () mPEG peak at 3.17 ppm, ( ) mPEG peak at 3.44 ppm, () DMSO-d6 a) free 

Rho6G and unconjugated mPEG-NH2. Free Rho6G diffuses faster than mPEG-NH2.     b) conjugated 

mPEG-Rho6G. Covalent attachment is evident from the equal diffusion of Rho6G peaks and mPEG 

peaks. 
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Figure 2.5 Stejskals-Tanner plots of diffusion ordered NMR. () Rho123 peaks at 6.14 and 6.16 ppm, 

() Rho123 peaks at 6.09 and 6.10 ppm, () mPEG peak at 3.17 ppm, () mPEG peak at 3.44 ppm, 

() DMSO-d6  a) free Rho123 and unconjugated mPEG-NH2. Free Rho123 diffuses faster than mPEG-

NH2. b) conjugated mPEG-Rho123. Covalent attachment is evident from the equal diffusion of Rho123 

peaks and mPEG peaks. 
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Figure 2.6  Western blot analysis to show P-gp expression in MDA-435/LCC6 MDR cells (a) and 

absence in MDA-435/LCC6 WT cells (b).  First lane is a protein ladder for reference 
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Representative quantification of mPEG-Rho6G, mPEG-Rho123 and mPEG-RhoB accumulation 

in MDR and WT cells was obtained via FACS experiments and represented as a quantitated ratio between 

mean fluorescence of MDR cells compared to WT cells (Figure 2.7).  Initial FACS experiments were 

conducted at 37 °C with 0 µM verapamil to investigate the efflux of both mPEG-dye conjugates and free 

dyes from MDR cells compared with WT cells.  It was determined that 5.2 ± 0.3%, 26.2 ± 4 %, and 64.2 

± 6% of mPEG-Rho6G, mPEG-Rho123 and mPEG-RhoB, respectively, accumulated in MDR cells in 

comparison to WT cells.  Native dyes showed that 3.3 ± 0.4%, 9.7 ± 0.6%, and 59.2 ± 4% of Rho6G, 

Rho123 and RhoB, respectively, accumulated in MDR cells in comparison to WT cells.   To show that the 

mechanism of efflux was mediated by P-gp a series of verapamil (a well-established P-gp inhibitor
30

) 

concentrations (5, 25, 50, 75 and 100 µM) were added to the incubations.  It was expected that an increase 

in inhibitor concentration would lead to an increase in accumulation in MDR cells.  A concentration of 25 

µM of verapamil increased MDR cell accumulation to 13.0 ± 1%, 59.8 ± 4%, and 93.6 ± 9% for mPEG-

Rho6G, mPEG-Rho123, and mPEG-RhoB, respectively, and 28.5 ± 3%, 35.3 ± 2%, and 59.5 ± 9% for 

Rho6G, Rho123, and RhoB, respectively, compared to WT cells.  FACS analysis was also performed 

with incubation at 4 °C to investigate endocytosis as mechanism of entry for mPEG-dye conjugates 

(Figure 2.8).  Internalization of Rho6G, Rho123, and RhoB was decreased by 1.2 ± 0.06, 3.8 ± 0.3, and 

1.2 ± 0.09 times in WT cells.   Note that the y-axis for the RhoB experiment (Figure 2.8e) is smaller than 

the others in Figure 6.  While these data appear to show that RhoB has lower overall cellular 

accumulation, the lower y-axis values of Figure 6e are due to the lower quantum efficiency of RhoB 

compared to Rho6G and Rho123.
31

 Internalization of mPEG-Rho6G, mPEG-Rho123, and mPEG-RhoB 

was decreased by 2.9 ± 0.2, 6.4 ± 0.09, and 2.7 ± 0.3 times in WT cells.  The greater decrease in mPEG-

rhodamine conjugates signals endocytosis as an internalization mechanism.   Statistics represent the 

significant differences in MDR/WT accumulation ratio at a p-value of <0.01.  This implies that even 

though the conjugates undergo endocytosis, they can interact with P-gp which is important for future 

applications with targeted nanoparticles.  
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Figure 2.7  Representative accumulation ratio of MDR to WT cells of a) rhodamine alone and b) mPEG-

rhodamine conjugates. Black bars represent Rho6G and mPEG-Rho6G, gray bars represent Rho123 and 

mPEG-Rho123, and white bars represent RhoB and mPEG-RhoB.  Conjugates follow the same trends as 

the dyes alone with increasing verapamil concentrations.  Also the pattern of high (Rho6G), medium 

(Rho123) and low (RhoB) P-gp affinity of the free dyes is maintained with conjugation of mPEG.  All 

bars are an average of 3 replicates. 

* Represents statistical significance of p<0.01 over 0 μM verapamil condition 
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Figure 2.8 FACS analysis comparing accumulation of a) Rho6G, b) mPEG-Rho6G, c) Rho123, d) 

mPEG-Rho123, e) RhoB, f) mPEG-RhoB at 4°C to accumulation at 37°C.  Gray bars represent 

accumulation in WT cells and white bars represent accumulation in MDR cells. Conjugates have a greater 

change in accumulation than native dyes with the temperature change signifying endocytosis as an 

internalization mechanism. 

* Represents statistical significance of p<0.01 
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Figure 2.9  Confocal images of MDR and WT cells incubated with either mPEG-Rho123, mPEG-Rho6G, 

mPEG-RhoB, Rho123, Rho6G or RhoB. Cells were incubated with 0 μM or 25 μM verapamil both at 37 

°C. Fluorescent accumulation is greater in WT cells for all conditions at 0 μM verapamil.  At 25 μM 

verapamil fluorescent accumulation is similar for both MDR and WT cells for all conditions.  These 

results are consistent with FACS analysis. 
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Visual verification of the FACS results was obtained by confocal microscopy of cells incubated 

with both mPEG-dye conjugates and free dyes (Figure 2.9). Images were taken of mPEG-dye conjugates 

and free dyes incubated with MDR and WT cells at 37 °C with 0 µM of verapamil P-gp inhibitor.  Images 

were also obtained from identical incubations conducted in the presence of 25 µM of verapamil to 

observe the increase in accumulation of mPEG-dye conjugates and free dyes.  All images visually verify 

the FACS results. 

 

2.4 Discussion 

 Rhodamine dyes are a class of well characterized P-gp substrates and have been utilized for 

numerous P-gp analysis studies.  This study investigated the synthesis and P-gp mediated efflux patterns 

of a macromolecular conjugates composed of mPEG linked through the 2’ position of Rho6G and 

Rho123 in comparison to the patterns of free Rho6G and free Rho123. This study also compared P-gp 

mediated efflux patterns of commercially available mPEG-RhoB in comparison to patterns of free RhoB.  

Conjugate synthesis was confirmed by 
1
H NMR and diffusion ordered 

1
H NMR. Both the mPEG and 

Rho6G or Rho123 peaks are present and identifiable on the 
1
H spectra and the diffusion ordered NMR 

confirmed covalent conjugation. When free Rho6G or Rho123 is physically mixed with unconjugated 

mPEG-NH2 the decrease in peak intensity in the diffusion ordered NMR is much faster for Rho6G or 

Rho123 peaks than for mPEG-NH2 peaks, which translates into very different diffusion rates and depicts 

a lack of covalent attachment. However, once Rho6G or Rho123 is conjugated to the mPEG, the decrease 

in intensity is the same for both the Rho6G or Rho123 and mPEG peaks, which depicts covalent 

attachment of the compounds. The behavior of faster decay for smaller molecules seen on the Stejskals-

Tanner plots is a consistent result given the size of the molecules involved;  the smaller the molecule, the 

faster the signal decays with increasing gradient.
32–34

 

 FACS experiments were performed to analyze efflux patterns  of mPEG-Rho6G, mPEG-

Rho123, and mPEG-RhoB and compare them with patterns of Rho6G, Rho123 and RhoB. The two wash 

steps allowed for measurements of efflux separate from any variances in influx.   Results with 0 µM 
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verapamil exhibit the pattern of Rho6G, Rho123 and RhoB acting as “high”, “medium” and “low” P-gp 

substrates respectively with correspondence to efflux patterns.  This same pattern is followed by the 

mPEG conjugates where mPEG-RhoB has the highest accumulation in MDR cells compared to WT cells, 

mPEG-Rho123 has moderate accumulation and mPEG-Rho6G has low accumulation. Studies in the 

literature involving Rho6G, Rho123 and RhoB report the same trend reported here.
16,17

   Confirmation of 

P-gp mediated efflux of the mPEG-rhodamine conjugates was accomplished by serial increases in the 

concentration of verapamil.  Verapamil is a well-established inhibitor of P-gp that increases intracellular 

accumulation of free Rho6G, free Rho123 and free RhoB in a concentration dependent manner.  Higher 

concentrations of verapamil lead to higher accumulation of Rho6G
35,36

, Rho123
37,38

, and RhoB
39

 in MDR 

cell lines. Our results show that higher concentrations of verapamil increase accumulation of all dyes and 

conjugates in MDR cells. Rho6G has significant increases in MDR/WT accumulation ratio above 25 µM 

of verapamil.  At 100 µM of verapamil there is a large variance in accumulation ratio leading to an 

insignificant result compared to 0 µM.  This is likely due to variability in P-gp expression between cells 

in the MDR cell line and the strength of Rho6G as a P-gp substrate. The mPEG-Rho6G conjugate has a 

significant increase in accumulation ratio at all verapamil concentrations and still remains a strong P-gp 

substrate.  Both Rho123 and mPEG-Rho123 have significant increases in MDR/WT accumulation ratio 

with as little as 5 µM of verapamil and are moderately effluxed by P-gp.  RhoB does not show significant 

increases until 75 µM of verapamil and mPEG-RhoB shows an accumulation ratio close to 1 after 25 µM 

of verapamil, signaling both are less effective P-gp substrates. Polymer conjugates of P-gp substrates have 

previously been reported for doxorubicin.
40

 These conjugates were designed to and allowed escape from 

P-gp mediated efflux by covalently attaching polymers at the amine site on doxorubicin which is essential 

for P-gp binding.
41

 However, for the mPEG-substrates reported in this study, the amine groups on the 

substrates are preserved allowing for the conjugates to remain P-gp substrates. 

 FACS analysis was also performed following 4 °C incubation.  mPEG-Rho6G, mPEG-Rho123 

and mPEG-RhoB all show significant decreases in accumulation in both MDR and WT cells suggesting 

endocytosis as mechanism of cell entry, a  well-characterized internalization mechanism for 
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macromolecules
13,42–44

.  The conjugates are still able to interact with P-gp during endocytosis as P-gp has 

been shown to retain activity.
45

  Rho6G and Rho123 show significant decreases in accumulation for WT 

cells but not for MDR cells due to efficient efflux at 37 °C.  The decrease in Rho6G is much less than in 

mPEG-Rho6G due to the difference in passive diffusion versus endocytosis. Rho123 and mPEG-Rho123 

have similar decreases in WT accumulation due to the fact that Rho123 shows little accumulation in non-

MDR cell lines.
46

  RhoB has a significant decrease in both WT and MDR cell lines since P-gp mediated 

efflux for this substrate at 37 °C is poor.  

 Confocal images were taken to visualize the FACS results at 0 µM and 25 µM verapamil.  

Fluorescence is visible in all WT cell lines for all conditions.  In all cases when 25 µM verapamil is 

introduced fluorescence is similar in MDR cells lines as in WT cell lines.   

 

2.5 Conclusion 

 Strategies to investigate MDR-expressing cancerous tumors can greatly benefit from 

macromolecuar P-gp substrates.  This study demonstrates that conjugation of Rho6G and Rho123 through 

the 2’ position to mPEG produces conjugates that can still be classified as P-gp substrates. FACS analysis 

was used to determine the efflux patterns of mPEG-Rho6G, mPEG-Rho123 and commercially available 

mPEG-RhoB conjugates in MDA-435/LCC6 MDR and MDA-435/LCC6 WT cells.  Confocal imaging 

provided visual verification of FACS data.  The knowledge that Rho conjugates still act as a P-gp 

substrates makes rhodamine dyes a reasonable choice as a tethered system for further analysis of P-gp 

interactions in vitro and in vivo. 
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CHAPTER 3 

A SIMPLE AND SENSITIVE METHOD TO QUANTIFY BIODEGRADABLE NANOPARTICLE 

BIODISTRIBUTION USING EUROPIUM CHELATES 

(Contributors: Jaclyn Higgins) 

 

3.1 Introduction 

 Biodegradable nanoparticles (NPs), such as those derived from diblock copolymers of polylactic 

acid and polyethylene glycol (PLA-PEG), are valuable in the field of targeted drug delivery. The 

hydrophobic PLA core can entrap hydrophobic compounds to serve as a carrier for medicines that can be 

difficult to deliver intravenously.
1,2

 

An important step in the development of PLA-PEG NP drug delivery systems is their detection 

following injection in the blood stream. Common methods to detect the biodistribution of NPs include 

radiolabels and fluorescent markers.  Fluorescence is a safer alternative to radiolabeling; however, the 

autofluorescence of biological tissues makes  it challenging.
3,4

  Specifically, amino acids in biological 

tissues contribute to autofluorescent signals by absorbing and emitting light at frequencies that overlap 

with those of common fluorescent markers.
5
  Therefore, the level of detection and the signal to noise 

ratios of common fluorescent markers is compromised leading to decreased  sensitivity.
6–8

  Another 

approach to the detection of NPs in tissues is to use markers that absorb and emit light in the longer 

wavelength near-infrared spectrum to minimize autofluorescence; however, these compounds are prone to 

degradation and photobleaching.
9
 

As an alternative strategy to overcome autofluorescence in the detection of structures in biological 

tissues, time resolved fluorescence (TRF) has been explored.   Elements in the lanthanide III series exhibit 

TRF.  Their large Stokes shifts and long decay lifetimes allow them to be detected  distinct from 

competing autofluorescence signals.
10

  They are also less susceptible to photobleaching than traditional 

organic dyes.
11–13

  Earlier reports have described the utility of lanthanide chelates for the detection of non-
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degradable NPs both in vivo and ex vivo, but degradable  NPs, like those based on PLA-PEG, have 

unreported characteristics that makes their detection unique and should be considered to accurately 

quantify their concentration in tissues.
14–16

   

This chapter outlines a simple approach to the detection and quantitation of PLA-PEG NPs in tissues 

following intravenous injection.  A hydrophobic europium chelate was encapsulated within the PLA-PEG 

core.  The TRF of the europium-doped NPs is significantly above tissue autofluorescence, and the 

particles are detectable in harvested organs ex vivo with minimal post-processing of the tissues.   

Two important characteristics of the encapsulated europium were identified when quantifying NPs in 

tissues.  First, the TRF of europium diminishes as a second-order function upon exposure to water. 

Europium chelate located toward the outer surface of the particle is susceptible to water penetration along 

the same time scale as the biodistribution studies; therefore, the rate of signal decrease upon water 

exposure is an important parameter in the biodistribution calculations. Second, the TRF of europium is 

compromised by iron ions; therefore, the signal must be corrected for each tissue using doped tissue 

blanks.  The described method was used to assess the biodistribution of the widely used PLA-PEG-based 

NP drug delivery system. 

 

3.2 Materials and Methods 

 

3.2.1 Materials. Monomethoxy polyethylene glycol (PEG, Mn 5000), anhydrous toluene, stannous 

octoate, europium chloride hexahydrate, 4,4,4-trifluoro-1-(2-naphthyl-1,3-butanedione) (NTA), acetone, 

dichloromethane (DCM), magnesium sulfate, poloxamer 188 solution and RIPA buffer were purchased 

from Sigma Aldrich (Saint Louis, MO).  D,L-Lactide was purchased from TCI America (Portland, OR). 

Phosphate buffered saline (PBS) was purchased from Corning (Corning, NY).  Ammonium hydroxide 

was purchased from Alpha Aesar (Ward Hill, MA).  Diethyl ether was purchased from Fisher Chemicals 

(Waltham, MA). Methanol was purchased from Macron Fine Chemicals (Avantor Performance Materials, 
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Center Valley, PA).  Horse plasma was graciously donated by the Cornell College of Veterinary 

Medicine.   

 

3.2.2 PEG azeotropic distillation. Monomethoxy PEG (50 g, Mn 5000) was dissolved in 200 mL of 

anhydrous toluene with slight heating.  Distillation was carried out under reflux at 128 °C for 2 hours 

using a Dean Stark trap.  The remaining toluene was removed by rotoevaporation and the PEG product 

dried under high vacuum. 

 

3.2.3 PLA-PEG diblock copolymer synthesis and characterization.  Lactide was recrystallized once 

from methanol and dried under high vacuum prior to the reaction.  PEG (400 mg, 0.08 mmol) and lactide 

(1843 mg, 12.8 mmol) were dissolved in anhydrous toluene (6 mL) under argon in a 25 mL Schlenk flask.  

The reaction vessel was placed in a 111 °C mineral oil bath.  Upon the initiation of toluene reflux (111 

°C), toluene (2 mL) containing stannous octoate (0.14 mmol) was added all at once with stirring.  The 

reaction was allowed to reflux with stirring over 24 hours, after which excess toluene was removed by 

rotoevaporation  until an oily liquid remained and the product collected by precipitation into excess 

diethyl ether with stirring.  The product was collected by filtration, dried overnight under high vacuum 

and stored at room temperature in a vacuum dessicator until characterization and nanoparticle production. 

The molecular weight of the diblock copolymer was determined using both GPC (polystyrene standards) 

and 
1
H NMR.  

1
H NMR was used to confirm PLA-PEG structure ppm: 5.20 (m, CH PLA), 3.51 

(s,CH2CH2 PEG), 3.24 (s, CH3 PEG), 1.45 (m, CH3 PLA). 

 

3.2.4 Europium(III)tris(4,4,4-trifluoro-1-(2-naphthyl-1,3-butanedione)) chelate synthesis.  The 

europium(III)tris(4,4,4-trifluoro-1-(2-naphthyl-1,3-butanedione)) (Eu(NTA)3) chelate was synthesized as 

previously reported.
17

 In brief, NTA (800 mg) was dissolved in 75 mL of ethanol (75 mL) and ammonium 

hydroxide (20.4 mL of 28%) with stirring.  On complete dissolution, a solution of 366 mg of europium 

chloride hexahydrate (366 mg) in DI water (10 mL) was added dropwise to the NTA solution.  The 
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chelate was allowed to form overnight by ethanol evaporation with stirring at room temperature.  The 

resulting solution was then extracted with DCM, the organic layer was then isolated and washed with DI 

water three times.  The DCM solution was dried over magnesium sulfate, removed by rotoevaporation, 

and the resulting solid was dried under high vacuum. 

 

3.2.5 Nanoparticle fabrication and characterization.  PLA-PEG (200 mg) was dissolved in DCM (2 

mL) then vortexed with a DCM solution of Eu(NTA)3 (1 mg/mL,  2 mL total).  The solution was then 

diluted with acetone (16 mL), vortexed and added dropwise into milliQ water (20 mL) with stirring.  The 

organic solvents were removed by rotoevaporation and the nanoparticles collected by ultracentrifugation 

using a Bruker LE-80 ultracentrifuge at 20,000 rpm for 30 minutes.  The nanoparticles in the pellet were 

washed twice with milliQ water and resuspended in a final volume of 1 mL of milliQ water.  Poloxamer 

188 (40 L of 10% solution) was added prior to lyophilization overnight.   

 For nanoparticle characterization, a particle suspension (1 mg/mL) in PBS was sonicated in a 

VWR B1500A-MTH (Radnor, PA) bath sonicator for 30 minutes and flowed through a 0.45 µm filter 

before analysis.  Size and polydispersity were measured with a Malvern NanoZS (United Kingdom).    

Excitation and emission spectra for the nanoparticles were taken on a SpectraMax GeminiEM fluorescent 

plate reader (Molecular Devices, Sunnyvale, CA) under time resolved conditions (start time 250 µs, end 

time 1450 µs) using a white 96 well plate and compared to excitation and emission spectra of 0.1 mg/mL 

solution of the chelate alone in acetone.  

 The decrease in TRF of the nanoparticles was determined in horse plasma. A nanoparticle stock 

suspension (1 mg/mL in PBS) was sonicated for 30 min. (to parallel the biodistribution studies), flowed 

through a 0.45 m filter, then diluted to 0.1 mg/mL with fresh horse plasma that was obtained from 

heparinized horse blood.  The particles in plasma were incubated at 37 °C and TRF was measured at 0.5, 

1, 2, 3, 6 and 9 hours in triplicate. The data was transformed into a plot of inverse fluorescence decrease 
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vs. time which was fit with a straight line.  The straight line fit was then used to calculate the decrease in 

fluorescent signal for any time.  

Release of europium chelate from the particles was also determined.  A 1 mg/mL solution of 

nanoparticles in PBS was sonicated for 30 minutes.  10,000 MWCO Slide-A-Lyzer
TM

 devices were 

soaked in 1.25 mL PBS in 1.75 mL Eppendorf tubes.  Once the nanoparticles were sonicated, they were 

filtered through a 0.45 µm membrane and 200 µL of particle suspension was added to each dialysis 

chamber.  The capped chambers were shaken at 37 °C and at 0, 0.5, 3, 6 and 9 hours the time resolved 

fluorescence was measured in the bottom solution to determine amount of chelate released.  Each time 

point was done in triplicate.   

 

3.2.6 Nanoparticle sensitivity.  The sensitivity of detection above tissue autofluorescence of the 

europium chelate doped NPs were tested against rhodamine B doped NPs produced by the same 

procedure. A solution (1 mg/mL) of NPs was suspended in PBS and sonicated for 30 minutes, flowed 

through a 0.45 µm filter and diluted to 0.1, 0.05, 0.01, 0.001, 0.0001 mg/mL with mouse liver 

homogenate.  Liver homogenate was used as a representative tissue since it has the highest 

autofluorescence and greatest interference. The europium chelate doped NP dilutions were read under the 

time resolved conditions mentioned previously.  Rhodamine B doped NP dilutions were read at excitation 

and emission wavelengths of 540 and 625 nm, respectively.  The fluorescent values were plotted on a 

logarithmic scale along with a dotted line representing sensitivity of detection. Sensitivity of detection 

was defined as the average value of autofluorescence plus 3 standard deviations. Experiments were 

performed in triplicate.  To compare the sensitivity as it relates to encapsulated fluorophore, encapsulation 

efficiency was calculated for both europium chelate doped NPs and RhoB doped NPs.  The fluorescence 

of a 1 mg/mL solution of fluorophore containing NPs in acetone was compared to the fluorescence of a 

0.01 mg/mL solution of free fluorophore in acetone.  The encapsulation efficiency was then used to 

calculated the corresponding fluorophore concentration used in the sensitivity analysis.  Statistical 

significance was determined using a Student’s t-test at a significance level of p < 0.01. 
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3.2.7 In vivo biodistribution.  Seven week old ND4 Swiss Webster mice were purchased from Harlan 

Sprague Dawley. A suspension of nanoparticles (1 mg/mL) in sterile PBS was sonicated for 30 minutes 

and then flowed through a 0.45 µm filter.  A 200 L aliquot of the nanoparticle suspension was injected 

intravenously through the tail vein.  At 0.5, 3, 6 and 9 hours, five mice were euthanized by CO2 inhalation 

under an approved IACUC protocol (Cornell University, protocol number 2012-0034).  Blood was drawn 

via cardiac puncture and their liver, kidney, heart, lung, spleen and brain removed.  Each organ was 

weighed, homogenized in 2 mL of RIPA buffer and the resulting mixtures were centrifuged at 800 x g for 

10 minutes.  Time-resolved fluorescence was measured in three separate samples of the homogenate 

supernatant for each of the five mice per organ. Percent injected dose was determined by subtracting 

previously recorded blank readings for each organ type.  This value was then divided by the TRF of 

injected nanoparticles along with the interference factor.  The interference factor was determined by 

doping 20 µL of nanoparticle suspension in PBS into 180 µL of various untreated tissue homogenates.  

The solutions were read under time resolved conditions and the tissue value was adjusted according to 

Equation 2.  The sensitivity limit (autofluorescent value + 3 standard deviations) was subtracted from the 

raw data. This value was then divided by the control of nanoparticles in PBS alone and the interference 

factor.  The final adjustment was made by multiplying the time factor obtained from the second order 

equation. The variables in the equation are: RD= raw data, SL= sensitivity limit, ID= injected dose, IF= 

interference factor, g tissue = gram of tissue and TF= time factor.  Time factor was calculated by plugging 

in the appropriate time value into the straight line fit of the inverse fluorescent decrease vs. time graph 

(Equation 1). Area under the curve from 30 minutes to 9 hours was calculated by the trapezoid rule. 

𝑇𝐹 = 1.5043 ∗ 𝑡 + 1.3909 (Eq. 1) 

 

[
(𝑅𝐷−𝑆𝐿)

𝐼𝐷∗𝐼𝐹∗𝑔 𝑡𝑖𝑠𝑠𝑢𝑒
∗ 𝑇𝐹] ∗ 100 =

% 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑑𝑜𝑠𝑒

𝑔 𝑡𝑖𝑠𝑠𝑢𝑒
  (Eq. 2) 

 

 



77 
 

3.3 Results 

 

3.3.1 Nanoparticle fabrication and characterization.  Polylactic acid–mono methoxy polyethylene 

glycol (PLA-PEG) diblock copolymers were synthesized by ring opening polymerization.  Mn was 

consistent between both GPC and 
1
H NMR (21,000 and 20,600, respectively).  Nanoparticle fabrication 

yielded particles 106 ± 6.5 nm in diameter and -1.45 ± 0.25 mV surface charge with a polydispersity of 

0.079 ± 0.03.    Excitation and emission spectra for the particles and chelate (Figure 3.1), show maximum 

excitation at 340 nm and a maximum emission at 610 nm.  Both the unencapsulated chelate and the 

chelate-containing nanoparticles show a large Stokes shift, which is a hallmark characteristic of europium 

chelates. Release studies of europium chelate from PLA-PEG nanoparticles (Figure 3.2) show no 

detectable chelate is released over nine hours.  

 

3.3.2 Sensitivity Analysis.  The sensitivity limit of the Eu(NTA)3 doped PLA-PEG NPs was determined 

and compared to RhoB loaded PLA-PEG NPs (Figure 3.3). Encapsulation efficiencies were determined to 

be 87.0 ± 14 % and 7.82 ± 1.7 % for europium chelate and RhoB doped nanoparticles, respectively.   

Using the encapsulation efficiency, the europium doped NPs were detectable at as little as 8.7 x 10
-6

 

mg/mL of europium chelate above the sensitivity limit compared to 3.9 x 10
-5

 mg/mL of RhoB for RhoB 

doped particles.   This is an almost 5x increase in sensitivity using europium chelate doped nanoparticles 

over RhoB.    

 

3.3.3 Europium signal degradation kinetics.  The TRF signal of europium chelates is diminished on 

exposure to water.
18

  To account for signal changes in the context of quantifying biodistribution, the TRF 

of europium-doped NPs was measured in plasma (Figure 3.4).  The signal decay was transformed into a 

linear form that signified a second-order process.  A straight line fit provided an equation to assess signal 

degradation at any time.  
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Figure 3.1 Characteristics of PLA-PEG nanoparticles doped with europium chelate.  (a) Representative 

structure of Eu(NTA)3 chelate.  (b) Excitation and emission spectra for 1 mg/mL nanoparticle suspension 

in PBS (solid lines) and 0.1 mg/mL chelate solution in acetone (dotted lines) under time resolved 

conditions. 
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Figure 3.2.  Release data for Eu(NTA)3 doped PLA-PEG nanoparticles.  (a) Release data on a 100% 

scale.  (b) Release data on a 10% scale.  Neither scale shows any detectable chelate released. 
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Figure 3.3.  Sensitivity analysis of (a) Eu(NTA)3 doped nanoparticles and (b) rhodamine B doped 

nanoparticles.  Dotted lines correspond to the sensitivity limit.  Eu(NTA)3 doped nanoparticles are more 

sensitive than rhodamine B doped nanoparticles. * Lowest concentration that is statistically different from 

sensitivity limit at p<0.01.  
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Figure 3.4.  Fluorescent decrease of Eu(NTA)3 doped nanoparticles in plasma vs. time. (a) Second order 

decrease in fluorescence. (b) Manipulated inverse of second order decrease.  Particles lose fluorescence 

due to the introduction of water into the chelate. 
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3.3.4 The influence of tissue on europium TRF signal.  The signal of europium chelate-doped PLA-

PEG particles in tissue homogenates was far above background time-resolved autofluorescence (Table 

3.1).  However, when nanoparticles were titrated into tissue homogenates, signal interference was 

detected and attributed to the presence of iron, although other unknown influences could not be ruled 

out.
19

 Therefore, to account for the influence of tissue composition on the TRF signal, an interference 

factor was created for each tissue and used in the calculation of the final biodistribution data (Table 3.1).  

The greatest interference is seen in the liver and kidneys with a factor of 0.11 ± 0.008 and 0.11 ± 0.005, 

respectively.  The lowest interference is in the brain with a factor of 0.37 ± 0.02.  

 

3.3.5 Nanoparticle biodistribution.  Using the second order degradation TFR curve and tissue 

interference factor to calculate the percent of injected NP in each tissue, biodistribution curves were 

produced for each tissue type.  Particles were detectable above background in all tissues (Figure 3.5).  

From the area under the curves (Table 3.2), the highest tissue accumulation for these PLA-PEG 

nanoparticles was in the spleen, followed by the liver and kidney.  Particles were also present in the heart, 

lung and brain.   

 

3.4  Discussion 

 PLA is a biodegradable polyester with degradation kinetics that can be engineered to control the 

rate of encapsulated drug release.
20,21

 PEG is often used in concert with PLA NPs to enhance NP 

circulation time by altering the NP’s interaction with macrophages and blood proteins, acting as an inert 

shield against the biological milieu.
22,23

 

 PLA-PEG NPs have begun to enter clinical trials in the United States for their ability to alter the 

biodistribution of low molecular weight drugs and to help facilitate their transport to target therapeutic 

sites and reduce their side effect profiles.
21

   For example, Genexol-PM is a passively targeted PEG-PLA 

micelle formulation of paclitaxel in Phase II clinical trials for the treatment of metastatic breast cancer. It  
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Table 3.1.  Time resolved fluorescence signal and associated tissue interference (arbitrary units).  The 

interference ratio of individual tissue homogenates compared to nanoparticle (NPs) suspension was 

determined by dividing the time resolved fluorescence of NPs doped into various tissue homogenates 

with NPs in PBS. 

Organ Auto Fluorescent Reading Doped Fluorescent Reading Interference Ratio 

NP --- 2.77 x 10
6
 ± 3.2 x 10

4
 1.0 ± 0.02 

Liver 587 ± 43 3.07 x 10
5
 ± 2.3 x 10

4
 0.11 ± 0.008 

Kidney 514 ± 51 2.98 x 10
5
 ± 1.4 x 10

4
 0.11 ± 0.005 

Heart 476 ± 40 7.64 x 10
5
 ± 7.8 x 10

5
 0.28 ± 0.03 

Lung 522 ± 28 4.23 x 10
5
 ± 4.3 x 10

3
 0.15 ± 0.002 

Spleen 540 ± 68 5.64 x 10
5
 ± 1.1 x 10

5
 0.20 ± 0.04 

Brain 530 ± 39 1.03 x 10
6
 ± 5.9 x 10

4
 0.37 ± 0.02 

Blood 505 ± 51 5.04 x 10
5
 ± 2.3 x 10

5
 0.18 ± 0.08 
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Figure 3.5.  Biodistribution of Eu(NTA)3 doped PLA-PEG nanoparticles in (a) liver, (b) kidney, (c) heart, 

(d) lung, (e) spleen, (f) brain, and (g) blood. 
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Table 3.2.  Area under the curve from 30 minutes to 9 hours calculated with the trapezoid rule. *blood 

values represented as % ID/mL. 

Organ AUC (%ID h/g) 

Liver 11.0 ± 1.6 

Kidney 4.96 ± 1.6 

Heart 3.33 ± 1.6 

Lung 9.28 ± 2.0 

Spleen 208 ± 20 

Brain 0.33 ± 0.4 

Blood* 293 ± 103 
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has demonstrated an extremely promising response rate of close to 60% and is progressing through 

further trials.
24

  PLA-PEG NPs have also shown promise as an actively targeted drug delivery system via 

conjugation with various targeting ligands.
21

  For example, Hrkach et. al. reported pre-clinical 

development of a prostate-specific membrane antigen-targeted PLA-PEG docetaxel NP for the treatment 

of prostate cancer which has demonstrated high success rates.
25

 Additional studies show NP-specific 

receptor binding mediated through targeting ligands and monoclonal antibodies with several other types 

of cancer including ovarian, lymphoma
26

, and glioma cells
2
. There is also ongoing work with PLA-PEG 

NPs for drug transport across the blood brain barrier
27

 and for the treatment of spinal cord injuries
28

 – 

both areas where it is particular difficult to achieve high concentrations of drug.  

 This report outlines an easy and sensitive method to quantify biodegradable NPs following 

intravenous administration.  The goal was to define a method to eliminate the challenges caused by signal 

overlap with tissue autofluorescence.  The NPs reported in this study are consistent in shape and size with 

previous studies using the same NP fabrication methods.
7,29,30

  Europium chelate encapsulation was 

confirmed with excitation and emission maxima appropriate for the chelate used under TRF.
31

  
31

  Release 

experiments show no detectable europium chelate being released from the NPs implying that all 

measurements in vivo are representative of intact particles and not free chelate. Sensitivity analysis 

compared europium chelate doped nanoparticles to RhoB doped nanoparticles.   RhoB was chosen as a 

model dye for comparison as it is just outside the fluorescent range that exhibits the highest 

autofluorescence and has been used in literature.
32–34

  The encapsulation efficiency was low for RhoB 

since it is more hydrophilic than the europium chelate; however, when sensitivity is compared to 

fluorophore concentration, europium chelate nanoparticles were almost 5 times more detectable than 

RhoB nanoparticles.   

Further in vitro testing showed a loss in NP fluorescence that followed a second-order process in the 

presence of plasma, likely from water penetration into the NP resulting in fluorescence quenching.
18

  

Studies with similar europium chelates have tried to prevent water-induced TRF quenching; however, 

those chelates contained an extra molecule (trioctylphosphine oxide) which occupied the remaining 
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coordination sites of europium in hopes of preventing water quenching.  Attempts in this work were made 

to formulate PLA-PEG NPs doped with this identical chelate, however significant aggregation occurred 

when this chelate was introduced.
16,35,36

  Further protection from europium chelate quenching can be 

provided by encapsulation into a non-biodgradeable nanoparticle, such as polystyrene.  Polystyrene 

nanoparticles encapsulating europium chelates have proven utility in vitro
16,17

, however biodegradable 

NPs provide advantages as drug carriers in drug delivery applications.  Biodegradable nanoparticles can 

be naturally metabolized, leading to decreasing accumulation in the liver and spleen compared to non-

biodegradable nanoparticles.  This leads to less toxicity and is therefore a better option for nanoparticle 

drug delivery.
37

  PLA-PEG, as discussed above, represents a widely studied class of biodegradable 

polymeric nanoparticles and thus, detection methods such as the one presented in this work are 

invaluable.  This study aimed to use TRF to assess the biodistribution of unadulterated PLA-PEG NPs by 

correcting for both water quenching and tissue interference. 

 Detection of the particles was well above background autofluorescence in all tissues, largely due 

to europium’s large Stokes shift and time resolved characteristics.  One challenge this method of detection 

does face, in context to NP biodistribution, is the interference of iron ions in various tissues.  Iron has 

been previously reported to quench europium chelate fluorescence.
19

  Therefore, to correct for the diverse 

concentration of iron in individual tissues, tissue-specific interference factors were obtained by doping 

NPs with individual organ tissue homogenates and used to accurately calculate NP biodistribution in vivo.  

To address iron variation among individuals, analysis was performed using tissues from 3 different mice. 

However, variation among species was not explored and should be considered in future applications.   

 The biodistribution studies showed that this TRF approach is able to detect PLA-PEG NPs in all 

harvested tissues including the liver, kidney, heart, lung, spleen, brain and blood.  The data correlate well 

with other PLA-PEG NP biodistribution reports.
38,39

  There is high uptake in the spleen signaling uptake 

by the RES.   
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3.5 Conclusion 

 While the reported method of TRF detection of NPs using a hydrophobic europium chelate 

requires correction for both water and iron interactions, the method is sensitive, simple and robust. 

Alternative detection methods can require laborious post processing steps (e.g., HPLC) or specialized 

handling of material and tissue (e.g. radiolabel), where this TRF approach requires only the use of a 

fluorescent plate reader. The utility of a simple detection method for PLA-PEG NPs extends beyond this 

initial work to future use in investigation of targeting moieties to alter the biodistribution of NPs.   
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CHAPTER 4 

EXPLOITATION OF P-GLYCOPROTEIN USING RHODAMINE THETHERED 

NANOPARTICLES LEADS TO TARGETED NANOPARTICLE DELIVERY TO THE BRAIN 

(Contributors: Hannah Watkins, Elizabeth Wayne) 

 

4.1 Introduction 

 Neurologically-derived diseases present consistent challenges in the field of drug delivery, 

partially due to the limited success in pharmaceutical development of therapies selective for the central 

nervous system (CNS).  CNS drug development ranks among the lowest in percentage to reach clinical 

approval when compared to systemic diseases 
1
.  The main limitations in CNS drug development stem 

from challenges in drug delivery.  The blood-brain barrier (BBB), which serves as a protective function 

with its tight junctions and membrane transport proteins (such as P-glycoprotein), also limits transport of 

potential therapeutics into the brain, creating a challenge for drug delivery 
2
.  

 In recent years, strategies explored to target drug delivery to CNS include focused ultrasound 
3
, 

intranasal delivery 
4
, and receptor mediated (RM) targeting.  RM brain drug targeting has been explored 

as a method to enhance the therapeutic effects in the CNS 
5
 and has been used to deliver small molecules, 

antibodies, peptides, proteins, and other agents 
6
.  Both transferrin 

7–10
 and insulin

11
 have been 

investigated as targeting agents owing to their ability to initiate receptor mediated endocytosis in the 

endothelium of the BBB; however, the endogenous presence of both transferrin and insulin competes for 

binding with the targeted systems
12

. Targeting receptors with antibodies has been another popular 

technique to target drugs to the brain, but this technique has been associated with potential safety risks, 

including hemolytic anemia.  Antibody fusion proteins have been an attractive solution to overcome the 

associated safety risks with antibody targeting, but safety concerns have not been fully realized
13

 .  

Collectively, these literature results suggest that the investigation into new alternative approaches to target 

drugs to the brain are warranted. 
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 In this work, we hypothesize that P-glycoprotein (P-gp) could be exploited as a novel target for 

drug delivery to the brain.  P-gp is a 170 kDa transmembrane protein that belongs to a large family of 

endogenous transport systems located in the brain capillary endothelial cells.  It is responsible for the 

active transport of a wide variety of substances from the CNS into the capillaries (i.e., out of the brain) 

and presents a significant challenge for drug delivery to treat neurologically-derived disesase. Previous 

studies have explored targeting P-gp in cancer models using antibodies as targeting moieties 
14

; however 

the technology has not been extended to delivery to the CNS.   The work presented herein explores the 

utility of P-gp substrates (i.e., small molecules that are actively transported by P-gp out of the CNS) to act 

as anchor molecules to enhance the local concentration of drug-loaded nanoparticles in the brain.  The 

premise was that a P-gp substrate tethered to the surface of a nanoparticle through a water soluble 

polymer linker would bind to  P-gp.  Unable to efflux the entire nanoparticle, P-gp binding would thereby 

retain the nanoparticle within the capillary through a “fish-hook” like architecture (Figure 4.1).  Our 

findings show that when rhodamine dyes with well-characterized P-gp specificity  were tethered to the 

surface of nanoparticles formulated from polylactic acid-polyethylene glycol diblock copolymers, the 

nanoparticle accumulation in the brain (as measured by the area under the curves) was greater than 2-fold 

than untargeted nanoparticles as well as in mdr1a (-/-) knockout mice.  

 

4.2 Materials and Methods 

 

4.2.1 Materials.O-(2-Aminoethyl) polyethylene glycol (PEG-NH2, Mp 5000), rhodamine 123 (Rho123), 

rhodamine 6G (Rho6G), triethylamine, dimethyl formaldehyde (DMF),  monomethoxy polyethylene 

glycol (mPEG, Mn 5000), anhydrous toluene, stannous octoate, europium chloride hexahydrate, 4,4,4-

trifluoro-1-(2-naphthyl-1,3-butanedione) (NTA), acetone, dichloromethane (DCM), magnesium sulfate, 

poloxamer 188 solution and RIPA buffer were purchased from Sigma Aldrich (Saint Louis, MO).  D,L-

Lactide was purchased from TCI America (Portland, OR). Phosphate buffered saline (PBS) was 

purchased from Corning (Corning, NY).  Ammonium hydroxide was purchased from Alpha Aesar (Ward  
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Figure 4.1. Tethering of drug delivery carriers to cells through interaction with P-gp. (A) Drug 

carrier/PEG linker/P-gp substrate (B) PEG linker spans membrane as P-gp substrate diffuses into cell 

membrane. (C) Export of P-gp substrate by P-gp tethers drug carrier to cell and drug is released locally. 

  

(A) 

(B) 
(C) 
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Hill, MA).  Diethyl ether was purchased from Fisher Chemicals (Waltham, MA). Methanol was 

purchased from Macron Fine Chemicals (Avantor Performance Materials, Center Valley, PA).  

 

4.2.2 PEG azeotropic distillation.  Monomethoxy PEG (50 g, Mn 5000) was dissolved in 200 mL of 

anhydrous toluene with slight heating.  Distillation was carried out under reflux at 128 °C for 2 hours 

using a Dean Stark trap.  The remaining toluene was removed by rotoevaporation and the PEG product 

dried under high vacuum. 

 

4.2.3 Conjugation of PEG-Rho123 and PEG-Rho6G.  Conjugates of PEG with Rho123 or Rho6G were 

synthesized with minor variation of methods previously published by our group 
15

. For the synthesis of 

PEG-Rho6G, the PEG-NH2 (Mn 5000, 241.6 mg, 4.8x10
-5 

mol) was dissolved in anhydrous DMF (2 mL) 

with excess TEA at room temperature.  Excess TEA was added to Rho6G powder (77.2 mg, 1.6x10
-4 

mol) 

which was then dissolved in anhydrous DMF (12 mL) with slight heating.  For production of PEG-

Rho123, PEG-NH2 (Mn 5000, 438.3 mg, 8.7x10
-5

 mol) was dissolved in anhydrous DMF (2 mL) with 

excess TEA at room temperature.  Excess TEA was added to Rho123 powder (100 mg, 2.6x10
-4

 mol) 

which was then dissolved in anhydrous DMF (2 mL) at room temperature.  For both PEG-Rho6G and 

PEG-Rho123 production, the two DMF solutions were combined and stirred at 30 °C for 1 week while 

protected from light with an aluminum foil cover.  The respective solutions were then diluted with Milli-

Q water (38 mL) and dialyzed (MWCO 2000g/mol) in the dark against deionized water with 14 water 

exchanges over 1 week at room temperature.  Following dialysis the solution was dried to a light pink 

powder by lyophilization in the dark for 3 days.  Product yields for PEG-Rho6G and PEG-Rho123 were 

58 % and 79.4 %, respectively.  
1
H NMR was conducted on an Inova 600 MHz spectrometer at 25 °C. 

PEG-Rho6G conjugate 
1
H NMR (600 MHz, DMSO-d6) δ(ppm): 4.55 (t, 1H, HO PEG), 3.5 (s, 4H, 

CH2CH2O PEG), 6.06 (s, 2H, ArH Rho6G), 6.26 (s, 2H, ArH Rho6G), 6.97 (d, 1H, ArH Rho6G), 7.50 

(m, 2H, ArH Rho6G), 7.77 (d, 1H, ArH Rho6G), 1.86 (s, 6H, ArCH3), 1.21 (t, 6H,NCH2CH3).  PEG-
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Rho123 conjugate 
1
H NMR (600 MHz,  DMSO-d6) δ (ppm): 4.55 (t, 1H, HO PEG), 3.44 (s, 4H, 

CH2CH2O PEG), 6.16 (s, 1H, ArH Rho123), 6.17 (s, 1H, ArH Rho123), 6.23 (d, 1H, ArH Rho123), 6.32 

(d, 1H, ArH Rho123), 7.00 (d, 1H, ArH Rho123), 7.50 (m, 4H, ArH Rho123), 7.74 (d, 1H, ArH Rho123) 

 

4.2.4 PLA-PEG diblock copolymer synthesis and characterization.  Lactide was recrystallized once 

from methanol and dried under high vacuum prior to the reaction.  PEG (400 mg, 0.08 mmol) and lactide 

(1843 mg, 12.8 mmol) were dissolved in anhydrous toluene (6 mL) under argon in a 25 mL Schlenk flask.  

Rho6G-PEG (54.3 mg, 0.01 mmol) and lactide (250.2 mg, 1.7 mmol) were dissolved in anhydrous 

toluene (1 mL) under argon in a 10 mL Schlenk flask.  Rho123-PEG (100 mg, 0.02 mmol) and lactide 

(428.25 mg, 3.0 mmol) were dissolved in anhydrous toluene (1 mL) under argon in a 10 mL Schlenk 

flask.  For all reactions the reaction vessels were placed in a 111 °C silicon oil bath.  Upon the initiation 

of toluene reflux (111 °C), toluene (2 mL for mPEG-PLA, 1 mL for Rho6G-PEG-PLA and Rho123-PEG-

PLA) containing stannous octoate (1.1 mol% lactide) was added all at once with stirring.  The reaction 

was allowed to reflux with stirring over 24 hours, after which excess toluene was removed by 

rotoevaporation  until an oily liquid remained and the product collected by precipitation into excess 

diethyl ether with stirring.  The product was collected by filtration, dried overnight under high vacuum 

and stored at room temperature in a vacuum desiccator until characterization and nanoparticle 

formulation. The molecular weight of each diblock copolymer was determined by THF GPC (Waters, 

Milford, MA) using polystyrene standards. The diblock copolymers were characterized by 
1
H NMR.  

1
H 

NMR for mPEG-PLA (600 MHz, DMSO-d6) ppm: 5.20 (m, CH PLA), 3.51 (s,CH2CH2 PEG), 3.24 (s, 

CH3 PEG), 1.45 (m, CH3 PLA). 
1
H NMR for Rho6G-PEG-PLA (600 MHz, DMSO-d6) ppm: 5.20 (m, CH 

PLA), 3.24 (s, CH3 PEG), 1.45 (m, CH3 PLA), 1.83 (s, 6H, ArCH3), 6.03 (s, 2H, ArH Rho6G), 6.22 (s, 

2H, ArH Rho6G), 6.93 (d, 1H, ArH Rho6G), 7.46 (m, 2H, ArH Rho6G), 7.74 (d, 1H, ArH Rho6G).  
1
H 

NMR for Rho123-PEG-PLA (600 MHz, DMSO-d6) ppm: 5.20 (m, CH PLA), 3.24 (s, CH3 PEG), 1.45 

(m, CH3 PLA), 6.60 (d, 1H, ArH Rho123), 7.53 (d, 1H, ArH Rho123), 7.74 (m, 4H, ArH Rho123), 7.82 

(d, 1H, ArH Rho123) 
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4.2.5 Europium(III)tris(4,4,4-trifluoro-1-(2-naphthyl-1,3-butanedione)) chelate synthesis.  The 

europium(III)tris(4,4,4-trifluoro-1-(2-naphthyl-1,3-butanedione)) (Eu(NTA)3) chelate was made as 

previously reported 
16

. In brief, NTA (800 mg) was dissolved in 75 mL of ethanol (75 mL) and 

ammonium hydroxide (20.4 mL of 28%) with stirring.  On complete dissolution, a solution of europium 

chloride hexahydrate (366 mg) in DI water (10 mL) was added dropwise to the NTA solution.  The 

chelate was allowed to form overnight by ethanol evaporation with stirring at room temperature.  The 

resulting solution was then extracted once with and equal volume of DCM, the organic layer isolated and 

washed with DI water three times.  The DCM solution was dried over magnesium sulfate, DCM removed 

by rotoevaporation, and the resulting solid dried under high vacuum. 

 

4.2.6 Nanoparticle fabrication and characterization.  mPEG-PLA (100 mg) was dissolved in DCM (1 

mL) then mixed  with a DCM solution of Eu(NTA)3 (1 mg/mL,  1 mL total).  The solution was then 

diluted with acetone (8 mL), vortexed and added dropwise into MilliQ water (10 mL) with stirring.  The 

organic solvents were removed by rotoevaporation and the nanoparticles collected by ultracentrifugation 

using a Bruker LE-80 ultracentrifuge at 20,000 rpm for 30 minutes.  The nanoparticles in the pellet were 

washed with MilliQ water and ultracentrifuged again at 20,000 rpm for 30 minutes.  This process was 

repeated once more and the final pellet was resuspended in a final volume of 1 mL of MilliQ water.  

Poloxamer 188 (20 µL of 10% solution) was added to prevent aggregation prior to lyophilization 

overnight.  For 10% Rho6G-PEG-PLA and 10% Rho123-PEG-PLA nanoparticles the same procedure 

was followed but with 90 mg of mPEG-PLA and 10 mg of Rho6G-PEG-PLA or Rho123-PEG-PLA, 

respectively. 

 A 1 mg/mL solution of the nanoparticle solutions were made with MilliQ water and sonicated for 

10 minutes.  After sonication the solutions were filtered through a 0.45 µm filter and diluted 1:2 into a 

final solution of 1mM HEPES buffer.  Size, polydispersity, and zeta potential were measured using a 

Malvern NanoZS (United Kingdom). The morphology of the particles was evaluated by TEM.  The 1 
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mg/mL nanoparticle suspension was negatively stained with 2% uranyl acetate on titanium grids and 

imaged using a FEI T12 spirit TEM.   To visualize the incorporation of Eu(NTA)3 into the particles, 

solutions of unloaded and Eu(NTA)3 loaded nanoparticles were imaged under natural and UV light. 

 

4.2.7 In vivo biodistribution.  Seven week old ND4 Swiss Webster mice (WT mice) were purchased 

from Harlan Sprague Dawley. P-glycoprotein knockout mice (mdr1 (-/-)) were purchased from Charles 

River Laboratories.   A suspension of nanoparticles (1 mg/mL) in sterile PBS was sonicated for 10 - 30 

minutes until the solution was clear and then flowed through a 0.45 µm filter.  A 200 µL aliquot of the 

nanoparticle suspension was injected intravenously through the tail vein.  For WT mice, at 0.5, 3, 6 and 9 

hours, five mice were euthanized by CO2 inhalation under an approved IACUC protocol (Cornell 

University, protocol number 2012-0034). For mdr1 (-/-) mice at 3 hours, five mice were also euthanized. 

Blood was drawn via cardiac puncture and the liver, kidneys, heart, lungs, spleen and brain removed.  

Each organ was weighed, homogenized in 2 mL of RIPA buffer and the resulting mixtures were 

centrifuged at 800 x g for 10 minutes.  Time-resolved fluorescence was measured at an excitation and 

emission of 340 and 610 nm, respectively, for three separate samples of the homogenate supernatant for 

each of the five mice per organ. Percent injected dose was determined according to our previous studies. 

In brief, percent injected dose was calculated using Equation 1, where RD= raw data, SL= sensitivity 

limit, ID= injected dose, IF= interference factor, g tissue= gram of tissue and TF= time factor.   The 

sensitivity limit is defined as average background + 3 standard deviations, the interference factor is the 

measure of signal attenuation caused by individual tissues and time factor represents the signal decay 

kinetics at 37 °C for each time point. 

 

[
(𝑅𝐷−𝑆𝐿)

𝐼𝐷∗𝐼𝐹∗𝑔 𝑡𝑖𝑠𝑠𝑢𝑒
∗ 𝑇𝐹] ∗ 100 =

% 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑑𝑜𝑠𝑒

𝑔 𝑡𝑖𝑠𝑠𝑢𝑒
  (Eq. 1) 
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 Fluorescent images of brain tissue slices were also obtained for 10% Rho6G-PEG-PLA and 

mPEG-PLA nanoparticles.  To obtain the fluorescent images, mice were anesthetized and perfused with 

formaldehyde 3 hours after injection.   The brain was cryosectioned and imaged on a Zeiss Axio 

Examiner fluorescent microscope under a DAPI and FITC filter.  The FITC filter showed background 

autofluorescence derived from the tissue and the DAPI filter was used to visualize nanoparticles 

containing the europium chelate. 

 

4.2.8 Pharmacokinetic modeling of biodistribution data.  Pharmacokinetic parameters were 

determined for the biodistribution data using the Simbiology toolbox in Matlab R2015a (Mathworks, 

Natick MA).  To calculate the half-life from plasma, a two compartment model (Figure 4.2a) with blood 

as the central component and all tissues as the peripheral component was used.  To calculate the transfer 

between each tissue and blood, a three compartment model (Figure 4.2b) was analyzed.  The blood was 

the central compartment, the tissue of interest was the first peripheral compartment and all other organs 

made up the second peripheral compartment.  To obtain a distribution for plasma half-life and tissue rate 

constants, undersampling was used by elimination of various time points and recalculating of the 

parameters.  The 0.5h time point was never excluded as appropriate fits were not obtained in its absence.  

 

4.3 Results 

 

4.3.1 Nanoparticle formulation.  Copolymers of mPEG-PLA, Rho6G-PEG-PLA and Rho123-PEG-PLA 

were successfully made with an overall Mn of 13,700, 12,400 and 14,400 respectively and PDI values of 

1.6, 1.4 and 1.4, respectively.  Particles were made from pure mPEG-PLA, 10% Rho6G-PEG-PLA and 

10% Rho123-PEG-PLA with and without Eu(NTA)3.   Particle characteristics are summarized in Table 

4.1.  All particles are ~100 nm in diameter and not statistically different from one another as determined 

by Student’s t-test.  Zeta potential values are also equivalent and are approximately -27 mV.  When 

unloaded particles were excited at 526 nm and emittance measured at 555 nm the presence of Rho6G and  
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Figure 4.2.  Representations of two compartment and three compartment models used to calculate 

pharmacokinetic parameters. 
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Rho123 on the particles is detectable.  From TEM images (Figure 4.3a) all particle formulations are 

spherical in shape.  The incorporation of Eu(NTA)3 into the particles is evident by the red fluorescent 

glow of the particles in the loaded sample under UV light and absence of the red fluorescent glow in 

unloaded particles (Figure 4.3b). 

   

4.3.2 In vivo biodistribution.  Biodistribution of Rho6G, Rho123 and methoxy terminated PEG-PLA 

nanoparticles were evaluated at 0.5, 3, 6 and 9 hours (Figure 4.4).  Rho6G-terminated particles showed 

overall greater accumulation in liver, kidneys, heart, lungs and brain than Rho123 or methoxy- terminated 

particles.  There was significant accumulation of Rho6G-terminated particles in the brain at 3 hours post 

injection, 0.16 ± 0.02 % ID/g, compared to no accumulation in methoxy or Rho123-terminated particles.  

These results suggest the particles are targeted to P-gp by Rho6G.  Pharmacokinetic parameters were also 

calculated (Table 4.2).  Area under the curve (AUC) values show greater accumulation in liver, kidneys, 

heart, lung and brain for Rho6G terminated nanoparticles compared to Rho123 and mPEG terminated.  

The accumulation in the brain was 2.3 times greater for Rho6G terminated nanoparticles than mPEG 

terminated nanoparticles suggesting that Rho6G nanoparticles can target P-gp in the brain.  The half-life 

(t1/2) and transfer rate (kblood to tissue) of Rho6G terminated nanoparticles was also higher than Rho123 and 

mPEG nanoparticles.   Representative brain tissue slices (Figure 4.5) show nanoparticle accumulation in 

the brain with Rho6G-PEG-PLA nanoparticles (Figure 4.5a) relative to mPEG-PLA nanoparticle 

accumulation (Figure 4.5b).   
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Table 4.1.  Size, PDI and zeta potential of nanoparticle formulations in HEPES (1 mM) buffer. All sizes 

are ~100 nm in diameter (not statistically different from each other as determined by Student’s t-test at p< 

0.01) with similar zeta potentials. Greater fluorescence at excitation/emission of 526/555 nm from 

rhodamine particle formulations show rhodamine attachment to particle. 

  

 

loading size (nm) PDI zeta potential (mV) 

Fluorescence  

(526/555 nm) 

mPEG --- 121.5 ± 9.0 0.109 ± 0.004 -28.4 ± 0.29 13.2 ± 0.85 

10% 123 --- 93.9 ± 4.3 0.121 ± 0.02 -26.7 ± 0.47 38.7 ± 2.0 

10% 6G --- 106.3 ±  5.0 0.111 ± 0.01 -26.9 ± 0.36 794 ± 50 

mPEG Eu(NTA)3 120.3 ± 9.6 0.069 ± 0.03 -27.5 ± 0.50 --- 

10% 123 Eu(NTA)3 108.2 ± 4.0 0.073 ± 0.02 -26.8 ± 0.72 --- 

10% 6G Eu(NTA)3 99.6 ± 1.1 0.103 ± 0.01 -26.3 ± 0.40 --- 
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Figure 4.3.  (a) TEM images of mPEG-PLA, 10% Rho123-PEG-PLA and 10% Rho6G-PEG-PLA 

nanoparticles. Scale bar represents 50 nm. All particles types show polydispersity between 50-100 nm in 

diameter. (b) Fluorescent glow after exposure to UV light of Eu(NTA)3  loaded nanoparticles compared to 

unloaded particles.  From left to right in each panel: mPEG-PLA, 10% Rho6G-PEG-PLA, 10% Rho123-

PEG-PLA. 
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 To clarify if the enhanced accumulation of Rho6G-targeted nanoparticles in the brain could be 

attributed to interactions with P-gp, brain accumulation was measured at 3h in a P-glycoprotein knockout 

mouse model, mdr1a (-/-), and directly compared to the WT mouse model.  Brain accumulation of 

Rho6G, Rho123 and methoxy-terminated nanoparticles were compared in WT mice vs. mdr1a (-/-) at 3h 

(Figure 4.6). There is a significant decrease in Rho6G- terminated particles from 0.16 ± 0.02 % in WT 

mice to 0.08 ± 0.02% in mdr1a (-/-) mice, whereas there are no significant differences in brain 

accumulation between WT and mdr1a (-/-) mice for either Rho123 or methoxy-terminated particles.  

Comparison of Rho6G-terminated nanoparticle accumulation in liver, kidneys, heart, lungs, spleen and 

blood between WT and mdr1a (-/-) mice (Figure 4.7) show that the only other significant difference, in 

the spleen, is an increase.  This finding, that the Rho6G-terminated nanoparticles selectively accumulated 

in the brain of the mice that express P-gp relative to the mdr1a(-/-) knockout (and relative to the other 

insignificant changes with Rho123-terminated and untargeted nanoparticles, Figures  4.8 and  4.9, 

respectively) confirm the potential utility of P-gp as a targeting focus using P-gp substrates. 

 

4.4 Discussion 

 The most common approach to increase the uptake of low molecular weight therapeutics into the 

brain is to optimize the partition coefficient, which allows the passive diffusion across the capillary 

endothelia that form the BBB.  The shortcoming of this approach is that the compound passively diffuses 

across all cell membranes, which leads to a high volume of distribution and a subsequent increase in 

adverse side effects.  Alteration of the biodistribution of these compounds to increase their local  
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Figure 4.4.  Biodistribution of mPEG-PLA (light gray), 10% Rho123-PEG-PLA(dark gray), and 10% 

Rho6G-PEG-PLA (black) particles in (a) liver, (b) kidneys, (c) heart, (d) lungs, (e) spleen, (f) brain and 

(g) blood.  Rho6G-terminated particles present higher in the brain at 3h compared to mPEG and Rho123 

terminated particles.  * statistical significance compared to mPEG-PLA nanoparticles at p< 0.01 
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Table 4.2.  Pharmacokinetic parameters for biodistribution data.  Rho6G terminated nanoparticles have a 

longer half-life in plasma and higher accumulations and transfer rates in other organs.*blood AUC values 

represented as % ID-h/mL.  

mPEG 

organ 
AUC 0-∞  AUC 0-9 Cmax tmax  t1/2  kblood-tissue  

(%ID-h/g)  (%ID-h/g)  (% ID/g) (h) (h) (h
-1

) 

Blood* 292.1 286.9 100.0 0 2.39 ± 0.11 - 

Liver 15.2 14.7 2.9 3 - 0.085 ± 0.005 

Kidneys 5.7 5.7 2.5 0.5 - 0.081 ± 0.004 

Heart 3.8 3.8 1.9 0.5 - 0.081 ± 0.004 

Lungs 10.2 10.2 3.1 0.5 - 0.082 ± 0.004 

Spleen 187.2 187.2 29.0 9 - 0.19 ± 0.006 

Brain 0.40 0.40 0.26 0.5 - 0.083 ± 0.004 

10% Rho123 

organ 
AUC 0-∞  AUC 0-9 Cmax tmax  t1/2  kblood-tissue  

(%ID-h/g)  (%ID-h/g)  (% ID/g) (h) (h) (h
-1

) 

Blood* 259.7 245.8 100.0 0 2.21 ± 0.34 - 

Liver 13.5 13.5 3.3 0.5 - 0.17 ± 0.03 

Kidneys 5.6 5.6 1.9 0.5 - 0.15 ± 0.02 

Heart 3.5 3.5 1.6 0.5 - 0.15 ± 0.02 

Lungs 8.7 8.7 2.9 0.5 - 0.15 ± 0.02 

Spleen 132.2 132.2 21.8 9 - 0.47 ± 0.06 

Brain 0.35 0.35 0.24 0.5 - 0.14 ± 0.02 

10% Rho6G 

organ 
AUC 0-∞  AUC 0-9 Cmax tmax  t1/2  kblood-tissue  

(%ID-h/g)  (%ID-h/g)  (% ID/g) (h) (h) (h
-1

) 

Blood* 267.4 267.4 100.0 0 5.88 ± 0.47 - 

Liver 57.7 57.7 7.7 3 - 0.47 ± 0.2 

Kidneys 26.9 24.5 3.7 3 - 0.31 ± 0.2 

Heart 11.6 9.8 1.5 3 - 0.24 ± 0.2 

Lung 31.4 24.6 4.2 0.5 - 0.32 ± 0.2 

Spleen 154.8 154.8 19.6 9 - 1.6 ± 0.1 

Brain 0.92 0.92 0.22 0.5 - 0.20 ± 0.1 
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Figure 4.5.  Representative brain tissue sections from mice injected with (a) Rho6G-PEG-PLA 

nanoparticles and (b) mPEG-PLA nanoparticles.  Tissue autofluorescence is shown in green and the 

nanoparticles are in red.  There are visibly particles in the brain after 3h in the Rho6G-PEG-PLA sample 

but only one aggregate visible in the mPEG-PLA sample. Arrows are pointing to nanoparticles in images. 
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Figure 4.6.  Brain accumulation of (a) mPEG-PLA nanoparticles, (b) Rho123-PEG-PLA nanoparticles 

and (c) Rho6G-PEG-PLA nanoparticles in WT mice compared to a P-gp knockout mouse, mdr1 (-/-), at 

3h.  There is a significant decrease seen in with the Rho6G-PEG-PLA particle accumulation in the P-gp 

knockout model.  * represents statistical significance from the WT model at p < 0.001. 
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Figure 4.7.  Comparision between WT mice to P-gp knockout mice of 6G-PEG-PLA accumulation at 3h 

in (a) liver, (b) kidneys, (c) heart, (d) lungs, (e) spleen and (f) blood. Only the spleen shows a significant 

difference between the two mouse models. * statistical significance from WT model at p < 0.01.    
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concentration in the brain could serve to rescue some compounds that have failed in the clinic due to poor 

side effect profiles.  This is the focus of the work reported herein.  

One of the traditional focuses for targeted drug delivery to the BBB has been to utilize 

endogenous transport systems in the BBB and exploit them for therapeutic purposes.  Among the many 

receptor-ligand pairs, transferrin continues to be the most widely studied.  The transferrin receptor was 

one of the first receptors utilized to shuttle therapeutic agents into the brain and has shown significant 

improvements in BBB targeting in vivo 
17

.  Recent reports have shown about 2 fold increase in rodent 

brain 4 and 2 hours after administration, respectively, with a transferrin conjugated nanoparticles 
18,19

.   

Although transferrin-targeted systems have shown promise, there are challenges that are difficult to 

overcome.  High transferrin concentrations exist naturally in the blood stream and compete with drug-

loaded transferrin conjugates for the receptor 
8
.  Recent reports also suggest that in biologically relevant 

media, a protein corona can form around the targeting moiety and inhibit its receptor binding constant 
9
.   

Therefore, targeted drug delivery systems have been developed using antibodies toward transferrin, 

however acute toxicity has occurred.  Transferrin antibody fusion proteins reduce toxicity and are an 

attractive alternative “Trojan Horse” method of delivering therapeutic proteins 
13

, however targeted 

delivery of small molecule lipophilic drugs requires further development with this technology.   

Additionally, targeting insulin receptor has shown an increase in brain accumulation almost 10 fold 

compared to untargeted nanoparticles 
20

, however the effect on blood glucose levels was not discussed.  

Therefore, this study aimed to explore a new approach to increase the local concentration of therapeutics 

in the brain. 

 This study aimed to investigate whether the drug efflux transporter, P-gp, which is highly 

expressed in the endothelial cells that comprise the BBB, could be exploited to enhance the accumulation 

of nanoparticles in the brain.  P-gp is an under-explored drug delivery target that is endogenous to the 

BBB endothelia, and actively transports small molecules from the CNS into the blood.  The conceptual 

design of the targeting strategy is shown in Figure 4.1.  Targeting was achieved by first creating a 

nanoparticle surface coated with P-gp substrates (Rho6G and Rho123-terminated nanoparticle 
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formulations), since previous findings determined that rhodamine-PEG conjugates still remained P-gp 

substrates 
15

. Rhodamine presence on the nanoparticle surface was verified by fluorescence.  Rho6G 

particles are more fluorescent than Rho123 terminated particles due to the greater quantum efficiency of 

Rho6G 
21

; however, both are more fluorescent than methoxy terminated particles allowing 

characterization of their attachment on the nanoparticles. Because the degree of P-gp binding that would 

lead to effective nanoparticle accumulation in the brain was unknown, both Rho6G and Rho123 were 

used as targeting moieties, as they possess different affinities for P-gp.  Rho6G is known historically to be 

the stronger P-gp substrate 
22

 and Rho6G-PEG-PLA nanoparticles showed the greatest brain accumulation 

in this study.  Accumulation of Rho6G terminated particles was still high in the brain at 3 hours relative 

to controls and there was a loss of accumulation at the same time point in P-gp deficient knockout mice.  

These findings suggest that the Rho6G-terminated particles are able to effectively target P-gp, leading to 

an enhanced accumulation in the brain. Images of cryosectioned brain slices visually confirm the 

enhanced accumulation of the Rho6G-PEG-PLA nanoparticles in the brain relative to untargeted control 

nanoparticles.  The favored sites of brain accumulation by these particles is an ongoing investigation and 

is the focus of a subsequent report.  There are also higher accumulations of Rho6G terminated 

nanoparticles in the liver, kidneys, heart and lungs which can be attributed to the longer half-life of these 

particles as determined with pharmacokinetic modeling.  It is unlikely that the higher accumulation in the 

brain of Rho6G terminated nanoparticles is also due to the greater half-life since there was a significant 

decrease in the P-gp knockout model.  

 There are also potential opportunities to modulate the nanoparticle locale at the cellular level.  In 

the recent literature, the binding and internalization of nanoparticles containing agonists or antagonists of 

G protein coupled receptors was explored.  Their results found that agonists bind and trigger cellular 

internalization, where antagonists bind and remain externally located at the cell surface 
23

.  These authors 

introduced the idea of a multi-ligand particle, which could also be an attractive approach for targeting P-

gp.  As Rho6G is not known to be an antagonist of P-gp, the literature suggests it would be internalized.  

P-gp has multiple binding pockets, only one of which involves rhodamine binding 
24

. If a particle were  
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Figure 4.8.  Comparison between WT mice to P-gp knockout mice of 123-PEG-PLA accumulation at 3h 

in (a) liver, (b) kidneys, (c) heart, (d) lungs, (e) spleen and (f) blood. All organs show a significant 

difference between the two mouse models. *statistical significance from WT model at p < 0.01.    
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Figure 4.9.  Comparison between WT mice to P-gp knockout mice of mPEG-PLA accumulation at 3h in 

(a) liver, (b) kidneys, (c) heart, (d) lungs, (e) spleen and (f) blood. Liver, kidneys, lungs and spleen show a 

significant difference between the two mouse models. * statistical significance from WT model at p < 

0.01.    
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created that contained both agonist and an antagonist toward the opposite binding site, perhaps an 

increase in particle retention and an extension of therapeutic exposure time could be achieved.  

 

4.5 Conclusion 

 Our findings define a unique approach toward enhancing the local concentration of drug-loaded 

nanoparticles in the brain.  For the first time, substrates that are actively transported out of the brain were 

used as targeting agents to capture nanoparticles in the capillaries of the brain.  Specifically, PEG-PLA 

nanoparticles containing Rho6G on the surface effectively targeted P-gp at the BBB and enhanced 

retention greater than 2-fold over untargeted controls. These results set the groundwork for a potentially 

new way to target the BBB by exploiting endogenously expressed proteins and expanding the types of 

targeting sites available at the BBB.   
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CHAPTER 5 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

 Drug delivery to the CNS continues to be one of the greatest hurdles in drug development for 

neurological diseases.  The challenge can be attributed to the exclusive passage of molecules across the 

blood brain barrier (BBB).  Receptor mediated targeting is a well-studied strategy to facilitate 

macromolecular transport across the BBB; however it has shown little translation from in vivo animal 

models to human clinical trials.  Unfortunately, the leading receptor mediated systems in existence suffer 

from low efficiency and systemic safety concerns. Therefore, there is a need for the development of new 

ways to target drug delivery system to the CNS.  This study aimed to accomplish targeted nanoparticle 

delivery using a novel receptor target, P-glycoprotein (P-gp).  

 A targeted drug delivery system to exploit P-gp at the BBB was designed, synthesized and tested 

for efficiency.  PEG-rhodamine conjugates were made, and their ability to interact with P-gp was 

evaluated in vitro.  FACS analysis showed decreased accumulation in a P-gp expressing cell line for all 

rhodamines tested, suggesting the PEG-rhodamine conjuagtes remained P-gp substrates.  Using three 

different rhodamine variants, an affinity relationship was also established with rhodamine-PEG 

conjugates and P-gp.  A mechanistic analysis using increasing concentrations of verapamil, a P-gp 

inhibitor, was conducted and showed the accumulation of rhodamine-PEG conjugates in P-gp expressing 

cells increased as verapamil concentration increased.  These results collectively led to the conclusion that 

rhodamines conjugated to PEG still remained P-gp substrates.  Rhodamine 6G (Rho6G)-PEG had the 

greatest P-gp affinity, followed by rhodamine 123 (Rho123)-PEG and rhodamine B (RhoB)-PEG. This is 

the same trend for the native dyes.     

 To evaluate the efficiency of the drug delivery system, a method for detection of PLA-PEG 

nanoparticles in vivo was needed.  In vivo detection can be challenging due to the high background caused 

by the intrinsic autofluorescence of tissues.  Traditional methods to overcome the autofluorescent 

background are either unsafe (e.g., radiolabels) or unstable (e.g., near-IR probes).  This study utilized 
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lanthanide chelates, particularly a europium chelate (Eu(NTA)3), for its large Stokes shift and time 

resolved fluorescence properties.  Using mPEG-PLA nanoparticles encapsulating Eu(NTA)3, detection 

above background with high sensitivity was possible.  Although there were quenching effects of the 

europium chelate that decreased the signal over time, the signal decay followed a second order 

degradation and corrections for this decay could be made by linearization of the curve.  The iron (Fe
+3

)  in 

various tissues can also displace the Eu
+3

 in the chelate and quench signal as well, but the extent of 

quenching from each tissue of interest is quantifiable and was therefore considered in calculating the % 

injected dose.  Ultimately, a sensitive and useful method for the detection of PLA-PEG nanoparticles was 

developed and applied in vivo. 

 The method of detecting PLA-PEG nanoparticles using Eu(NTA)3 was then applied to quantify 

the targeting efficiency of Rho6G-PEG-PLA, Rho123-PEG-PLA, and mPEG-PLA nanoparticles.  

Rho6G-PEG-PLA nanoparticles showed the greatest accumulation in the brain compared to the other 

particle types. The most significant difference in Rho6G-PEG-PLA particle accumulation was seen at 3h 

post injection.  The role of P-gp in increased brain concentration of Rho6G-PEG-PLA was elucidated by 

testing particle accumulation at 3h in a P-gp deficient mouse.  There was a significant decrease in 

accumulation of Rho6G-PEG-PLA nanoparticles in P-gp deficient mice, providing evidence that Rho6G-

PEG-PLA nanoparticles can collect in the brain due to interactions with P-gp.          

 While this work presented the initial finding that Rho6G-PEG-PLA nanoparticles can target P-gp 

at the BBB, future work should focus on expanding the mechanistic understanding and potential clinical 

utility of the present technology.  A few major shortcomings of the presented work are the limit in particle 

detection up to 9 hours, lack of distribution within the brain, and the systemic accumulation of these 

particles.  Due to the degradation of the fluorescent signal of the europium chelate doped nanoparticles 

used in this study, detection beyond 9 hours was not a possibility.  A chelate that contains different 

antennas to better protect from water quenching could provide information of particle accumulation 

beyond 9 hours, which could have future impact when choosing the appropriate drug for a desired 

efficacy model.  
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  Although Rho6G-PEG-PLA nanoparticles were able to target P-gp at the BBB, more detailed 

accumulation profiles within different parts of the brain could provide useful information to further the 

technology to a disease efficacy model.  The BBB does not exist uniformly throughout all parts of the 

brain and thus, there may be particular disease models better suited for the Rho6G-PEG-PLA targeted 

drug delivery system.   A very preliminary look into tissue distribution was performed in this work with 

imaging of brain tissue slices, however, this was not done for particular portions of the brain.  Applying 

this same analysis to multiple mice within known brain structures could provide evidence into portions 

that are more widely targeted and tissue penetration within those compartments. Once compartmental 

accumulation is understood, efficacy tests can determine the potential clinical utility of the system.   

 Given the greater systemic distribution of the Rho6G terminated particles, safety in vital organs 

should also be a consideration moving forward.  As previously discussed, conjugation of targeting 

moieties often changes the biodistribution of the system and can lead to negative targeting.  This has been 

a major challenge associated with the translation of previously developed receptor mediated approaches 

into clinical success and should be addressed to further the current technology.  Exploring the underlying 

cause of increased accumulation in vital organs could lead to a prevention method which would further 

enhance not only the targeted drug delivery strategy of this work, but also previously reported systems.  

 As tissue penetration was only initially explored in this study, there could be even greater benefits 

of targeting P-gp if this system is used in conjunction with other targeting strategies.  Although P-gp is 

found in intracellular compartments, there is no evidence that it can translocate Rho6G-PEG-PLA 

nanoparticles across cells.  Therefore, the use of a cell penetrating peptide combined with this technology 

may further enhance the targeting effects by allowing penetration into the tissue from the BBB.   

 Alternative to CNS drug delivery, Rho6G-PEG-PLA nanoparticles could also be applied to 

targeted drug delivery to P-gp expressing cancers.  Initial tumor xenograft models with MDA-435/LCC6 

MDR and WT cells were established earlier in this work (Appendix I). The biodistribution of rhodamine- 

terminated nanoparticles can be determined using methods similar to this work.  Initial studies to 

determine any inhibitory effects of rhodamine-terminated PLA-PEG nanoparticles have been done in 
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vitro (Appendix I), and show only minor inhibition of P-gp when delivering doxorubicin.  Therefore, 

chemotherapy choice in a cancer model will be important and should be screened in vitro.   

 Lastly, other substrates of P-gp could also be considered for targeted drug delivery.  Rhodamine 

was used here as a model substrate, but with the large numbers of known P-gp substrates, there are many 

possibilities.   A system could also be developed to include an inhibitor instead of a substrate.  This could 

enable potential delivery of therapeutics that are P-gp substrates.  Previous attempts in the literature to co-

deliver therapeutics with P-gp inhibitors have proven systemically toxic due to the drug/inhibitor 

combination. By tethering the inhibitor to a nanoparticle it could reduce cytotoxic effects. Appendix II 

includes information about an mPEG-quinidine conjugate that could be adapted into a similar 

nanoparticle system and used to deliver P-gp substrates to the BBB as quinidine is a well-known P-gp 

inhibitor. Once further developed into a particle platform, quinidine-PEG-PLA nanoparticles can be tested 

first in vitro for their ability to deliver cytotoxic P-gp substrates and then in vivo.  The ability to not only 

target P-gp but also inhibit it in a potentially safer manner is an attractive approach to drug delivery of P-

gp substrates.   

 To summarize, this work presented an initial finding that Rho6G-PEG-PLA nanoparticles could 

target P-gp at the BBB.  Further investigation into the downfalls of this particular system can enhance the 

positive targeting of this system, while decreasing any negative targeting.  Extension to cancer models are 

possible and increase the clinical importance of Rho6G-PEG-PLA nanoparticles.  This model system can 

also be used to further develop P-gp inhibitor containing nanoparticles that enable delivery of P-gp 

substrates.  
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APPENDIX I 

 INITIAL CANCER MODEL RESULTS 

 

AI.1 Introduction 

 Cancer is the second most common cause of death in the United States and according to the 

American Cancer Society there will be over 1 million new cases of cancer in 2013.
1
 A common issue in 

the treatment of cancerous tumors is the development of drug resistance. There are many causes of drug 

resistance, but the current study focuses on the energy dependent efflux of therapeutics.
2
  Efflux of such 

drugs is caused by membrane transport proteins of the ATP-binding cassette (ABC) family. The general 

process of drug efflux caused by these proteins can be described in three steps: 1) first, the drug crosses 

into the cell membrane, 2) second, once in the membrane, the drug (substrate) is recognized by the 

membrane transport protein and 3) third, after recognition, the drug is expelled from the cell by the 

protein. The ABC family of proteins has an affinity to a wide variety of substances, leading to expulsion 

of various classes of drugs and thus resistance to a multitude of substrates.  This phenomenon is termed 

multi drug resistance (MDR)
3
 and is the cause of the difficulty associated with treating cancerous tumors.  

One member of the ABC family found in human cell lines is P-glycoprotein (P-gp) and its overexpression 

has been linked to MDR in various cancers.
4
 One possible solution to combat P-gp overexpression in 

cancerous tumors is to exploit expression of the protein by creating a targeted drug delivery vehicle 

toward the protein.  Therefore, the current technology of this work can be extended to P-gp expressing 

tumors.  The ability for the designed nanoparticles to deliver a common chemotherapeutic and P-gp 

substrate, doxorubicin, has been explored in vitro.  Also, initial tumor xenograft models with MDA-

435/LCC6 WT and MDR cell lines have been developed.   
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AI.2 Materials and Methods 

 

AI.2.1 Doxorubicin loaded nanoparticles.  mPEG-PLA, Rho123-PEG-PLA, and Rho6G-PEG-PLA 

copolymers were synthesized using the same methods reported in section 4.2.4.  Doxorubicin (dox) was 

dissolved in methanol at 1 mg/mL.  100 mg of mPEG-PLA was dissolved in 2 mL dichloromethane 

(DCM) and 500 µL of dox solution was added and the solution was vortexed. 8 mL of acetone was then 

added, the solution vortexed, and added dropwise into stirring milliQ water.   The organic solvents were 

removed by rotary evaporation and the nanoparticles collected by ultracentrifugation using a Bruker LE-

80 ultracentrifuge at 20,000 rpm for 30 minutes.  The nanoparticles in the pellet were washed twice with 

milliQ water and resuspended in a final volume of 1 mL of milliQ water.  Poloxamer 188 (20 µL of 10% 

solution) was added prior to lyophilization overnight.  For 10% Rho6G-PEG-PLA and 10% Rho123-

PEG-PLA nanoparticles the same procedure was followed but with 90 mg of mPEG-PLA and 10 mg of 

Rho6G-PEG-PLA or Rho123-PEG-PLA, respectively. Unloaded nanoparticles were made with the same 

protocols without addition of doxorubicin (see Chapter 4 for details).  

 A 1 mg/mL solution of the nanoparticle solutions were made with milliQ water and sonicated for 

10 minutes.  After sonication the solutions were filtered through a 0.45 µm filter and size and 

polydispersity were measured using a Malvern NanoZS (United Kingdom).  Encapsulation efficiency was 

calculated by comparison of the fluorescence of 1 mg/mL nanoparticle solution in acetone to 0.005 

mg/mL solution of doxorubicin in acetone at an excitation of 480 nm and emission of 580 nm.  

Fluorescence of unloaded nanoparticles under the same excitation and emission were subtracted from the 

obtained signal. 

 

AI.2.2 Cytotoxicity of MDA-435/LCC6 cells after administration of dox. MDA-435/LCC6 MDR and 

MDA-435/LCC6 WT cells were maintained at 37 °C with 5% CO2 in Richter’s modified MEM (IMEM) 

containing L-glutamine, phenol red, 10% fetal bovine serum and 1% penicillin/streptomycin in 25 cm
2
 

canted T-flasks.    Each well of a 96 well plate were seeded with 7500 cells and grown for 48 hours.  
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After 48 hours, cells were washed and doxorubicin, nanoparticles encapsulating doxorubicin (mPEG-

PLA, Rho123-PEG-PLA and Rho6G-PEG-PLA), or unloaded nanoparticles were added at various 

concentrations in IMEM in a total volume of 100 µL for each well.  Cells were incubated with dox 

solutions for 24 hours.  After incubation, dox and nanoparticle containing media was removed, cells were 

washed, and 10 µL of MTT (1 mg/mL) in 100 µL of PBS was added.  After 4 hours of incubation, 200 µL 

of DMSO was added to dissolve the formazan crystals.  The adsorption of each well was read on a UV-

vis plate reader at 570 nm.   

 

AI.2.3 Cell and xenograft model growth curves.  Cell growth curves were made by seeding 100,000 

cells in each well of a 6 well plate.  Cells were removed after 1, 2, 3, 5, or 7 days of growth and counted 

using a hemocytometer.   Each timepoint was performed in triplicate.   

 Xenografts with both MDA-435/LCC6 MDR and MDA-435/LCC6 WT cells were developed in 6 

week old immunodeficient Nu/Nu mice.  1-2 million cells were injected subcutaneously into the back 

haunches of 36 mice for each cell type.  Tumor measurements were taken with vernier calipers. The 

volume was calculated using a modified ellipsoidal equation
5–7

 (Equation 1).   

𝑉 = 0.5 ∗ 𝑙 ∗ 𝑤2 (Eq. 1) 

   

AI.3 Results and Discussion 

 

AI.3.1 Doxorubicin loaded nanoparticles.  Doxorubicin nanoparticles were successfully made.  There 

was no free doxorubicin visible in all the washes during ultracentrifugation (not shown).  Particle size, 

PDI, and encapsulation efficiency (EE) are shown in Table AI.1.  All particles are about the same size and 

relatively mono-disperse.  Less doxorubicin was encapsulated in mPEG terminated nanoparticles than 

Rho123 and Rho6G terminated nanoparticles. 
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Table AI.1.  Characteristics of doxorubicin loaded mPEG-PLA, Rho123-PEG-PLA and Rho6G-PEG-

PLA nanoparticles 

Particle type Size (nm) PDI EE (%) 

mPEG-PLA 132.8 ± 5.2 0.078 ± 0.01 41.5 ± 3.2  

10% Rho123-PEG-PLA 155.3 ± 16 0.087 ± 0.01 72.8 ± 4.4 

10% Rho6G-PEG-PLA 138.1 ± 4.6 0.076 ± 0.01 88.5 ± 5.9 

 

 

 

 

  



125 
 

 

 

 

 

 

Figure AI.1. Cytotoxicity of MDA-435/LCC6 WT cells with either (a) doxorubicin alone or doxorubicin 

loaded into (b) mPEG-PLA, (c) Rho123-PEG-PLA or (d) Rho6G-PEG-PLA nanoparticles 
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Figure AI.2. Cytotoxicity of MDA-435/LCC6 MDR cells with either (a) doxorubicin alone or 

doxorubicin loaded into (b) mPEG-PLA, (c) Rho123-PEG-PLA or (d) Rho6G-PEG-PLA nanoparticles 
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Table AI2.  Conversion of mg/mL of particles to concentration of doxorubicin 

  µM dox 

mg/ml particle mPEG 123 6G 

1 3.81 6.70 8.14 

0.5 1.91 3.35 4.07 

0.1 0.38 0.67 0.81 

0.01 0.038 0.067 0.081 

0 0.00 0.00 0.00 
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Figure AI.3. Cytotoxicity on MDA-435/LCC6 WT (a,b,c) or MDA-435/LCC6 MDR (d,e,f) cells with 

either (a and d) unloaded mPEG-PLA, (b and e) unloaded Rho123-PEG-PLA or (c and f) Rho6G-PEG-

PLA nanoparticles 
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AI.3.2 Cytotoxicity of MDA-435/LCC6 cells after administration of dox. Cytotoxicity curves of dox 

alone and doxorubicin encapsulated in either mPEG, Rho123 or Rho6G terminated nanoparticles for WT 

cells are shown in Figure AI.1 and for MDR cells are shown in Figure AI.2. To compare nanoparticle 

concentration to doxorubicin dose, table AI.2 shows the conversion from particle concentration (mg/mL) 

to doxorubicin dose (µM) using the encapsulation efficiency.  All solutions show similar cell death in WT 

cells, which is expected.  There is greater cell death in MDR cells with the nanoparticle platforms.  Both 

Rho123 and Rho6G terminated nanoparticles show slightly greater cell death than mPEG terminated 

nanoparticles at higher concentrations, but there is not a drastic difference.  This could be due to the 

roughly 2 times increase in doxorubicin concentration in Rho terminated particles compared to mPEG 

terminated.  There could be a very slight inhibitory effect on P-gp from the Rho terminated nanoparticles 

but not significant enough to deliver P-gp substrate chemotherapeutics. The effect of unloaded 

nanoparticles on both WT and MDR cells were also explored and the results are shown in Figure AI.3.  

The particles alone are not cytotoxic to the WT cells and the patterns in the MDR cells are similar to the 

doxorubicin loaded results.   Rho123 and Rho6G terminated nanoparticles have a slightly higher 

cytotoxicity on MDR cells than mPEG terminated nanoparticles.  However, the doxorubicin loaded 

nanoparticles do show slightly more cell death than unloaded nanoparticles for MDR cells.      

 

AI.3.3 Cell and xenograft model growth curves.   Growth curves for both in vitro cell culture and 

xenograft model of MDA-435/LCC6 WT and MDR cells are shown in Figure AI.3. It appears there is 

slightly slower growth of MDR cells in vitro, however, this is not significant.  In the xenograft model  the 

WT cell line appears to have a higher measurement at 7 days post injection and reaches the critical 

volume for this study sooner than MDR cells.  However once both cell lines reach a volume between 50 

and 100 mm
3
 growth becomes more rapid.  The WT cell line was injected at 2x10

6
 cells per mouse while 

the MDR cell line was injected at 1x10
6
 cells per mouse.  This could be the cause of the WT cell line 

showing larger volumes at 7 days post injection.  
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AI.4 Conclusions 

 The designed Rho-PEG-PLA nanoparticle system is not sufficient for delivering P-gp substrate 

drugs.  However, this does not mean that it won’t be effective at targeting P-gp expressing cancers with 

chemotherapeutics that are non-P-gp substrates.  A xenograft model is possible with these cells, but 

injection of the same initial cell count is necessary to have consistent growth rates.  These findings can set 

up future work to assess targeting efficiency and efficacy for P-gp expressing cancers in the future. 
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Figure AI.3.  Growth curves of MDA-435/LCC6  (a) cells and (b) tumors xenografts in a nude mouse 

model.  () WT cells and () MDR cells.   

  



132 
 

REFERENCES 

(1) American Cancer Society. Cancer Facts Fig. 2013. 

(2) Szakács, G., Paterson, J. K., Ludwig, J. a, Booth-Genthe, C., and Gottesman, M. M. (2006) Targeting 

multidrug resistance in cancer. Nat. Rev. 5, 219–234. 

(3) Eckford, P. D. W., and Sharom, F. J. (2009) ABC efflux pump-based resistance to chemotherapy 

drugs. Chem. Rev. 109, 2989–3011. 

(4) Sharom, F. J., Yu, X., Chu, J. W., and Doige, C. a. (1995) Characterization of the ATPase activity of 

P-glycoprotein from multidrug-resistant Chinese hamster ovary cells. Biochem. J. 308, 381–90. 

(5) Euhus, D. M., Hudd, C., LaRegina, M. C., and Johnson, F. E. (1986) Tumor measurement in the nude 

mouse. J. Surg. Oncol. 31, 229–34. 

(6) Tomayko, M. M., and Reynolds, C. P. (1989) Determination of subcutaneous tumor size in athymic ( 

nude ) mice *. Cancer Chemother. Pharmacol. 24, 148–154. 

(7) Jensen, M. M., Jørgensen, J. T., Binderup, T., and Kjaer, A. (2008) Tumor volume in subcutaneous 

mouse xenografts measured by microCT is more accurate and reproducible than determined by 18F-FDG-

microPET or external caliper. BMC Med. Imaging 8, 16.  

 

  



133 
 

APPENDIX II 

INITIAL SYNTHESIS AND CHARACTERIZATION OF MPEG-QUINIDINE 

 

AII.1 Introduction 

 P-gp expression at the BBB and in MDR cancers has caused difficulty in drug delivery due to the 

large number of therapeutics that are also P-gp substrates. Therefore, a significant effort has been made to 

identify substances that have inhibitory functions on P-gp 
1
. Discoveries have been made with both P-gp 

substrates
2
 and antibodies

3,4
. Although many combinations of inhibitor/chemotherapeutics have gone into 

phase III clinical trials, the majority have failed to demonstrate significant clinical utility 
5–7

.  Conjugation 

of an inhibitor directly to a nanoparticle may be a solution to delivering P-gp substrates and reducing 

systemic side effects.  One proposed method is to utilize a known P-gp inhibitor, quinidine, conjugated to 

a PEG-PLA nanoparticle.  Preliminary methods have been developed and characterized to synthesize an 

mPEG-quinidine conjugate that can be tested in future in vitro inhibition studies.  Previous literature has 

developed mPEG-quinidine conjugation through a glycine linker 
8,9

.  Both direct conjugation (no linker) 

and conjugation with a linker were attempted. 

 

AII.2 Materials and Methods 

 

AII.2.1 Direct conjugation of mPEG-quinidine.  In 7 mL of dichloromethane (DCM), 0.05 mmol 

mPEG, 5 mmol N,N’-Dicyclohexylcarbodiimide (DCC), and 0.21 mmol 4-Dimethylaminopyridine 

(DMAP) were added and stirred for 20 minutes.  Quinidine (0.15 mmol) was dissolved in 3 mL DCM and 

added after 20 minutes.  The reaction was left to stir overnight.  After the reaction was complete any 

solids that had formed were filtered and the product was crashed out in diethyl ether.  The reaction 

scheme can be found in Figure AII.1.  
1
H NMR spectra were taken for reactants and products (Figure 

AII.2).  Diffusion ordered NMR was done for the product. A Stejskal-Tanner plot was made to interpret 

the results (Figure AII.3).   
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AII.2.2 Conjugation of mPEG-quindine with a glycine linker.  First, boc-glycine-OH was reacted with 

quinidine.  9.1 mmol of boc-glycine-OH was dissolved in 10 mL DCM and mixed with 9.2 mmol DCC in 

10 mL of DCM.  The two solutions stirred for 1 h on ice under argon.  After 1 h a 100 mL DCM solution 

containing 4.6 mmol quinidine and 0.5 mmol DMAP was added dropwise.  The reaction was brought 

back to room temperature and allowed to react for 24 hours.  Once the reaction was complete, the solution 

was filtered and 0.5 mL acetic acid was added.  The solution was filtered again and the solvent was 

evaporated.  The remaining substance was taken up in 30 mL acetone, filtered, and solvent was 

evaporated again.  The residual was dissolved in 20 mL DCM and placed in a separatory funnel where it 

was washed with 2 mL of saturated sodium bicarbonate 4 times, dried over magnesium sulfate and then 

dried under vacuum.   

 Deprotection of boc-glycine-quinidine was accomplished by dissolving 1 g in 10 mL DCM and 

adding 10 mL trifluoroacetic acid (TFA) and allowing the solutions to mix for 30 minutes.  The solution 

was then rotary evaporated to an oily residue.  This residue was taken up in 20 mL DCM and washed with 

2 mL of saturated sodium bicarbonate 3 times in a separatory funnel.  It was then dried over magnesium 

sulfate, rotary evaporated, and vacuum dried.   

 Reaction of mPEG-COOH and glycine-quinidine was then performed.   Glycine-quinidine (0.07 

mmol) and mPEG-COOH (0.034 mmol) were dissolved in DCM (~ 10 mL).  These two solutions stirred 

for 10 minutes, then a saturated DMSO solution of 0.07 mmol 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM) and 0.07 mmol 4-methyl morpholine (NMM) were added 

dropwise.  The reaction was left stirring for two days under argon.  Once the reaction was complete, the 

product was crashed out in diethyl ether.  The overall reaction scheme can be found in Figure AII.4.  
1
H 

NMR was taken for all reactants, intermediates and products (Figures AII.5 and AII.6).   
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AII.3 Results and Discussion 

 

AII.3.1. Direct conjugation of mPEG-quinidine.  
1
H NMR of mPEG-quinidine (Figure AII.2) shows 

the PEG associated peaks around 3.17 and 3.5 ppm and quinidine peaks in the aromatic region.  However, 

when integrated, there appeared to be more quinidine than PEG, suggesting a more effective purification 

protocol is needed.  The diffusion ordered NMR shows that some quinidine was conjugated to PEG, but 

at some gradient strengths quinidine does not behave like the polymer.  When percent conjugation was 

performed at a higher gradient strength (no signal for small molecules), it appeared that ~ 70% quinidine 

was attached to the PEG.  Therefore, this reaction may be successful with an alternative purification 

protocol. 

 

AII.3.2. Conjugation of mPEG-quinidine with a glycine linker. It has been suggested that the glycine 

linker can reduce steric hindrance of quinidine and allow for more efficient conjugation 
9
.  To accomplish 

this conjugation, first boc-glycine-OH had to be reacted with quinidine to form boc-glycine-quinidine 

(Figure AII.4A).  
1
H NMR (Figure AII.5) shows the aromatic peaks associated with quinidine along with 

a peak around 1ppm from the boc group.  Upon deprotection (Figure AII.4B), the peak around 1ppm (boc 

group) disappears on 
1
H NMR, indicating that deprotection was successful.   The deprotected product was 

then reacted with mPEG-COOH to produce an mPEG-glycine-quinidine product (Figure AII.4C).  

Although 
1
H NMR shows corresponding quindine and mPEG peaks for the final product (Figure AII.6), 

there is again the issue of unconjugated glycine-quinidine in the sample.  Therefore, this protocol also 

requires a better purification method.  Dialysis may be an effective purification method for both 

protocols, however, it has to be done carefully since there are ester bonds that may hydrolyze.  

 

AII. 4 Conclusions 

 Incorporation of quinidine as a moiety on a drug deliverying nanoparticle could be an effective 

method for P-gp substrate delivery.  The first step in developing a drug delivery system with conjugated 
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Figure AII.1 Reaction scheme for mPEG-quinidine conjugation.  mPEG-COOH is reacted with quinidine 

at the secondary alcohol to produce an mPEG-quinidine conjugate.   
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Figure AII.2.  
1
H NMR of (bottom to top) mPEG-COOH, quinidine, and mPEG-quinidine. 
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Figure AII.3. DOSY of mPEG-quinidine.  DMSO (●), methoxy (mPEG) (), PEG (), quinidine 

aromatic region ().  

  

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.0E+00 5.0E+05 1.0E+06 1.5E+06 2.0E+06 2.5E+06 3.0E+06 3.5E+06

Ln
(I

/I
o
) 

G2 



139 
 

 

 

Figure AII. 4.  Reaction scheme for glycine-quindine reaction. (A) formation of boc-glycine-quinidine 

from boc-glycine-OH and quinidine.  (B) formation of glycine-quindine from deprotection of boc-

glycine-quindine.  (C) mPEG-glycine-quindine conjugation. 

  

(A) 

(B) 

(C) 



140 
 

 

 

 

Figure AII.5.  
1
H

 
NMR of (bottom to top) boc-glycine-OH, quinidine, boc-glycine-quinidine, deprotected 

glycine-quinidine. 
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Figure AII.6.  
1
H NMR of (bottom to top) glycine-quinidine, mPEG-COOH, mPEG-glycine-quinidine. 
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 quinidine is to develop an mPEG-quinidine conjugate and assess its P-gp inhibition capabilities in vitro.  

The initial synthesis and characterization of such conjugates was described here.  Both protocols seem to 

provide efficient conjugation, however better purification protocols are necessary.  Once purified and re-

characterized, these conjugates can then move forward toward in vitro screening and adaptation to a 

particle platform.  
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