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Abstract 

Polymersomes, polymeric vesicles that self-assemble in aqueous solutions from block 

copolymers, have been avidly investigated in recent years as potential drug delivery 

agents.  In this work, the feasibility of chemical conjugation of fibronectin mimetic 

targeting peptides (GRGDSP and PR_b) onto the surface of polymersomes is 

investigated, and the efficacy of these peptide functionalized polymersomes to achieve 

targeted delivery to cancer cells is studied.  The diblock copolymer poly(ethylene oxide)-

b-poly(1,2-butadiene) was synthesized and self-assembled to form polymersomes, which 

were subsequently functionalized with peptides using a ―click‖ conjugation reaction.  

Delivery efficacy of these peptide functionalized polymersomes loaded with fluorescent 

markers, a chemotherapeutic (doxorubicin), or siRNA was assessed and compared.  Both 

the efficacy and the process of delivery and internalization of peptide functionalized 

polymersomes were investigated for colon and breast cancer cells.  PR_b functionalized 

polymersomes were found in all cases to significantly outperform both GRGDSP and 

non-functionalized polymersomes, in terms of promoting cell binding, internalization, 

specificity, and effective delivery.  This work highlights peptide functionalized 

polymersomes in general, and PR_b functionalized polymersomes in specific, as a highly 

promising targeted delivery system. 
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1 Introduction 
This thesis investigates the synthesis, characterization, and utilization of peptide 

functionalized block copolymers for targeted delivery of therapeutics to cancer cells.  

Polymer vesicles are self-assembled nanoparticles capable of encapsulating 

chemotherapeutic drugs and more novel therapeutics such as small interfering RNA.  A 

central theme of this work is the evaluation of the potential advantages of functionalizing 

polymer vesicles with fibronectin mimetic peptides relevant to targeted delivery to cancer 

cells.   

1.1 Targeted Delivery 

It has been over a century since Paul Ehrlich, the profound Nobel laureate 

immunologist, proposed the concept of a ―magic bullet‖.
1
  Yet still today we are 

continually pursuing newer and better therapies to selectively treat diseases with minimal 

side-effects, and this pursuit shows no sign of slowing.  Targeted delivery, the ability to 

target a therapeutic to a specific site of disease, is at the vanguard of this pursuit.  In the 

early 18
th

 century Paul Ehrlich postulated a side chain theory, that involved lock-and-key 

receptors on the surface of cells which specifically bound components in the 

―protoplasm‖, the historic name for the extracellular environment in vivo.
2
  From this 

theory he extrapolated that highly specific therapies could be formulated that would 

target only the malicious agents within a patient.  He thus envisioned a therapy that could 

cure a patient with virtually no side effects, a ―magic bullet‖, or as he termed it ―therapia 

sterilisans magna‖ (the great sterilizing therapy).  Although the details of Ehrlich‘s 

theories obviously did not stand the test of time, the dream of a ―magic bullet‖ therapy is 
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still alive.  Today targeted delivery holds great promise of approaching the long sought 

after ―magic bullet‖.  Through binding specificity of chemical ligands current research is 

beginning to show that diseases, such as cancer, can be effectively targeted and thus the 

adverse side effects of therapies for these diseases minimized.   

In respect to targeting cancerous tissue, the primary focus of this thesis, there are 

two main modes of targeted delivery, passive and active.  Active targeting involves the 

use of targeting ligands (e.g. peptides) that specifically adhere to receptors found at the 

target site, and will be discussed in detail later in this chapter.   Passive targeting, as 

opposed to active targeting, does not require the use of binding ligands and instead 

operates purely based on the size of the drug delivery vehicle, such as polymer vesicles.  

Passive targeting is achieved by way of the enhanced permeability and retention (EPR) 

effect, and is an established method of targeting cancerous tumors.  The EPR effect was 

first observed over 20 years ago, and has since become generally recognized as a 

valuable method for the targeting of drugs to the region of a tumor.
3
   Since the treatment 

of cancer is a seminal long range goal of the in vitro targeted delivery research in this 

thesis the in vivo EPR effect will be briefly discussed.   

Once a tumor reaches the size of approximately 2-3 mm in diameter the cancerous 

cells induce angiogenesis, the formation of new blood vessels, in order to supply more 

oxygen and nutrients to the rapidly growing tumor.
4
  The neovasculature formed around 

the tumor is anatomically different from the vasculature of healthy tissue.
5
  The blood 

vessels formed around a tumor have irregular shapes, dilated diameters, and frequent 

fenestrations due to the endothelial cells, which form the internal surface of the blood 
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vessel, being poorly aligned and disorganized.
6
  Also, the perivascular cells and basement 

membrane, or smooth-muscle layer, which typically coats the exterior of blood vessels in 

healthy tissue, is often not present or disordered around blood vessels in the region of a 

tumor.
7
  These defects of the blood vessel walls around tumors result in what is 

commonly referred to as a ―leaky‖ vasculature.  In simple terms, the newly formed blood 

vessels around a tumor tend to be ―leaky‖ and much of the blood circulating through 

them, including larger particles, leaks out of the vessels and into the tumor tissue.  Thus, 

there is an enhanced permeability of molecules, especially nano-sized particles, through 

the tumor vasculature and into the tumor as compared to healthy tissue.  In addition to 

enhanced permeability, the slowed lymphatic drainage exhibited by tumors also 

contributes to an enhanced retention effect.  Tumors show slower venous return and 

lymphatic clearance as compared to healthy tissue, so macromolecules and nano-particles 

are retained within the tumor.  In other words, tumors tend to retain nano-sized particles 

within their tissue for much longer than healthy tissue.  These two abnormalities of tumor 

tissue, the leaky vasculature and slowed clearance, combine to give rise to the 

phenomena known as the EPR effect, as illustrated in Figure 1.1.   
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Figure 1.1 The enhanced permeability and retention (EPR) effect illustrated.  Illustration 

of how the ―leaky‖ vasculature in the region of tumors (a-ii) as compared to that in 

healthy tissue (a-i) allows for the enhanced permeability of molecules and nano-sized 

particles into a tumor.  Illustration of how there is enhanced retention and accumulation 

over time of high Mw molecules and nano-sized particles in tumors due to the tumors 

slowed lymphatic clearance (b).  Figure reproduced from Iyer et al., with permission from 

Elsevier.
8
 

 

Targeted delivery systems employing targeting ligands (i.e. active targeting) are 

typically designed to also utilize the EPR effect, thus active and passive targeting act 

synergistically.  Passive targeting by the EPR effect is exploited to get the nanoparticle 

delivery vehicles into the region of the tumor, after which active targeting via a targeting 

ligand promotes effective binding, internalization and delivery to the target cells in the 

tumor region.   

The EPR effect has been found to be general for both large macromolecules (>40 

kDa) and nano-sized particles on the order of a few 100 nm, such as appropriately sized 

polymer vesicles.
9–13

  EPR effect based targeting is commonly called passive targeting 
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because the effect is hypothesized to depend, to a first approximation, only on the size of 

the particle.  Another important point is that EPR effect based accumulation at the 

cancerous region is a slow process, potentially occurring over the course of days.
7
  

Because of this slow rate of accumulation in the tumor it is critical that any drug delivery 

vehicle that hopes to exploit the EPR effect have long circulation half-lives, t1/2.  It is 

believed that t1/2 must be extended to at least a minimum of 6 h for EPR targeting to 

become relevant.
8
  The classic example of a delivery vehicle with an extended circulation 

half-life is the sterically stabilized liposome which can achieve circulation half-lives on 

the order of ~12 h, however polymer vesicles having fully pegylated surfaces are even 

better exhibiting t1/2 ~28 h.
14–18

   Longer circulation half-lives have been repeatedly 

shown to improve passive EPR targeting, translating to increased accumulation in tumors 

and better efficacy (i.e. tumor shrinkage and survival times).
19–25

  However, it should be 

noted that a handful of studies have shown counter intuitively, no increase in tumor 

accumulation or efficacy of sterically stabilized liposomes as compared to conventional 

liposomes.
26–28

  In two of these studies very high drug doses were used so that the 

circulation half-life of conventional liposomes was increased purely due to toxicity to 

macrophages, but the third used more reasonable drug doses and still reported little 

advantage for sterically stabilized liposomes.
29

   It should be made clear however that 

although there is some debate as to the relative efficacy of improving in vivo circulation 

half-lives, the advantages of EPR targeting are widely accepted and the majority of 

literature agrees that long circulation half-lives, like those demonstrated by polymer 

vesicles, are highly advantageous.  
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Encapsulation, the packaging of therapeutics within a targeted delivery vehicle and 

protecting and/or preventing release of these therapeutics until the delivery vehicle has 

reached its target, is an essential feature of any targeted delivery system.  Polymer 

vesicles are well designed for effective encapsulation of a wide range of encapsulates, as 

both the internal aqueous lumen and the thick hydrophobic membrane of polymer 

vesicles can be loaded with both molecules and particles.
30–40

  In addition, the thick 

hydrophobic membrane of polymer vesicles imbues them with very low permeability to 

any hydrophilic encapsulate, thus limiting encapsulate leakage during storage and 

delivery.
41–44

  The encapsulated therapeutic could be any of a wide range of choices.   In 

this thesis the encapsulation and delivery of both chemotherapeutic drugs and small 

interfering RNA are investigated in detail.   

1.2 Self-Assembly Behavior of Block Copolymers in Aqueous Solutions 

The polymer vesicles used in this thesis research self-assemble in aqueous solutions 

from the amphiphilic diblock copolymer, poly(1,2-butadiene)-b-poly(ethylene oxide) 

(PB-PEO or OB for short), as shown in Figure 1.2.  The amphiphilic nature of the block 

copolymer and the strongly hydrophobic nature of PB drive the PB chains to self-

associate and be shielded from the aqueous surrounding environment by the hydrophilic 

PEO chains.  The net result is the formation of a bilayer structure consisting of a thick 

hydrophobic core membrane shielded on both sides by PEO brush layers.  This bilayer 

naturally ―wraps-up‖ to form spherical vesicle structures with large aqueous interiors, 

thus self-assembling polymer vesicles.   
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Figure 1.2 Amphiphilic block copolymers self assemble into a polymer membrane which 

wraps around onto itself to form a spherical polymer vesicle with a aqueous interior. 

 

Polymer vesicles are just one possible morphology that amphiphilic block 

copolymers are capable of assuming in aqueous solutions.  For the OB block copolymer 

in specific the self-assembled morphology formed depends on the fractional content of 

PEO and, to a lesser extent, the overall molecular weight of the polymer.  In addition to 

the bilayer vesicle morphology, for increasing weight fraction of PEO OB diblocks form 

cylindrical micelles, and then spherical micelles.  To a first approximation these 

morphology transitions follow from the simple packing argument illustrated in Figure 

1.3.   

In each of the morphologies the PB blocks form a compact hydrophobic domain, 

and the PEO blocks form a hydrated corona around this hydrophobic domain.  As the 

fraction of PEO in the diblock increases a surface of increasing curvature is required to 

efficiently pack the block copolymer into this arrangement.  More precisely the 

morphology of the amphiphilic polymer is dictated by a local minimization of free 
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energy, and the primary contributions to the free energy in this case are: chain stretching 

of the core hydrophobic block, interfacial energy, and the repulsion between coronal 

chains.
45

  Thus, to minimize free energy the amphiphilic interface adopts a preferred 

curvature and this dictates the morphology. As the weight fraction of PEO increases so 

does the preferred curvature, and the morphology transitions from bilayers to cylinders to 

spheres, as illustrated in Figure 1.3. 

 

Figure 1.3 A cartoon illustration of how OB diblock copolymer morphology changes as 

wPEO, the weight percentage of PEO in the diblock, is increased.  At top the increasing 

curvature of the interface is illustrated, and below the morphologies are shown: bilayer 

(B), cylindrical micelles with Y-junction (Y), cylindrical micelle (C), and spherical 

micelle (S).  Figure reporduced from Jain et al.
46
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Figure 1.4 Morphological diagram for dilute (1wt%) aqueous solutions of PB-PEO (OB) 

diblock copolymer.  Morphological regions are plotted as a function of the number 

average degree of polymerization of the PB block, NPB, and the PEO weight fraction, 

wPEO, in the diblock copolymer.  Five morphologies are identified: bilayer membranes 

forming vesicles (B), cylindrical micelles (C), spherical micelles (S), cylindrical micelles 

with Y-junctions (CY), and a network of cylindrical micelles (N).  Above, cartoons of 

these morphologies have been drawn and corresponding cryo-TEM images of bilayer 

vesicles (A), cylindrical micelles (B), and spherical micelles (C) are presented.  Figure 

reproduced from Jain et al., with permission from AAAS.
45

 



 

 10 

 As shown in Figure 1.4, in addition to depending on the hydrophilic weight 

fraction, wPEO, the morphology also has a weak dependence on the length of the PB 

block, NPB.  This is explained by the volume of the hydrated hydrophilic block growing 

more rapidly than that of the core hydrophobic block for a proportionate increase in chain 

length.  By a scaling argument it was found that the core PB chain should grow in volume 

at a reduced rate (VcoreNPB
1.8

), where Vcore is the volume of the core domain and NPB is 

the degree of polymerization of the PB block, compared to the hydrated PEO chain 

volume (VcoronaNPEO
~2.3

), where Vcorona is the volume of the corona domain and NPEO is 

the degree of polymerization of the PEO block.
47

  Thus for a constant PEO fraction the 

interfacial curvature increases with increasing molecular weight. 

1.2.1 Peptide Conjugated Block Copolymers 

As discussed, polymer vesicles are self-assembled structures and as such the 

morphology adopted is critically dependent upon the fraction of a block copolymer that is 

hydrophilic at the time of self-assembly.  As such it is not surprising to find that the 

conjugation of a highly hydrophilic peptide sequence onto the end of an OB block 

copolymer before aqueous self-assembly could drive the system to assemble unexpected 

morphologies, as was found by Zupancich et al.
48

  OB block copolymers were first 

conjugated with GRGDSC peptides then self-assembled in aqueous solutions, and the 

morphologies formed by this methodology were found to be perturbed by the presence of 

the peptide during the self-assembly process, as shown in Figure 1.5.  GRGDSC (Gly-

Arg-Gly-Asp-Ser-Cys) is the amino acid sequence of the conjugated peptide.   
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Figure 1.5 Cryo-TEM images of O28-B46 (subscripts indicate degree of polymerization) 

self-assembled aqueous morphologies for OB conjugated with 0.6 molar equivalents of 

GRGDSC peptide (B,C) and without peptide conjugates (A).  The OB polymer was 

conjugated with peptide moieties before hydration and self-assembly in an aqueous 

solution.  The bulbous features pointed out by arrows in image (C) were believed to be 

interior aggregates of GRGDSC peptide spanning off of a large bilayer sheet.  All scale 

bars indicate 100 nm.  Figure reproduced from Zupancich et al., with permission from the 

ACS.
48

 

 

 

This would seem to confound efforts to synthesize and form peptide functionalized 

polymer vesicles, however it has been shown both within this thesis work and elsewhere 

that if polymer vesicles are first pre-assembled in solution and then peptide ligands 

conjugated onto the exterior surface of the polymer vesicle the vesicle morphology can 

be preserved.
49–52

    Amphiphilic block copolymers, including OB, behave as essentially 

nonergodic systems in aqueous solutions, able to achieve local equilibrium within a 

single morphology, but not able to achieve equilibrium between morphologies.
53

  Within 

practical limits the high molecular weight of amphiphilic diblock copolymers, such as 

OB, prevent chain exchange and chain flipping between bilayers, and the dense PEO 
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coronas of polymer vesicles prevent fusion and fission of vesicles.
54–58

  Thus, it is thought 

that polymer vesicles, once formed, are essentially kinetically trapped in the vesicle 

morphology.  These features are taken advantage of in this thesis work to enable the post-

assembly functionalization of the exterior of polymer vesicles with relatively high 

quantities of peptide ligands without disruption of the polymer vesicle morphology.   

1.3 Fibronectin Mimetic Peptide Ligands 

Fibronectin is a very large (~440 kDa) extracellular matrix (ECM) protein 

consisting of many discrete domains, as shown in Figure 1.6.
59

  It is composed of a linear 

sequence of 29 protein modules (often called domains), each of one of three types (I, II, 

or III), and has a number of adhesion sites along its length.  Different domains along the 

backbone of fibronectin are known to bind a wide variety of other proteins including 

collagen, fibrin, heparin, syndecan, fibronectin itself, and the α5β1 integrin.
60,61

  The 

adhesion domains of interest to this thesis research are contained in the III-9 and III-10 

domains of fibronectin.  These two adjacent domains contain the primary binding 

sequence, RGD (Arg-Gly-Asp), and the synergistic binding sequence, PHSRN (Pro-His-

Ser-Arg-Asn), for the cell surface α5β1 integrin complex.
62,63
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Figure 1.6 Pictographic illustration of a fibronectin subunit.  Each subunit consists of a 

linear sequence of domains, each of either Type I, II, or III.  A number of binding 

domains are labeled along backbone of fibronectin, in particular the III-9 synergy / III-10 

RGD adhesion domains.  The curvature shown in the illustration imitates that found in 

native fibronectin, as determined by rotary shadowing electron microscopy.
64

  Figure 

reproduced from Singh et al., with permission from Annual Reviews.
61

 

 

The RGD and PHSRN binding sequences are both presented on the same face of 

fibronectin in its folded conformation, as shown in Figure 1.7(A).
65

  They each exist in 

conformationally mobile loops anchored between two beta sheets, and are separated by 

only 30-40 Å in the folded conformation of domains III-9 and III-10.
65–67

  Fibronectin, 

through these binding sequences, selectively binds cell surface α5β1 integrins.
68–70

  It has 

been shown that through the synergistic activity of the PHSRN binding sequence 

fibronectin does not bind other RGD-adhering integrins, and instead selectively binds the 
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α5β1 integrin.
71

  When native fibronectin binds to cell surface integrins it promotes 

integrin clustering followed by recruitment of intracellular proteins to the integrin 

cytoplasmic domains.
61

  This in turn activates actin cytoskeleton polymerization, 

generating contractile forces, and leads to intracellular signaling through kinase 

cascades.
72–74

  

Short RGD containing peptide ligands are commonly used as integrin binding and 

cancer targeting ligands in the literature, and have been shown to perform respectably in 

these roles.
75–77

  However these simple peptide ligands lack the synergy binding 

sequence, PHSRN, and therefore do not selectively bind to the α5β1 integrin, and have 

less adhesion strength for cell surface integrins than native fibronectin.
62,78–80

  To 

improve upon these deficiencies a few groups have attempted to design peptides that 

incorporate RGD and PHSRN and found mixed results.
78,81–86

  The length of the spacer 

group between the two sites was found to be crucial, however simply matching the spacer 

length proved to be insufficient to mimic the specificity and adhesion of native 

fibronectin.
83,87

  The Kokkoli group also sought to design a fibronectin mimetic peptide 

incorporating both the RGD and PHSRN binding sequences, and in addition to 

appropriately matching the spacing between these sequences they also mimicked the 

hydrophilicity of the linking region found in fibronectin.
88

  This proved to be a critical 

insight, and after a few rounds of sequence optimization a fibronectin mimetic peptide 

with strong integrin adhesion and high selectivity for α5β1 integrin was developed.
89,90

  

The design elements of this fibronectin mimetic peptide, named PR_b, are illustrated in 

Figure 1.7.   



 

 15 

 

Figure 1.7 (A) Fibronectin domains III-9 and III-10 with the synergy binding sequence, 

PHSRN, and the primary binding sequence, RGD highlighted for clarity.
65

  (B) The 

fibronectin mimetic peptide, PR_b, illustrated pictographically.  In the design of PR_b, 

both the distance between the binding sequences and the hydrophilicity of the linking 

region, (SG)5 (colored green), was matched to those of fibronectin.  The short KSS spacer 

sequence (colored orange) is included to simply provide additional length to the PR_b 

peptide and allow for more degrees of freedom when adhered to a surface.  (not drawn to 

scale) 

 

The PR_b peptide has proven to be a highly effective fibronectin mimetic peptide, 

yielding comparable cell adhesion and α5β1 integrin selectivity to that of the full 

fibronectin protein when surface functionalized with both were compared.
89

  In addition, 

functionalization of liposomes with the PR_b peptide has been shown to promote cell 

adhesion and uptake of these liposomes, even above and beyond RGD functionalized 

liposomes, to cell lines expressing the α5β1 integrin (e.g. colon and prostate cancer 
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cells).
91–94

  Expression of α5β1 integrin is known to be highly up-regulated in tumor 

vasculature and in tumor cells of breast, prostate, rectal, and colon cancers as well as 

being minimally expressed in normal healthy vasculature.
95–102

  PR_b then, with its high 

selectivity for the α5β1 integrin is a promising peptide ligand for the targeted delivery of 

polymer vesicles to cancerous cells.  In fact, α5β1 is prominent on embryonic cell types 

and is down-regulated on many cell types during development.
103

  Heightened expression 

of α5β1 has also been shown to be associated with increased tumorgenicity, malignancy, 

and invasiveness of cancer cells.
98,104–107
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2 Polymer vesicles functionalized via “click” chemistry with 

the fibronectin mimetic peptides PR_b and GRGDSP for 

targeted delivery to cells with different levels of α5β1 

expression
1
 

2.1 Introduction 

Targeted delivery holds great promise for the increased efficacy of a wide variety 

of currently employed and experimental therapeutic drugs.  In contrast to conventional 

drug delivery, which distributes a drug indiscriminately, targeting strategies promote 

delivery only to the pathological site.  This affords a number of advantages, including a 

reduction of side effects caused by ―off-target‖ delivery, and increased efficacy due to 

greater capture of the drug by the targeted tissue.
108

  In addition, targeted drug delivery 

strategies that can encapsulate a drug, as described in this work, have the additional 

advantage of protecting the drug from degradation or inactivation, along with providing 

potential site specific release.  Most cancer treatment therapies are accompanied by 

deleterious side effects, which have the potential to be greatly reduced or even eliminated 

through the synergistic use of delivery vehicles, such as polymer vesicles endowed with 

targeting peptide ligands.
109,110

   

 Polymersomes, a term coined due to their analogous structure and similar 

potential applications to liposomes, are spherical vesicle nanoparticles that self-assemble 

from amphiphilic block copolymers.
44,55,109,111

  They consist of an aqueous pocket 

surrounded by a polymeric bilayer membrane.
112

  Hydrophilic polymer brushes on either 

                                                 
1
 Reproduced with permission from reference 52.  Copyright 2012 The Royal Society of 

Chemistry. 
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side of this membrane shield and isolate a thick hydrophobic core layer from the 

surrounding aqueous environment.
113

  Both the aqueous pocket and the hydrophobic 

membrane core can be effectively loaded with a wide range of therapeutics.
38,114–116

  

Polymersomes afford many advantages over liposomes, mainly deriving from the higher 

molecular weight block copolymers that form the polymersome membrane.  

Polymersomes exhibit improved mechanical properties, lower permeability, and feature a 

dense hydrophilic polymer brush-like corona that have been shown to result in 

significantly longer circulation half-lives in vivo.
18,44,113

  Polymersomes are highly stable, 

exhibiting low dissociation rates and limited leakage as opposed to liposomes.
53,114,117

  

Moreover, the properties and surface chemistry of polymersomes can be tuned through 

molecular weight control and the expansive synthetic toolboxes of polymer and organic 

chemistry.
110

  Consequently, polymersomes have already achieved preliminary research 

successes in drug delivery and other biomedical applications.
50,118–123

 

Highly site specific targeted drug delivery requires molecules or ligands, such as 

peptides, capable of interacting selectively with diseased cells.
124

  The PR_b peptide 

(amino acid sequence KSSPHSRN(SG)5RGDSP) is a targeting peptide designed in our 

lab to mimic the cell binding site of the native fibronectin protein.
88,89

  PR_b was 

designed to incorporate both the RGD motif, the primary binding site in fibronectin, as 

well as the PHSRN sequence, the synergistic binding site in fibronectin.
62,80,125

  These 

two binding sites are connected by a linker, (SG)5, chosen to match both the distance and 

the hydrophobicity/hydrophilicity of the linking region that exists in fibronectin.
89,90

  It 

should be noted that fibronectin is actually a very large (~440 kDa) extracellular matrix 
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(ECM) protein consisting of many discrete domains.
59

  Different domains along the 

length of fibronectin are known to bind a wide variety of other proteins including 

collagen, fibrin, heparin, syndecan, fibronectin itself, and the α5β1 and αvβ3 integrins that 

bind to fibronectin through a separate cell-binding domain.
60,61

  However, we have 

chosen to design PR_b to specifically mimic the primary and synergistic cell binding 

sites in fibronectin, found natively in the III-10 and III-9 domains of fibronectin 

respectively, for the cell surface integrin, α5β1.
62,75

    In past studies the PR_b peptide has 

been shown to significantly outperform other RGD-containing peptides both in terms of 

adhesion and specificity.
89,91,92

  PR_b has been shown to specifically bind the α5β1 

integrin on cell surfaces, whereas other simple RGD-containing peptides bind a range of 

surface integrins.
89,91

  Recent experiments with PR_b have demonstrated that PR_b 

surfaces could outperform even fibronectin coated surfaces.
89

  The high selectivity of 

PR_b for α5β1 integrin holds great promise for targeted drug delivery due to the fact that 

α5β1 integrin is highly up-regulated in tumor vasculature and in tumor cells of breast, 

prostate, rectal, and colon cancers as well as being minimally expressed in normal 

healthy vasculature.
95–102,126

  Additionally, heightened expression of α5β1 has been shown 

to be associated with increased tumorgenicity, malignancy, and invasiveness of cancer 

cells.
98,104–107

 

In this study, the targeted delivery of polymersomes to colon cancer cells 

(CT26.WT) has been investigated.  The targeting peptides PR_b and GRGDSP were 

conjugated onto the exterior surface of the polymer vesicles using azide-alkyne ―click‖ 

chemistry and the ability to promote targeted drug delivery was assessed and compared.  
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The amphiphilic block copolymer, poly(ethylene oxide)-b-poly(1,2-butadiene) (PEO-PB 

or OB for short), was synthesized and self-assembled in water to form polymer vesicles.  

The potential to conjugate these polymer vesicles with peptides using ―click‖ chemistry 

was demonstrated and the amount of peptide conjugated onto the surface was quantified.  

Cell adhesion and internalization of polymer vesicles functionalized with PR_b was 

compared to non-functionalized and GRGDSP functionalized vesicles, and delivery of an 

encapsulate was studied both quantitatively and using confocal microscopy.  Cytotoxicity 

studies were carried out to assess the ability of doxorubicin loaded polymer vesicles to 

effectively deliver a chemotherapeutic to colon cancer cells.  More important, the 

specificity of the peptide functionalized polymersomes for the target of interest, α5β1 

integrin, was investigated by antibody blocking studies and assessing polymersome 

delivery to two cell lines with disparate levels of α5β1 expression. 

2.2 Materials and Methods 

2.2.1 Materials 

Unless otherwise noted all chemicals were obtained from Sigma-Aldrich (St. Louis, 

MO) and used as received.  Peptides PR_b and GRGDSP were custom synthesized and 

obtained on the bead, with the side groups protected, from the Microchemical Facility at 

the University of Minnesota.  The extruder and the 200 nm extrusion membranes were 

obtained from Avestin Inc. (Ottawa, Canada).  The CT26.WT mouse colon cancer cell 

line was obtained from ATCC (Manassas, VA).  Hoechst 33342 nucleic stain, Alexa 

Fluor® 594 wheat germ aggutin (WGA) cell membrane stain, ProLong Gold antifade 

reagent, and RPMI-1640 cell culture media were obtained from Invitrogen (Carlsbad, 



 

 21 

CA).  Fetal bovine serum (FBS) was obtained from Atlas Biologicals (Fort Collins, CO).  

Human fibronectin-coated round coverslips were purchased from BD Biosciences (San 

Jose, CA).  Primary and secondary antibodies, anti-integrin α5β1 (MAB2514) and anti-rat 

IgG, FITC conjugated (AP136F), were obtained from Millipore (Billerica, MA). 

2.2.2 Polymer Synthesis 

Poly(ethylene oxide)-b-poly(1,2-butadiene) (OB) was synthesized sequentially 

using previously published anionic polymerization techniques.
127

  First hydroxyl 

terminated poly(1,2-butadiene) (PB) homopolymer was synthesized.  Then in a separate 

reaction the poly(ethylene oxide) (PEO) block was grown off the end of the PB block to 

form the OB diblock. 

2.2.3 Synthesis of Azide Terminated OB (OB-N3) 

The hydroxyl end group of the OB polymer was replaced with an azide group via 

mesylation followed by reaction with sodium azide.  OB diblock was dissolved in 

dichloromethane (DCM) (10 mM) to which a 5 times excess of triethylamine was added.  

The solution was cooled to 0 °C, a 2.5 fold excess of methanesulfonyl chloride was added 

dropwise, and the mixture was stirred overnight at room temperature (RT).
128,129

  The 

resulting mesylated OB polymer, OB polymer with a methanesulfonyl end-group in the 

place of the hydroxyl end-group, was recovered by rapid washes with cold distilled 

water, slightly acidic water (HCl), saturated sodium bicarbonate solution, and finally 

brine.  Dry polymer was recovered by rotary evaporation, followed by vacuum 

distillation from a benzene solution. 
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This mesylated OB polymer was then reacted with sodium azide to give azide end-

capped OB diblock.  Dry mesylated OB was dissolved in N,N-dimethylformamide 

(DMF) (8 mM) and a 3 times excess of sodium azide was added.  The reactor was 

charged with Argon, heated to 65 °C, and stirred overnight.  To sequester any unreacted 

sodium azide before adding DCM a 5 fold excess of 3-bromopropionic acid was added 

and the reactor stirred overnight.  DMF was removed by vacuum distillation at 65 °C, and 

the resulting polymer was washed and recovered as before.  Quantitative addition of the 

azide end group to form OB-N3 was confirmed by 
1
H NMR, Figure 4.9. 

2.2.4 Synthesis of Alkyne Terminated Peptides 

A terminal alkyne functional group was attached to the PR_b and GRGDSP 

peptides to enable the ―click‖ conjugation of these peptides with OB-N3.  The peptide 

was synthesized using standard FMOC solid phase peptide synthesis procedures.  Before 

cleaving and deprotecting the peptide from its solid phase support the unprotected N-

terminal of the peptide was reacted with 4-pentynoic acid.  To a suspension of side-group 

protected peptides ―on-bead‖ in DMF was added a 4.5 fold excess of N,N-

diisopropylethylamine, a 3 fold excess of HBTU (o-benzotriazole-N,N,N‘,N‘-

tetramethyl-uronium-hexafluoro-phosphate), and a 5 fold excess of 4-pentynoic acid.  

After shaking for 3 h the reaction suspension was washed with DMF, and the peptide was 

deprotected and cleaved by reaction with a solution of 95% (v/v) TFA, 2.5% water, 2.5% 

triisopropylsilane for 2 h.  Cleavage products were separated from the beads by filtration 

and concentrated by rotary evaporation.  The peptide was dissolved in distilled water, 

washed 4 times with cold ether, lyophilized, and further purified by reversed phase high 
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performance liquid chromatography (HPLC) using an Agilent 1100 Series system using a 

Waters XTerra PrepMS C18 column.  Alkyne terminated peptides, either PR_b or 

GRGDSP, were analyzed by electrospray ionization mass spectrometry (ESI-MS) on a 

Bruker BioTOF II to confirm its identity and purity.   

2.2.5 Polymer Vesicle Formation 

Polymer vesicles were prepared by self-assembly of the OB diblock in aqueous 

solutions using film rehydration.
114

  OB and OB-N3 polymers were placed in a vial in the 

desired ratio, and chloroform was added to form a concentrated polymer solution (~100 

mg/ml).  The mixture was gently shaken at RT for 24 h.  Films were formed by drying, 

with all traces of chloroform removed using a high vacuum.  An aqueous solution was 

then added to the film to form a 1% (w/w) solution of polymer.  For the samples used in 

fluorescence studies 3.0 mM carboxyfluorescein in HBS buffer (10 mM HEPES, 150 

mM sodium chloride) was added, and for the samples used in cytotoxicity assays a 120 

mM ammonium sulfate solution was added.   After a few days of stirring, polymer 

vesicles were fully dispersed.  Vesicles were extruded at 70 °C through polycarbonate 

membranes with well defined 200 nm pore sizes.  After extrusion each vesicle sample 

was characterized by dynamic light scattering (DLS) using a 90 Plus BI-MAS instrument 

(Brookhaven Instrument Co.) to determine the size distribution. 

2.2.6 Peptide Conjugation 

The PR_b and GRGDSP peptides were conjugated onto the surface of the 

preformed polymer vesicles using the azide-alkyne ―click‖ Huisgen cycloaddition 

reaction.
130

  To a dispersion of vesicles at 4 °C was added a 2 fold excess of alkyne 
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terminated peptide and copper sulfate (1.1 mM), sodium ascorbate (5.5 mM), and 

bathophenanthrolinedisulfonic acid (2.2 mM).
131–133

  The reaction was stirred for 24 h 

and allowed to come slowly to R.T., after which a 5 fold excess, with respect to copper, 

of EDTA (ethylenediaminetetraacetic acid) was added to the solution to sequester the 

copper.  The vesicle samples were then purified by dialysis in phosphate buffered saline 

(PBS) with Spectra/Por 6 dialysis tubing (50 kDa MWCO).  The samples were dialyzed 

for a total of 3 days with the dialysate being changed every 4-12 h for a total of at least 6 

times.  The concentration of fluorophore in the dialysate was regularly monitored by 

fluorescence spectroscopy to assess the progress of the purification.   

2.2.7 Peptide Quantification 

For each formulation, 50 μl of sample and 50 μl of 100 mM borate buffer (BB), pH 

8.6, with 10% (v/v) Triton X-100 was added to a microtube.  This mixture was allowed to 

sit at RT for 1 h to allow vesicles to fully break and dissociate.
56

  Then 50 μl of 

fluorescamine solution, 1.0 mg/ml in acetone, was added quickly followed by rapid ―up-

and-down‖ pipetting and vortexing.
134

  The mixture was allowed to incubate protected 

from light at RT for 30 min., allowing fluorescence to develop.  Fluorescamine reacts 

specifically with primary amines in solution (the peptide is the only available source) to 

form a fluorescent complex.
135,136

  The solution in the microtube was then transferred to a 

cuvette and diluted with 1.2 ml BB with 5% (v/v) Triton X-100.  Fluorescence was 

measured on a Cary Eclipse fluorescence spectrophotometer (Varian) at 390/475 nm 

(ex/em).  This measurement was correlated with a calibration curve constructed from 
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identical measurements of serial dilutions of free peptide in solution to determine the 

concentration of peptide in the sample.   

Finally, to determine the mol% of polymer conjugated with peptide this 

measurement was combined with a measurement of the concentration of polymer in the 

sample.  Polymer concentrations of extruded samples were found by measuring 

absorbance at 575 nm on a SpectraMax Plus (Molecular Devices), then correlating this 

measurement with a calibration curve constructed from identical measurements of serial 

dilutions of an extruded polymer vesicle sample of known polymer concentration.    

2.2.8 Cell Culture 

CT26.WT and Caco-2 cells were grown in RGM (modified RPMI-1640 medium 

supplemented with 10% (v/v) fetal bovine serum (FBS), 100 units/ml penicillin, and 0.1 

mg/ml streptomycin) and MGM (modified Minumum Essential Medium, MEM, 

supplemented with 20% (v/v) FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin) 

respectively, as reported previously.
91

  Medias were replaced on a two day cycle and cells 

were passaged when they reached ~70% confluence by treatment with TrypLE™ Select 

(Invitrogen). 

2.2.9 Fluorescence Plate Assay 

A fluorescence plate assay was used to quantify the binding and internalization of 

polymer vesicles to cells.  To each well of a cell culture treated 24 well plate was added 

0.5 x 10
6
 CT-26.WT cells in 150 μl RGM-2 (RGM with only 2% (v/v) FBS).  CT26.WT 

cell lines were grown and maintained as reported previously.
137

  Cells were allowed to 

adhere to the plate surface by incubating at 37 °C for 3 h.  50 μl of polymer vesicle 
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sample (diluted with PBS when necessary) were added to each well to make the final 

polymer concentration in each well 25.0 μM.  That this polymer concentration also gave 

a consistent, within the limits of fluorescent detection, intra-well carboxyfluorescene 

concentration was also checked.   Plates were incubated protected from light for 24 h at 

37 °C.  Then the plates were gently washed twice with PBS, inverting the plates to pour 

off the wash solutions, to remove any unbound polymer vesicles but leave the cells 

adhered to the plate.  Plates were frozen at -80 °C to permeabilize the cells, and thawed at 

RT for 3 h.  500 μl of BB with 5% (v/v) Triton X-100 was added to each well and the 

plates were allowed to sit at RT for 3 h to completely break and dissociate the cells and 

the polymer vesicles.
56

  Finally fluorescence was measured (SynergyMX, BioTek) at 

485/516 (ex/em).  Negative controls were also run where peptide conjugated polymer 

vesicles were delivered to wells containing no cells and nonspecific adhesion to the plate 

itself was determined to play no part in this measurement.    

 Integrin α5β1 blocking experiments were performed in an identical fashion to the 

protocol detailed above, with the following slight alterations.  After cells had adhered to 

the plate surface, they were cooled to 4 °C.  The α5β1 blocked cells were pre-incubated 

with an anti-integrin α5β1 antibody at 15 μg/ml for 30 min at 4 °C.  After this pre-

incubation polymer vesicle samples were added and incubated with the cells for 1 h at 4 

°C.   

2.2.10 Confocal Microscopy 

CT26.WT or Caco-2 cells were seeded onto fibronectin modified coverslips in 

RGM-2 or MGM-2 (MGM with only 2% (v/v) FBS) and allowed to adhere.  Polymer 
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vesicle samples were added to the monolayer of cells at a final polymer concentration of 

25.0 μM.  The cells were incubated with the vesicles at 37 °C for 24 h.  Afterwards the 

cells were prepared for confocal imaging by fixing, staining, and mounting.  The 

coverslips were gently washed twice with 37 °C fluorescence buffer (FB), PBS 

supplemented with 0.02% (v/v) sodium azide and 2.5% FBS.  Then they were incubated 

for 15 min at 37 °C in 4% (v/v) paraformaldehyde in PBS, to fix the cells.  The coverslips 

were washed three times with 37 °C FB, followed by fluorescently staining the cells by 

incubating them in a mixture of nuclear and cell membrane stains in FB for 10 min at 37 

°C.  The cell membrane permeable blue fluorophore, Hoechst 33342 (2.0 μmol/ml), was 

used as a nuclear stain, and the cell impermeable red fluorophore, Alexa Fluor® 594 

wheat germ agglutinin (5.0 μg/ml), was used as a cell membrane stain.  After staining, the 

coverslips were again washed three times with FB, then mounted facedown onto glass 

cover slides with ProLong® Gold antifade reagent.  Imaging each slide with confocal 

microscopy a series of ―z-slices‖ (images of planar cross-sections at varying heights 

within the cell) were taken with an offset of 0.25 μm, spanning the entire height of the 

cells.  An Olympus Fluoview 1000 Confocal Laser Scanning Microscope in the 

Biomedical Image Processing Laboratory (BIPL) at the University of Minnesota was 

used. 

2.2.11 Flow Cytometry 

Cells were suspended in 4 °C FB at a cell concentration of 1 x 10
6
 cells/ml in 15 ml 

centrifuge tubes.  Tubes were incubated at 4 °C for 35 min on a rotary tilter with either 10 

μg/ml anti-integrin α5β1 antibodies or 10 μg/ml rat isotype control IgG.  Cells were then 
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pelleted by centrifugation and washed twice in 4 °C FB, and then incubated with 20 

μg/ml of a secondary antibody (anti-rat IgG, FITC conjugated) on a rotary tilter for 35 

min at 4 °C.  Finally, cells were pelleted by centrifugation and washed twice in 4 °C FB, 

suspended in 4 °C FB, and analyzed by flow cytometry immediately.  The FACS Caliber 

located at the Flow Cytometry Core facility in the Masonic Cancer Research Center of 

the University of Minnesota was used. 

2.2.12 Doxorubicin Loading 

The chemotherapeutic drug, doxorubicin (DOX), was loaded into polymer vesicles 

by a remote loading protocol using an ammonium sulfate gradient.
138,139

  Vesicles were 

formed in a 120 mM solution of ammonium sulfate.  Following peptide conjugation and 

purification by dialysis, DOX was added to each sample at a concentration of 0.25 

mg/ml.  The samples were shaken at RT for 72 h, and then purified by dialysis again in 

PBS, with regular monitoring of the doxorubicin concentration in the dialysate by 

fluorescence spectroscopy.  The native fluorescence of DOX was also used to measure 

the amount of DOX encapsulated in each polymersome sample.  Each sample was 

measured in triplicate and wells were prepared with 10 μl of sample and 190 μl of PBS 

with 5% (v/v) Triton X-100.  The mixture was incubated at RT for 1 h, and then the DOX 

fluorescence 485/590 nm (ex/em) was read on a fluorescence plate reader (SynergyMX, 

BioTek).   

2.2.13 Profiling Doxorubicin Release 

Release of DOX from polymersomes was monitored fluorescently over the course 

of minutes or hours.  On a 96-well plate polymersome samples were plated in triplicate, 
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with 10 μl of DOX loaded polymersomes and 190 μl of MES buffer of pH either 7.4, 6.5, 

5.5, or 4.5 per well.  On this same plate was run a series of serial dilutions of free-DOX 

in the identical buffer, such that a unique DOX concentration correlation curve could be 

constructed for each time point measured.  The release of DOX from the self quenching 

environment within the polymersomes was monitored fluorescently at 37 °C over time on 

a fluorescent plate reader (SynergyMX, BioTek).   

2.2.14 Cell Viability Assay 

The MTT cytotoxicity assay was used to test the efficacy of the targeted polymer 

vesicle formulations to delivery DOX and kill cancer cells in vitro.  Cells, either 

CT26.WT or Caco-2 cells, were seeded onto 96 well plates at 20,000 cells per well in 150 

μl of either RGM-2 or MGM-2 respectively.  Cells were allowed to adhere for 12 h at 

which point (t = 0 h) 50 μl of sample: polymer vesicles, free-drug in PBS, or PBS was 

added to each well.  The plates were incubated for 24 h at 37 °C, then 15 μl of MTT 

reagent (5 mg/ml thiazolyl blue tetrazolium bromide in PBS) was added to each well, and 

the plates were incubated for 4 h more at 37 °C.  A solubilizing solution of 10% (v/v) 

Triton X-100 and 0.1 M HCl in isopropanol was added to the plates (150 μl per well), 

and the plates were further incubated, protected from light, for 2 h at R.T.  Finally, the 

absorbance and background absorbance was measured at 570 nm and 690 nm 

respectively using a SynergyMX spectrophotometer (Biotek). 

2.2.15 Cryogenic Transmission Electron Microcopy (Cryo-TEM) 

Vitreous samples were prepared within a controlled environment vitrification 

system (CEVS).  A droplet of solution (~10 µl) was deposited on a copper TEM grid 
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coated with a holey polymer film (Ted Pella).  A thin aqueous film (< 300 nm) was 

obtained by blotting with filter paper.  After allowing the sample sufficient time to relax 

from any residual stresses imparted during blotting (~30 s), the grid was plunge cooled in 

liquid ethane at its freezing point, resulting in vitrification of the aqueous film.  Sample 

grids were examined at -179 ºC in a JEOL 1210 transmission electron microscope 

operating at 120 kV, and images were recorded with a Gatan 724 multiscan digital 

camera. 

2.2.16 Size Exclusion Chromotography (SEC) 

Polymer polydispersity indices (PDI) were determined at RT using a Waters 717 

GPC equipped with three Polymer Labs Mixed-C columns and a Waters 410 differential 

refractometer and THF as the mobile phase (1.0 ml/min flow rate).  The instrument was 

calibrated with 10 monodisperse polystyrene standards with Mn ranging from 580 to 

377,400 g/mol (Polymer Labs). 

2.2.17 1H NMR Spectroscopy 
1
H NMR Spectroscopy was used to determine the degree of polymerization of the 

OB diblock.  To distinguish the end-group from the PEO backbone peaks the polymer 

was reacted quantitatively with trifluoroacetic anhydride 30 minutes before collecting the 

spectra.
140

  
1
H NMR spectra were recorded from polymer dissolved in deuterated 

chloroform at ~1 wt% on a Varian Unity 300 at RT. 
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2.3 Results and Discussion 

2.3.1 Polymer Synthesis and Characterization 

An amphiphilic poly(ethylene oxide)-b-poly(1,2-butadiene) (PEO-PB or OB for 

short) diblock copolymer (Figure 2.1) was synthesized by living anionic polymerization 

yielding a product with a relatively narrow PDI (polydispersity index).  PEO was chosen 

as the hydrophilic block because it is non-immunogenic and exhibits a well documented 

ability to resist opsonization and non-specific adhesion in the hydrated brush form.
141,142

  

The PEO blocks in the OB diblock are of sufficient length, 2 kDa Mn, and are densely 

packed on the surface of the polymersomes, so that good opsonization resistance can be 

expected.
143,144

  Hydrophobic PB offers a low glass transition temperature (approximately 

-4 °C), and allows polymer vesicles to be formed by simple film hydration under mild 

conditions.  The OB block copolymer was endcapped in two ways as shown in Figure 2.1 

and Table 2.1: with a terminal group hydroxyl, and with an azide end-cap—used for the 

conjugation of targeting ligands.   

 

Figure 2.1 Poly(ethylene oxide)-b-poly(1,2-butadiene), PEO-PB (OB), block copolymers 

used in this research.  Both azide end-capped (OB-N3) and hydroxyl (OB) block 

copolymers. 
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Table 2.1 lists the weight fraction PEO, wPEO, the number average molecular 

weight, Mn, as measured by NMR (Figure 4.9), and the PDI, as measured by size 

exclusion chromatography (SEC, Figure 2.2) for the synthesized OB block copolymers 

and the PB precursor homopolymer.  The weight percentage PEO of 24% was targeted 

for the OB diblock as well as a molecular weight of 8500 Da because similarly defined 

OB diblocks have been found to form vesicles.
45

  The SEC elution curves for these 

polymers are presented in Figure 2.2.  SEC traces for the PB precursor homopolymer, B, 

and the two diblock copolymers, OB and OB-N3 are overlaid on top of one another for 

comparison.  All of the peaks are monomodal and relatively narrow, with PDI less than 

1.05 for each polymer, Table 2.1.  Adding the PEO block to the PB shifts the response to 

a lower elution volume.  The near overlapping of the OB and OB-N3 traces indicates that 

the azide end-capping reaction did not alter the polymer backbone within the detection 

limits of SEC.   

Table 2.1 Block copolymers used in this research. 

 
ID

 a
 wPEO

 b
 Mn (Da)

 c
 PDI

 d
 

B117 - 6423 1.03 

O46B117 0.24 8417 1.04 

O46B117-N3 0.24 8442 1.04 

 
a
 The susbscripts following ‗O‘ and ‗B‘ denote the degree of polymerization of these 

blocks.  
b
 Weight fraction PEO.  

c
 Number average molecular weight, as measured by 

NMR.  
d
 Polydispersity index, as measured by SEC. 
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Figure 2.2 SEC traces of the precursor PB homopolymer, B, the hydroxyl end-capped 

PEO-PB diblock copolymer, OB, and the azide end-capped diblock copolymer, OB-N3. 

 

2.3.2 Polymer Vesicle Formation and Peptide Functionalization 

Polymer vesicles were formed by hydration of dried diblock copolymer films and 

dispersed in aqueous solutions.  Each sample contained a defined blend of azide and 

hydroxyl endcapped OB polymer so that the desired percent peptide functionalization 

could be achieved in the vesicle dispersions.  Membrane extrusion then reduced the 

vesicle size to an average hydrodynamic diameter of 252 ± 77 nm as determined by DLS 

and confirmed empirically by cryo-TEM (Figure 2.3).  This vesicle size is on the high 

range of sizes able to take advantage of the enhanced permeability and retention effect, 

however vesicles could easily be extruded down to much smaller sizes if needed for 
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future applications.
8
  For this in vitro study the ~250 nm size range was simply chosen 

and held to consistently.   

 

Figure 2.3 Cryogenic transmission electron microscopy (cryo-TEM) image of polymer 

vesicles with 22.7 mol% PR_b peptide attached. 

 

The azide-alkyne ―click‖ Huisgen cycloaddition reaction was used to conjugate 

targeting peptides onto the exterior surface of the preformed polymer vesicles.  Some of 

the advantages of this conjugation strategy are that the ―click‖ chemistry reaction can be 

performed in a mild aqueous environment, exhibits high reaction yields, and a variety of 

ligands have been conjugated onto the surface of the polymer vesicles with this 

chemistry.
130,145–151

  The ―click‖ conjugation of the peptides used in this study, GRGDSP 

and PR_b, onto polymer vesicles was found to be quite efficient.  For all of the GRGDSP 

surface concentrations sampled and the PR_b samples with less than 10 mol% PR_b, 

quantitative conjugation to the surface azide groups was observed, within the limits of 
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detection.  However, for the more heavily functionalized PR_b polymer vesicles, the 

fraction of surface azides functionalized with PR_b dropped, with for example 60% 

conjugation for the 17.3 mol% PR_b sample, and 54% conjugation for the 29.8 mol% 

PR_b sample (Table 2.2).  This is presumably due to the larger and more bulky nature of 

the PR_b peptide.  The high specificity of the ―click‖ conjugation reaction allows the 

targeting peptides used in this study to be attached specifically at the N-terminus, forcing 

every peptide to be presented on the surface in the same orientation.  Previous studies 

have shown that ligand orientation can have a dramatic impact on the ability of a 

targeting ligand to promote specific cell responses.
152

  Consistent surface presentation is 

important for studies such as this one, where different targeting ligands are compared.   

Table 2.2 Peptide conjugation yield of click chemistry reaction. 
mol% Conjugation 

a
 Surface Concentration (#/nm

2
)

 b
 % OB-N3 

c
 % Yield 

d
 

0% 0.000 0.0% n/a 

0% 0.000 0.0% n/a 

4.9% PR_b 0.048 5.0% 98% 

5.6% PR_b 0.055 5.5% 102% 

10.3% PR_b 0.100 12.3% 83% 

17.3% PR_b 0.164 28.8% 60% 

22.7% PR_b 0.221 39.8% 57% 

29.8% PR_b 0.285 54.7% 54% 

5.2% GRGDSP 0.051 5.3% 98% 

5.2% GRGDSP 0.051 5.3% 97% 

29.5% GRGDSP 0.285 30.1% 98% 

33.5% GRGDSP 0.325 32.1% 104% 
a
 mol% peptide with respect to OB diblock.  

b
 Surface concentration of peptide was 

estimated based on the measured mol % conjugation, the DLS measured Dh for each 

formulation, the cryo-TEM measured vesicle core thickness, the PB degree of 

polymerization (NPB = 117), and the density of PB (0.902 g/cm
3
).  

c
 Weight percent of 

OB-N3 polymer loaded in the polymer vesicles.  
 d

 Percent of OB-N3 on the surface of the 

polymer vesicle that was conjugated with peptide. 
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In addition to these desirable features, the ―click‖ reaction strategy permits peptide 

conjugation after vesicle formation, initial processing, and sizing, as well as insuring 

peptide conjugation solely onto the outside surface of the polymer vesicles, thereby 

minimizing peptide waste.  Also, processing and purification of the block co-polymers is 

much more facile in the absence of conjugated peptide.  Self-assembled block copolymer 

vesicles are sensitive to the composition (i.e., the ratio of hydrophobic to hydrophilic 

block size).  Attaching a large targeting pepide to the PEO terminus can disrupt the 

delicate balance of thermodynamic factors responsible for bilayer formation, driving self-

assembly towards a morphology other than vesicles.
48

  We have shown in this work that 

the preformed vesicles, Figure 2.4, are stable to functionalization, even at relatively high 

loadings of peptides, as demonstrated by the cryo-TEM image in Figure 2.3.  The vesicle 

morphology is clearly retained even for densely functionalized vesicles with 22.7 mol% 

PR_b, given that the PR_b peptide has a substantial molecular weight (2144 Da) and is 

highly hydrophilic.  Additionally, the PB bilayer core thickness can be determined from 

cryo-TEM micrographs and is found to be 12.6 ± 1.1 nm thick.   
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Figure 2.4 Cryogenic transmission electron microscopy (cryo-TEM) image of non-

functionalized OB polymer vesicles. 

 

Each vesicle formulation was characterized following peptide conjugation and 

subsequent purification by dialysis.  Vesicle size distributions were analyzed by DLS (an 

average hydrodynamic diameter (Dh) of 252 ± 77 nm is representative of the 

polymersome formulations used, Table 2.3) and the concentration of OB polymer and 

conjugated peptide were quantified, Table 2.2.  Quantification of the actual peptide 

conjugation level is a critical metric when testing and comparing targeting delivery 

systems.  Table 2.2 lists calculated surface concentrations of peptides for all the 

formulations reported in this paper, based on the actual mol % of peptide conjugation 

(with respect to OB diblock) quantified for the functionalized polymersomes. 
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Table 2.3 Polymersome size distributions and molar loadings of encapsulates. 
mol% Conjugation 

a
 Dh (nm) 

b
 Molar Loading (×10

2
) 

c
 

0% 258.2 ± 68.3 141 ± 2 
d
 

0% 237.4 ± 52.6 4.6 ± 0.1 
e
 

4.9% PR_b 260.8 ± 38.4 211 ± 3 
d
 

5.6% PR_b 273.9 ± 84.7 4.7 ± 0.2 
e
 

10.3% PR_b 271.6 ± 33.8 4.6 ± 0.2 
e
 

17.3% PR_b 201.9 ± 115.7 4.7 ± 0.1 
e
 

22.7% PR_b 264.4 ± 57.3 4.5 ± 0.1 
e
 

29.8% PR_b 222.2 ± 125.2 120 ± 3 
d
 

5.2% GRGDSP 251.9 ± 60.3 4.7 ± 0.1 
e
 

5.2% GRGDSP 232.6 ± 117.3 267 ± 4 
d
 

29.5% GRGDSP 245.7 ± 101.8 184 ± 5 
d
 

33.5% GRGDSP 263.7 ± 97.4 4.6 ± 0.1 
e
 

a
 mol% peptide with respect to OB diblock.  

 b
 Z-average hydrodynamic diameter of 

polymersome formulation as measured by dynamic light scattering (DLS).  
c
 The mole 

ratio of encapsulate (carboxyfluorescein or doxorubicin) to OB block copolymer in each 

polymersome formulation.  
d
 Doxorubicin encapsulated. 

e
 Carboxyfluorescein 

encapsulated. 

 

2.3.3 Targeted Delivery to Colon Cancer Cells 

To assess the ability of these ―click‖ peptide functionalized polymer vesicles to 

effectively target, adhere to, and internalize into colon cancer cells, a series of in vitro 

experiments involving the targeted delivery of a fluorescent probe to CT26.WT colon 

cancer cells were conducted.  Polymer vesicles were fluorescently tagged by loading their 

interior aqueous pocket with the fluorophore, carboxyfluorescein.  These fluorescent 

polymer vesicles, with varying amounts of PR_b or GRGDSP targeting peptide on their 

surface, were then delivered to plated CT26.WT cells in vitro.  The polymer vesicles 

were incubated with the cells for 24 h at 37 °C, after which the cells were washed to 

remove any unbound polymer vesicles.  Then either the total fluorescence delivered was 

measured after the cells were lysed and the polymer vesicles broken (Figure 2.5), or the 

cells were fixed, stained, and imaged by confocal microscopy (Figure 2.6).   
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Figure 2.5 Delivery of a fluorescent dye to CT26.WT colon cancer cells by peptide 

functionalized polymer vesicles.  CT26.WT cells were incubated with fluorophore loaded 

polymer vesicles functionalized with the listed mol% of targeting peptide for 24 h at 37 

°C.  Data is the mean ± standard deviation of two separate experiments (n=2), and each 

experiment was performed in triplicate.  Fluorescence values have been rescaled so that 

0% peptide equals 10. 

 

 In Figure 2.5, as more polymer vesicles are bound and internalized by the colon 

cancer cells, greater fluorescence is measured.  Notably, very few of the polymer vesicles 

without surface peptide (0% peptide) bind or internalize.  As has been reported before, 

these polymer vesicles strongly resist non-specific adhesion and internalization, 

essentially acting as stealth carriers.
18,55

  However, when even small amounts of targeting 

peptides are installed on the surface of these vesicles they are delivered at much higher 

levels.  When 5.6 mol% of PR_b peptide decorates the surface we observe a 10 times 
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increase in vesicle delivery over the formulation without peptide targeting ligands.  

Moreover, for a higher peptide functionalization of 22.7 mol% PR_b a 176% increase in 

delivery is observed over the case with 5.6 mol% peptide.  Indeed, it is observed that for 

incremental increases in PR_b functionalization (5.6, 10.3, 17.3, 22.7 mol%) a 

corresponding increase in fluorescence, and therefore cellular delivery is seen.  These 

results indicate that the PR_b targeting peptide conjugated using ―click‖ chemistry is an 

effective ligand for targeted drug delivery to colon cancer cells and strongly promotes 

cell adhesion.   

 The efficacy of PR_b targeted delivery was also compared to that of its close 

peptide analogue, GRGDSP.  Both peptides contain the widely used ‗RGD‘ adhesion 

domain.
153–161

  Clearly the PR_b targeting peptide strongly outperformed the GRGDSP 

peptide.  The delivery of fluorescence to the CT26.WT colon cancer cells for the 5.2 

mol% GRGDSP formulation is less than half that for the 5.6 mol% PR_b formulation.  In 

addition, the highly functionalized 33.5 mol% GRGDSP formulation showed essentially 

the same fluorescence as the 5.6 mol% PR_b formulation.  In contrast to PR_b, which has 

been shown to specifically bind α5β1 integrin, simple RGD based peptides like GRGDSP 

are known to bind to a wide range of integrins.
118,124,125,162–164

  The high target specificity 

of PR_b is hypothesized to lead to better targeted delivery. 
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Figure 2.6 Fluorescent confocal microscopy images of CT26.WT colon cancer cells after 

24 h at 37 °C incubation with polymer vesicles functionalized with the indicated mol% of 

targeting peptides.  Polymer vesicles were fluorescently tagged green, cell nuclei were 

labeled blue, and cell membranes were labeled red.  The images shown here all show the 

interior of the cell, at a ―z-slice‖ approximately 2μm above the bottom coverslip surface 

and at least 2μm from top of the cell.  Internalization of polymer vesicles in evidenced by 

the proliferation of green fluorescence within the confines of the red cell membranes. 
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 Figure 2.6 contains fluorescent confocal microscopy images of CT26.WT cells 

after delivery of the polymer vesicle formulations.  In these images the cell membrane is 

stained red, the cell nucleus is stained blue, and the polymer vesicles fluoresce green.  An 

identical trend to that seen in Figure 2.5 can be seen here.  The 0% peptide formulation 

leads to little or no delivery of polymer vesicles, and while the GRGDSP formulations do 

promote binding and internalization, the comparable PR_b formulations clearly 

outperform them, with greater quantities of green in each cell.  These images corroborate 

the quantitative results presented in Figure 2.5.  In addition, it should be noted that these 

images clearly demonstrate that peptide functionalized vesicles not only adhere to the 

surface of the cells, but are actively internalized by the colon cancer cells.  Confocal 

images were taken at a height that sampled the middle of the cells, therefore the presence 

of the green fluorescing polymer vesicles within the confines of the red cell membrane 

walls indicates that the polymer vesicles were internalized and localized within the cancer 

cells.  The fact that the green fluorescence is not evenly distributed throughout the 

interior of the cells and instead occurs in punctate dots indicates that the polymersomes 

are predominately localized within intracellular compartments and not dispersed 

throughout the cytosol.   

2.3.4 Targeted Delivery of Doxorubicin and Cytotoxicity in vitro 

Polymer vesicle formulations were functionalized with a low (~5 mol%) and high 

(~30 mol%) amount of a targeting peptide, either PR_b or GRGDSP, and were loaded 

with the chemotherapeutic drug doxorubicin.  These doxorubicin loaded polymer vesicle 

formulations were delivered to CT26.WT colon cancer cells in vitro and the 
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corresponding cytotoxicity was compared to the doxorubicin drug free in solution as well 

as non-functionalized polymer vesicles.  Plated cells were incubated for 24 h with a range 

of doxorubicin concentrations, either as free-drug in solution or as drug encapsulated 

within polymer vesicles, for each of the differing formulations, and the decrease in the 

cell viability was determined by the MTT assay. 

 

Figure 2.7 Reduction in the percent cell viability resulting from delivery of the 

chemotherapeutic drug, doxorubicin, to CT26.WT colon cancer cells in vitro.  CT26.WT 

cells were incubated with the drug formulations noted on the figure, either encapsulated 

within polymer vesicles with the listed mol% of peptide functionalization or as free-drug, 

for 24 h at 37 °C, after which cell viability was measured using the MTT assay.  The 

concentrations of doxorubicin that the cells were incubated with are shown along the 

abscissa.  One-hundred percent cell viability is representative of untreated cells.  Data is 

the mean ± standard deviation of two separate experiments (n=2), and each experiment 

was performed in quadruplicate. 

 

 The effect of these doxorubicin formulations on CT26.WT cell viability can be 

seen in Figure 2.7.  Firstly, for non-functionalized polymer vesicles (0% peptide) no 

decrease in cell viability is seen even as increasing amounts of doxorubicin are 
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administered.  As shown in Figure 2.5 and Figure 2.6, non-functionalized polymer 

vesicles exhibit little to no binding and internalization and therefore in Figure 2.7 little to 

none of the encapsulated doxorubicin is delivered to the cells by non-functionalized 

polymer vesicles.  In addition, the preservation of cell viability for the non-functionalized 

case is indication that doxorubicin leakage out of polymer vesicles is minimal over the 

course of the 24 h incubation, and also further evidence of the non-toxicity of OB 

polymer vesicles themselves.  Indeed, neither functionalized nor non-functionalized OB 

polymer vesicles by themselves were found to have an adverse effect on cell viability as 

is shown in Figure 2.8.   

For all the doxorubicin concentrations administered the functionalized polymer 

vesicle formulations significantly outperform the non-functionalized vesicles.  At lower 

doxorubicin concentrations there are limited differences in the resultant cell viability 

between the peptide functionalized vesicles, but as the amount of doxorubicin 

administered is increased there is increasing differentiation between the formulations, 

both between the PR_b and GRGDSP peptides and the lesser and greater functionalized 

formulations therein.  Interestingly, at low doxorubicin concentrations many of the 

functionalized vesicle formulations slightly outperform the free-drug.  We speculate that 

this is due to fact that doxorubicin, when it is delivered encapsulated in a vesicle, is 

released to the cell in a larger bolus dose, whereas for the free-drug case doxorubicin is 

diluted over the entire media volume. In all cases the PR_b functionalized vesicles 

outperform the GRGDSP functionalized vesicles and the higher functionalized vesicles 

for each peptide perform better than the lower functionalized vesicles.  Especially at the 
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higher doxorubicin concentrations the PR_b functionalized vesicles outperform the 

GRGDSP functionalized vesicles, with the higher 29.8 mol% PR_b vesicles significantly 

outperforming even the 29.5 mol% GRGDSP.  The only formulation that matches or 

exceeds the decrease in cell viability observed for the high concentration free-drug case is 

the 29.8 mol% PR_b formulation.   

 

Figure 2.8 Percent cell viability resulting from delivery of ―empty‖ polymer vesicles 

(vesicles not loaded with doxorubicin) to CT26.WT and Caco-2 cells in vitro.  Cells were 

incubated with vesicle formulations with the indicated mol% of peptide functionalization 

for 24 h at 37 °C, after which cell viability was measured using the MTT assay.  One-

hundred percent cell viability is representative of untreated cells.  Data is the mean ± 

standard deviation of two separate experiments (n=2), and each experiment was 

performed in quadruplicate. 

 

 

At first pass, the level of doxorubicin release implied by the cytotoxicity results of 

Figure 2.7 for non-degradable OB polymersomes is perplexing.  Because of this, 
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doxorubicin release from the polymer vesicle formulations shown in Figure 2.7 was 

investigated further.  Doxorubicin loaded polymer vesicles were incubated in buffers of 

varying pH at 37 °C and doxorubicin release from these vesicles was monitored by way 

of the native fluorescence of doxorubicin.  The measured doxorubicin release profiles are 

shown in Figure 2.9.  Although little to no doxorubicin is released from the vesicles at pH 

7.4 over the course of 24 h, doxorubicin release accelerated significantly as the external 

pH was decreased.  Because no change in hydrodynamic diameter was observed for up to 

even 48 h incubation at the lowest pH tested it is believed that the release observed is 

simply due to passive diffusion driven leakage of doxorubicin out of the vesicles.  This is 

conceivable, given that doxorubicin is a weak amphipathic base.
138

  The accelerated 

release of doxorubicin at low pH explains the release implied by Figure 2.7, because 

polymer vesicles are likely trafficked to the low pH intracellular organelles (endosomes 

and lysosomes) after they are internalized within a cell.   
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Figure 2.9 Release profiles of doxorubicin from within polymersomes in buffers of the 

indicated pH at 37 °C over the course of (A) 30 minutes and (B) 24 hours.  Doxorubicin 

release is expressed as a percentage of complete release of encapsulated doxorubicin.  

Data is the mean ± standard deviation of two separate experiments (n=2), and each 

experiment was performed in triplicate.  These release profiles were found to be 

representative of both non-functionalized and peptide functionalized polymersomes.  

Under storage conditions (4 °C, pH 7.4) no detectable leakage was observed over the 

time span of vesicle storage. 
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Given the pH dependent release shown in Figure 2.9, a brief discussion of the 

potential for drug release in the microenvironment of a tumor is pertinent.  It is well 

established that the extracellular microenvironment within a tumor is slightly acidic (pH 

~6.7), so that based on the release profile shown in Figure 2.9 some doxorubicin release 

may occur locally within the tumor microenvironment.
165

  However given that the rate of 

doxorubicin release at this pH is still quite slow and that many polymer vesicles are 

internalized before the 24 h time mark assessed in this study, it is likely that at least a 

significant fraction of doxorubicin will be released after internalization inside the cancer 

cells.  Either way the majority of the doxorubicin released within the tumor 

microenvironment would likely remain in the tumor. 

2.3.5 Specificity of PR_b Targeted Delivery 

The PR_b peptide has been previously shown to bind specifically to the α5β1 

integrin on the surface of cells.
89

  To determine whether this specificity of binding 

translated, as might be expected, to target specific delivery of PR_b functionalized 

polymer vesicles, two experiments were performed.  First, a blocking study was 

conducted, where polymer vesicle delivery was quantified for CT26.WT cells with their 

α5β1 integrins blocked with an antibody.  Second, polymer vesicle internalization was 

imaged for two cell lines with orders of magnitude differing α5β1 integrin expression 

levels.  These results agree with the assessment that the PR_b peptide is a highly specific 

ligand for the α5β1 integrin, and indicate that this ligand specificity translates effectually 

to target specific delivery of PR_b functionalized polymer vesicles.   
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Figure 2.10 Delivery of a fluorescent dye to CT26.WT colon cancer cells by PR_b 

functionalized polymer vesicles.  Delivery is shown for both unblocked CT26.WT cells 

and cells with their α5β1 integrins blocked by anti-α5β1 antibodies.  CT26.WT cells were 

incubated with fluorophore loaded polymer vesicles functionalized with the listed mol% 

of PR_b for 1 h at 4 °C.  Data is the mean ± standard deviation of two separate 

experiments (n=2), and each experiment was performed in triplicate. 

 

 Figure 2.10 displays the effect of blocking α5β1 cell surface integrins using an 

anti-α5β1 antibody on the level of PR_b functionalized polymer vesicle binding and 

internalization.  CT26.WT cells were either pre-treated with anti-α5β1 antibody for 30 

minutes or not, and then incubated with identical formulations of PR_b functionalized 

polymer vesicles for 1 h.  The anti-α5β1 antibody binds to the free α5β1 integrins on the 

surface of the cells and blocks them from binding other ligands (e.g. PR_b) at least until 

the integrin is recycled by the cell.
166

  Thus for the anti-α5β1 blocked cells a decrease in 
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binding and internalization of polymer vesicles could be expected in accordance with the 

specificity of the PR_b peptide for α5β1 integrin.  Indeed, an order of magnitude decrease 

in binding and internalization is witnessed for the case of anti-α5β1 blocked cells as 

compared to unblocked cells.  Only slightly more fluorescence, and hence binding and 

internalization, is measured in the anti-α5β1 blocked case with 17.3 mol% PR_b 

functionalized vesicles than for non-functionalized vesicles.  The small amount of 

fluorescence observed in the anti-α5β1 blocked case is not necessarily due to off-target 

binding of the PR_b functionalized vesicles.  This relatively minimal increase in binding 

over the 0% peptide case could equally well be due to competitive binding between PR_b 

functionalized vesicles and any free anti-α5β1 antibodies left in solution.  Especially 

considering that the time scale of integrin recycling is on the order of tens of minutes, 

α5β1 integrins would likely be recycled over the course of the 1 h experiment.
166

 

Regardless, the results of Figure 2.10 clearly demonstrate that PR_b functionalized 

vesicles bind with high specificity to their target, the α5β1 integrin. 
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Figure 2.11 Expression of α5β1 integrin on (A) CT26.WT and (B) Caco-2 cells as 

determined by flow cytometry.  Cells were incubated with antibodies to α5β1 integrin and 

this antibody was fluorescently tagged with a secondary antibody.  Histograms of cell 

fluorescences were constructed through flow cytometry analysis and are shown for the 

native cells (grey filled area), the appropriate isotype control (black line), and the anti-

α5β1 treated cells (grey line). 

 

 To further strengthen the evidence for target specific delivery of PR_b 

functionalized polymer vesicles, binding and internalization was compared between two 

cell lines: one highly expressing α5β1 integrin, CT26.WT, and the other minimally 

expressing α5β1 integrin, Caco-2.  Caco-2 is a model intestinal epithelial cell line that is 

known to express little to no α5β1 integrin, while still expressing other integrins.
167–170
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The expression levels of the target of interest, α5β1 integrin, for each cell line were 

measured by immunostaining for cell surface expression of α5β1 integrin, then measuring 

the expression level as fluorescence of the tagged cells using flow cytometry.  Figure 

2.11 displays flow cytometry fluorescence histograms for these two cell lines.  CT26.WT 

cells exhibit high α5β1 expression as shown by the histogram in Figure 2.11 

corresponding to cells with fluorescently tagged α5β1 integrins being shifted up to higher 

fluorescent intensities, i.e. shifted to the right of the histogram for the native fluorescence 

of the cells.  In contrast, Caco-2 cells show very minimal expression of α5β1 integrin.
167

  

The anti-integrin α5β1 tagged Caco-2 cells exhibit only a modest shift to higher 

fluorescent intensities, with the majority of cells overlapping with the histogram for the 

native background fluorescence of Caco-2 cells.  For both cell lines a negative control 

involving the use of an isotype control IgG in the place of the primary antibody, anti- 

α5β1, was conducted and in both cases this histogram very closely overlapped with the 

native cell histogram, as should be expected.   
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Figure 2.12 Fluorescent confocal microscopy images of CT26.WT and Caco-2 cells after 

24 h at 37 °C incubation with 17.3 mol% PR_b functionalized polymer vesicles.  

Polymer vesicles were fluorescently tagged green, cell nuclei were labeled blue, and cell 

membranes were labeled red.  The images shown here all show the interior of the cell, at 

a ―z-slice‖ approximately 2μm above the bottom coverslip surface and at least 2μm from 

top of the cell.  Internalization of polymer vesicles is evidenced by the presence of green 

fluorescence within the confines of the red cell membranes. 
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 The confocal microscopy images in Figure 2.12 compare the internalization levels 

of PR_b functionalized polymer vesicles into both CT26.WT cells and Caco-2 cells.  As 

shown in Figure 2.11 CT26.WT cells highly express the target of interest, α5β1 integrin, 

while Caco-2 cells very minimally express α5β1 integrin.  As might be expected based on 

the cell lines disparate α5β1 integrin expression levels, and the PR_b peptide‘s high 

specificity for α5β1 (Figure 2.10), PR_b functionalized polymer vesicles are internalized 

at dramatically higher amounts in CT26.WT cells as opposed to Caco-2 cells.  Cell lines 

were incubates with identical concentrations of the same polymer vesicle formulation, 

carboxyfluorescein loaded vesicles with 17.3 mol% PR_b functionalization, each for 24 h 

at 37 °C.  The vastly different amounts of green fluorescent polymer vesicle 

internalization is thought to be the result of both the disparate α5β1 integrin expression 

levels of the two cell lines and the high target specificity of PR_b functionalized vesicles.  

These confocal images reinforce the evidence that PR_b is a highly specific targeting 

ligand, and that PR_b functionalized polymer vesicles can be highly target specific drug 

delivery carriers.  Interestingly, although Caco-2 cells have very minimal α5β1 integrin 

expression, they do in fact express a small amount, as shown in Figure 2.11, yet they still 

exhibit very little binding and uptake of PR_b functionalized vesicles.  Indeed, the near 

complete absence of any polymer vesicle internalization witnessed for the α5β1 integrin 

minimally expressing Caco-2 cells, (Figure 2.12) bodes well for the target specific 

delivery of PR_b functionalized vesicles.   
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2.3.6 Specificity of Doxorubicin Delivery in vitro 

In identical fashion to the doxorubicin delivery experiments and cell viability assay 

shown in Figure 2.7, doxorubicin loaded polymersomes were incubated with Caco-2 cells 

for 24 h at 37 °C and cell viability was assayed.  Figure 2.13 shows the results of this in 

vitro cytotoxicity experiment, for the same doxorubicin formulations used in Figure 2.7: 

free doxorubicin drug and doxorubicin encapsulated within variously functionalized 

polymer vesicles.  While Figure 2.7 shows cell viability results for CT26.WT cells, a 

highly α5β1 integrin expressing cell line, Figure 2.13 shows cell viability results for the 

Caco-2 cell line, which exhibits little to no α5β1 expression.   

 

Figure 2.13 Reduction in the percent cell viability resulting from delivery of the 

chemotherapeutic drug, doxorubicin, to Caco-2 cells in vitro.  Caco-2 cells were 

incubated with the drug formulations noted on the figure, either encapsulated within 

polymer vesicles with the listed mol% of peptide functionalization or as free-drug, for 24 

h at 37 °C, after which cell viability was measured using the MTT assay.  The 

concentrations of doxorubicin that the cells were incubated with are shown along the 

abscissa.  One-hundred percent cell viability is representative of untreated cells.  Data is 

the mean ± standard deviation of two separate experiments (n=2), and each experiment 

was performed in quadruplicate. 
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For both cell lines the non-functionalized polymer vesicles (0% peptide) result in 

essentially no cell death, even though they are loaded with the chemotherapeutic 

doxorubicin.  Based on results shown in Figure 2.5 and Figure 2.6 this is likely because 

the non-functionalized polymer vesicles are essentially not bound and internalized by the 

cells.  When comparing Figure 2.7 and Figure 2.13, it should be noted that Caco-2 cells 

are known to be more highly drug resistant to doxorubicin, and this is why less cell death 

is observed for comparable doxorubicin concentrations for the two cell lines.
171

  This is 

also why higher doxorubicin concentrations were sampled for Caco-2 cells as opposed to 

CT26.WT cells.  GRGDSP functionalized doxorubicin loaded polymer vesicles (5.2 and 

29.5 mol% GRGDSP) give a decrease in cell viability that follows the same trend for 

both CT26.WT cell and Caco-2 cells.  The cytotoxicity of these vesicles lags behind that 

of the free-drug for the case of either cell line, with the more highly conjugated polymer 

vesicles, 29.5 mol% GRGDSP, giving slightly lower cell viability than the less 

conjugated vesicles, 5.2 mol% GRGDSP.  However, the high specificity of the PR_b 

functionalized polymer vesicles for the target of interest, α5β1 integrin, yields 

dramatically different behavior for the cytotoxicity of these vesicles to CT26.WT cells 

(Figure 2.7) and Caco-2 cells (Figure 2.13).   

For Caco-2 cells, which very minimally express α5β1 integrin, little to no decrease 

in cell viability is observed for PR_b functionalized polymer vesicles across the spectrum 

of doxorubicin concentrations assayed, even for the highly functionalized vesicle 

formulation with 29.8 mol% PR_b.  This is striking considering that PR_b functionalized 

polymer vesicles exhibit much greater binding, internalization, and cytotoxicity than 
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GRGDSP functionalized vesicles with the α5β1 integrin expressing CT26.WT colon 

cancer cells.  Based on the visualization of the disparate levels of PR_b functionalized 

polymer vesicle internalization for the two cell lines shown in Figure 2.10, the PR_b 

functionalized vesicles aren‘t cytotoxic to Caco-2 cells most likely because they cannot 

bind and internalize into the cells without the α5β1 integrin on the cell surface and 

therefore never release the encapsulated doxorubicin.  This is a clear proof of concept 

that the high specificity of the PR_b peptide can yield effective target specific delivery 

and even target specific drug delivery in the in vitro studies conducted here.  The lack of 

target specificity for the GRGDSP functionalized vesicles is not surprising, considering 

that simple RGD peptides are known to bind to a wide variety of integrins, many of 

which have been shown to be highly expressed by Caco-2 cells.
168–170,172

   

Target specific drug delivery, such as that demonstrated here for PR_b 

functionalized polymer vesicles, is expected to be advantageous.  As noted previously, 

α5β1 integrin has been shown to be highly expressed by a myriad of different cancers, and 

is comparatively expressed at lower levels in normal healthy tissue.
95–97,99–102,126

  

Heightened expression of α5β1 expression has also been shown to be associated with 

increased tumorgenicity, malignancy, and invasiveness of cancer cells.
98,104–107

  In light of 

this evidence the results of this research are promising.  We have demonstrated that PR_b 

functionalized vesicles can differentially deliver to highly α5β1 expressing cells, 

CT26.WT, as opposed to minimally expressing cells, Caco-2, the very conditions that are 

likely prescient for systemic delivery. 
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2.3.7 Conclusion 

Polymer vesicles functionalized with PR_b targeting peptides via ―click‖ chemistry 

are effective targeted drug delivery vectors.  The azide-alkyne ―click‖ Huisgen 

cycloaddition reaction was demonstrated to be a robust and versatile conjugation reaction 

for the functionalization of polymer vesicles with targeting ligands.  Polymersomes 

functionalized with the PR_b targeting peptide were shown to bind and internalize into 

CT26.WT colon cancer cells at much higher levels than non-functionalized polymer 

vesicles and GRGDSP functionalized polymer vesicles.  We have demonstrated that 

PR_b functionalized polymer vesicles can effectively deliver encapsulated doxorubicin, a 

chemotherapeutic, to colon cancer cells, and outperform comparable GRGDSP 

functionalized vesicles.  Furthermore, evidence of the target specificity of PR_b 

functionalized polymer vesicles was presented.  Binding and internalization of PR_b 

functionalized polymer vesicles into CT26.WT cells was blocked with an anti-α5β1 

antibody.  Moreover, internalization of PR_b functionalized polymer vesicles was found 

to be dependent on the surface expression of the target of interest, α5β1 integrin, when 

internalization was compared for two cell lines, one highly α5β1 expressing (CT26.WT) 

and the other minimally α5β1 expressing (Caco-2).  Finally, cell viability and therefore 

encapsulated drug delivery was found to be dependent upon cell line α5β1 integrin 

expression for PR_b functionalized polymer vesicles, but not for GRGDSP 

functionalized vesicles.  This proven target specific delivery for PR_b functionalized 

polymer vesicles is expected to be advantageous for in vivo applications.  However, the 

mechanism of clearance and metabolism in vivo of the non-biodegradable OB polymers 

used in this study is unclear, so that utilization of PR_b functionalized vesicles in an in 
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vivo setting may require extending the findings for this model OB polymer system to a 

biodegradable system. 
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3 Targeted Polymer Vesicle Delivery of siRNA Induces Cell 

Death of Breast Cancer Cells Dependent upon Orai3 

Protein Expression
1
 

3.1 Introduction 

Small interfering RNA (siRNA), discovered only briefly over a decade ago has 

rapidly been applied as both a tool for profiling protein function and as a potential 

therapeutic for a wide array of diseases.
173–175

  siRNA molecules, double stranded RNA 

typically 20-25 nucleotides in length, act to down-regulate expression of a specific target 

gene.  This down-regulation is accomplished with help from the cells own RNA 

interference machinery.  A single strand of the siRNA molecule is selected by the cell, 

typically the antisense strand, and incorporated into an endogenous RISC (RNA-induced 

silencing complexes) assembly in the cytosol which then acts to catalytically degrade 

complementary messenger RNA (mRNA).
176

  Of interest to this work, a number of gene 

targets have been identified with potential relevance for the treatment of cancer.
177

  In 

particular, the calcium channel protein, Orai3, has been recently identified as a potential 

therapeutic target for breast cancer.
178

 

Down-regulation of Orai3 in breast cancer cells was found to reduce cell viability 

of T47D human breast cancer cells and arrest cell-cycle progression in the G1 phase 

eventually leading to apoptosis, while for MCF-10A normal breast epithelial cells down-

regulation of Orai3 resulted in no measurable decrease in cell viability.
178

  Thus Orai3 

was identified as a potential breast cancer specific therapeutic target for siRNA down-

                                                 
1
 Reproduced with permission from reference 194.  Copyright 2012 American Chemical 

Society. 
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regulation.  Orai3 is one of a class of calcium channel proteins located on the plasma 

membrane (along with Orai1 and 2) that operates along with the stromal interacting 

molecule (STIM) proteins to replenish calcium levels within the cell via what is termed 

the store operated calcium (Ca
2+

) entry (SOCE) pathway.
179,180

  The SOCE pathway is 

ubiquitous and has been shown to be important for a number of cell functions including 

cell-cycle progression, cell proliferation, and migration.
181–183

 In addition, there is 

evidence that SOCE is mediated by Orai3 in many breast cancer cells, as opposed to 

being dominated by the canonical Orai1 mediated pathway observed in normal cells.
184–

186
  It has been proposed that the dominance of either Orai1 or Orai3 in the SOCE 

pathway is dependent upon which is rate limiting under the particular conditions of the 

cell.
187

  Moreover, Orai3 was found to be over-expressed in the majority of breast cancer 

tumors tested as compared to normal tissue in the same patient.
178

  Considering this 

current body of evidence Orai3 was chosen as a potential cancer specific target for 

siRNA delivery to breast cancer cells. 

Effective delivery of siRNA molecules to tumors and cancer cells present a number 

of unique challenges.
188,189

  Firstly, RNA is rapidly degraded in the presence of serum or 

really any ribonuclease (RNase), so that for effective delivery the siRNA molecules must 

be protected from degredation.
190,191

  Secondly, because siRNA is a highly negatively 

charged and relatively large molecule (~13 kDa) it cannot effectively gain entry into a 

cell alone, intracellular delivery must typically be assisted.  Finally, siRNA has to get 

specifically to the cytosol of the cell to assemble with the RISC protein complex, which 

in most cases means that the siRNA must escape endolysosomal intracellular 
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compartments.  All these barriers to delivery exist for both in vitro and in vivo siRNA 

delivery, however additional challenges present themselves for the case of in vivo 

delivery, including finding and delivery to the appropriate tissue in the body, evading 

host immune response and phagocytosis, colloidal stability, toxicity, and avoiding simple 

filtration in the kidneys.
189

  We expected that cancer targeting peptide functionalized 

polymersomes could be a facile delivery agent of siRNA, well poised to confront the 

challenges of siRNA delivery, and tested that expectation in this work with model 

polymersomes.  It should be noted that although the current work tests strictly the in vitro 

efficacy of our model siRNA delivery system, the findings presented here could be 

extended to biodegradable polymersome systems, which have been shown to be well 

suited to overcome the challenges of in vivo delivery.
109

 

Polymersomes are essentially polymeric nano-capsules similar in construction and 

function to their low molecular weight analogues, liposomes.
55,111

  They are self-

assembled structures formed from amphiphilic block copolymers in aqueous solution.  

For example, the diblock copolymer, poly(1,2-butadiene)-b-poly(ethylene oxide) (PB-

PEO or OB), used in this research self assembles to form thick polymer membranes 

composed of a PB membrane core with PEO brush layers shielding this hydrophobic 

membrane core from the aqueous surroundings on either side.  This membrane inherently 

forms into a closed spherical vesicle in order to minimize free energy, thus self-

assembling into a nano-capsule structure containing an aqueous lumen space protected 

and isolated from the surrounding aqueous environment by a thick (~10-20 nm) 

polymeric membrane.
112

  We chose to encapsulate siRNA molecules within this aqueous 
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lumen in this study, with the expectation that they would be effectively shielded from 

interaction with the external environment when encapsulated.  The vast majority of non-

viral gene delivery agents reported in the literature employ ionic complexation of 

negatively charged nucleotides to a positively charged delivery agent, thus the 

encapsulation of siRNA within a vesicle represents an alternative modality for siRNA 

packaging and protection.
189,192

  In addition, because of the thickness and hydrophobicity 

of a polymer vesicle membrane, permeability, and therefore leakage, is very low, even 

trending toward zero for large charged molecules such as siRNA and 

carboxyfluorescein.
193

  Furthermore, polymer vesicle coronas, composed of a dense PEO 

brush layer, have been shown to effectively resist opsonization and therefore host 

immune response and clearance from the body.
18,142

   

The polymer vesicles used in this study were further functionalized with peptide 

targeting ligands, to enhance cellular uptake and confer an active targeting modality to 

the vesicles, as shown schematically in Figure 3.1.  Azide-alkyne ―click‖ chemistry was 

utilized to covalently decorate the exterior surface of polymer vesicles with either the 

integrin binding GRGDSP peptide or an α5β1 integrin binding peptide, named PR_b (with 

amino acid sequence KSSPHSRN(SG)5RGDSP).
52,89,90

  The PR_b peptide was designed 

to mimic the cell binding site of native fibronectin protein recognized by integrin α5β1.
88

  

It incorporates both the primary α5β1 binding sequence, RGD, and the synergistic binding 

sequence, PHSRN, connected by an (SG)5 linker, which was chosen to accurately mimic 

both the separation distance and the hydrophobicity/hydrophilicity of the linker region in 

the native fibronectin protein.
62,80,125

  The design of PR_b has been shown repeatedly to 
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result in greatly improved adhesion and α5β1 specificity over other RGD containing 

peptide ligands.
52,89,91,92,118

   

 

Figure 3.1 Schematic representation of vesicle formation, peptide conjugation of PB-

PEO (OB) polymer vesicles and interaction with cells. 

 

 

In this research, the ability of peptide functionalized OB polymer vesicles to 

effectively deliver siRNA to breast cancer cells in vitro was studied.
194

  Delivery to two 

different cell lines, the MCF10A (immortalized but noncancer fibrocystic MCF10A 

breast cells) and the T47D breast cancer cell line, was investigated and compared.  Both 

cell lines have been previously shown to express α5β1 and adhere readily to 

fibronectin.
101,195–197

  Both GRGDSP and PR_b peptide functionalized polymer vesicles 

were evaluated for effective delivery to these cell lines, and binding specificity to cell 

surface integrins was examined for PR_b functionalized vesicles using blocking peptides.  

Delivery of PR_b functionalized polymer vesicles to MCF10A and T47D cells was 
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visualized by fluorescent confocal microscopy, and colocalization with cellular 

endosomes and lysosomes was assessed by organelle staining.  Finally, the ability of 

PR_b functionalized polymer vesicles to effectively encapsulate and deliver siRNA to 

breast cancer cells was studied, and the effect of siRNA delivery on cell viability for both 

the cancerous T47D cells and the MCF10A cells was assessed.  siRNA delivery by 

polymer vesicles was also compared to that by a commercial siRNA transfection agent.    

3.2 Materials and Methods 

3.2.1 Materials 

Unless otherwise noted all chemicals were obtained from Sigma-Aldrich (St. Louis, 

MO) and used as received.  Peptides PR_b and GRGDSP were custom synthesized and 

obtained on the bead, with the side groups protected, from the Microchemical Facility at 

the University of Minnesota.  The extruder and the 200 nm extrusion membranes were 

obtained from Avestin Inc. (Ottawa, Canada).  The MCF10A and T47D epithelial human 

breast cells were obtained from ATCC (Manassas, VA).  Cellular stains used in confocal 

imaging, the RiboGreen® assay kit, Lipofectamine™ RNAiMAX, and cell culture media 

and supplements were obtained from Invitrogen (Carlsbad, CA).  Fetal bovine serum 

(FBS) was obtained from Atlas Biologicals (Fort Collins, CO).  Human fibronectin-

coated round coverslips were purchased from BD Biosciences (San Jose, CA).  Small 

interfering RNA, siOrai3 (siGENOME siRNA Orai3, catalog number: D-015896-04) and 

siControl (siGENOME Non-Targeting siRNA #2, catalog number: D-001210-02, anti-

sense sequence: 5'-UAAGGCUAUGAAGAGAUAC-3') were obtained from Dharmacon 

Inc. (Chicago, IL). 
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3.2.2 Polymer Synthesis 

Poly(ethylene oxide)-b-poly(1,2-butadiene) (OB) was synthesized sequentially 

using previously published anionic polymerization techniques.
127

  First hydroxyl 

terminated poly(1,2-butadiene) (PB) homopolymer was synthesized.  Then in a separate 

reaction the poly(ethylene oxide) (PEO) block was grown off the end of the PB block to 

form the OB diblock.   

3.2.3 Synthesis of Azide Terminated OB (OB-N3) 

The hydroxyl end group of the OB polymer was replaced with an azide group via 

mesylation followed by reaction with sodium azide.  The details of this synthesis have 

been previously reported.
52

 

3.2.4 Synthesis of Alkyne Terminated Peptides 

A terminal alkyne functional group was attached to the PR_b and GRGDSP 

peptides to enable the ―click‖ conjugation of these peptides with OB-N3.  The details of 

this synthesis have been previously reported.
52

   

3.2.5 Polymer Vesicle Formation 

Polymer vesicles were prepared by self-assembly of the OB diblock in aqueous 

solutions using film rehydration.
114

  OB and OB-N3 polymers were placed in a vial in the 

desired ratio, and chloroform was added to form a concentrated polymer solution (~100 

mg/ml).  The mixture was gently shaken at room temperature (RT) for 24 h.  Films were 

formed by drying, with all traces of chloroform removed using a high vacuum.  An 

aqueous solution was then added to the film to form either a 1% (w/w) (or 5% for siRNA 

encapsulation) solution of polymer.  For the samples encapsulating carboxyfluorescein 

(CbF) either 3.0 mM or 80.0 mM CbF in phosphate buffered saline (PBS) was added, and 



 

 67 

for samples encapsulating siRNA a solution of 6 μM siRNA and 5 μM RNAsecure™ 

(Ambion, Grand Island, NY) was added.   To remove any traces of RNase, samples 

incorporating siRNA were heated while stirring to 60°C for the first 15 min after adding 

the aqueous solution to the polymer film, then stirred at 45 °C for 2 days before being 

allowed to cool to RT.  After a few days of stirring, polymer vesicles were fully 

dispersed.  Vesicles were extruded at 60 °C through polycarbonate membranes with well 

defined 200 nm pore sizes.  After extrusion each vesicle sample was characterized by 

dynamic light scattering (DLS) using a 90 Plus BI-MAS instrument (Brookhaven 

Instrument Co.) to determine the size distribution.   

3.2.6 Peptide Conjugation 

The PR_b and GRGDSP peptides were conjugated onto the surface of the 

preformed polymer vesicles using the azide-alkyne ―click‖ Huisgen cycloaddition 

reaction.
130

  To a dispersion of vesicles at 4 °C was added a 2 fold excess of alkyne 

terminated peptide and copper sulfate (1.1 mM), sodium ascorbate (5.5 mM), and 

bathophenanthrolinedisulfonic acid (2.2 mM).
131,132,198

  The reaction was allowed to come 

to room temperature and stirred for 24 h after which a 5 fold excess, with respect to 

copper, of EDTA (ethylenediaminetetraacetic acid) was added to the solution to sequester 

the copper.  The vesicle samples were then purified by dialysis in PBS with Spectra/Por 6 

dialysis tubing (50 kDa MWCO, Spectrum Labs, Rancho Dominiguez, CA).  The 

samples were dialyzed for a total of 3 days with the dialysate being changed every 4-12 h 

for a total of 6 times.  Samples used in colocalization studies were alternatively purified 

by passing through a Sepharose CL-4B gel filtration column, and then used in 
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experiments immediately after purification.  This was done primarily so that the vesicles 

encapsulating self-quenching concentrations of CbF could be more quickly purified. 

3.2.7 Peptide Quantification 

Quantification of the mol% of surface bound peptide on polymer vesicles was 

carried out as previously described, using a fluorescamine based fluorescent assay.
52

 

3.2.8 Encapsulate Quantification 

The amount of either CbF or siRNA encapsulated in polymer vesicles was assessed 

as follows.  For CbF quantification a small volume of polymer vesicle sample was diluted 

into PBS + 10% Triton X-100 to give a final volume of 200 μl within a well of a black 96 

well plate.  Two concentrations of polymer vesicles were assayed for each formulation 

with 6 repeats of each: one expected to give approximately 0.01 μM CbF in the well and 

the other half this.  After incubating for 1 h in the Triton solution at RT, fluorescence 

(485/528 ex/em) was measured on a SynergyMX fluorometer (BioTek, Winooski, VT).  

The fluorescence obtained from the vesicle samples was correlated with a standard curve 

constructed for free CbF dissolved in the identical buffer to enable calculation of the CbF 

concentration in the polymer vesicle sample.   

The fluorescent Quant-iT™ RiboGreen® RNA Assay Kit (Invitrogen, Grand 

Island, NY) was used to quantify the amount of siRNA encapsulated within polymer 

vesicles.  First a standard curve was constructed for both the siOrai3 and siControl 

siRNAs as per the manufacturer‘s published protocol, with the concentration of siRNA in 

each stock solution measured on a NanoDrop 2000c spectrophotometer (Thermo 

Scientific, Waltham, MA).  For the analysis of the siRNA content of vesicle samples, the 
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polymer was first extracted out of solution then the liberated siRNA was quantified with 

the RiboGreen reagent.  To 140 μl of RNase-free Tris-EDTA (TE) buffer 10 μl of 

polymer vesicle sample was added in an RNase-free microtube.  Then 1 ml of HPLC 

grade chloroform was added to the microtube and the mixture was shaken vigorously.  

The microtube was centrifuged at 16,000 g for 5 min, then 10 μl of the top aqueous phase 

containing the siRNA was added to 90 μl of TE buffer in a new microtube.  To this was 

added 100 μl of a 200-fold dilution of RiboGreen reagent in TE buffer, and the total 

volume was mixed by pipetting up and down.  The contents of the microtube were added 

directly into a well on a black 96 well plate and fluorescence was measured (485/528 

ex/em) on a SynergyMX fluorometer (BioTek, Winooski, VT) 3 min after adding the 

RiboGreen reagent.  It should be noted that for each point on the standard curves an 

identical extraction procedure was carried out, and each measurement was performed in 

triplicate. 

3.2.9 Cell Culture 

T47D and MCF10A cells were grown in RGM (modified RPMI-1640 medium 

supplemented with 10% (v/v) FBS, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 10 

mM HEPES, and 10 μg/ml insulin) and DFGM (modified Dulbecco's Modified Eagle 

Medium: Nutrient Mixture F-12, DMEM/F12, supplemented with 5% (v/v) FBS, 100 

units/ml penicillin, 0.1 mg/ml streptomycin, 15 mM HEPES, 10 μg/ml insulin, 20 ng/ml 

epidermal growth factor, 0.5 μg/ml hydrocortisone, and 100 ng/ml cholera toxin) 

respectively at 37 °C, 5% CO2.  Growth media was replaced every two days and cells 

were passaged when they reached ~70% confluence by treating with TrypLE™ Express 
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(Invitrogen, Grand Island, NY), and reseeding in new flasks at lower cell densities.  Only 

cells of passage number 1-5 were used in experiments. 

3.2.10 Cellular Delivery Quantification 

A fluorescence plate assay was used to quantify the binding and internalization of 

polymer vesicles to cells.  To each well of a cell culture 24 well plate was added 0.5 x 10
6
 

cells in 150 μl FBS restricted growth media (growth media with only 2% (v/v) FBS) 

without phenol red.  Cells were allowed to adhere to the plate surface by incubating at 37 

°C, 5% CO2.  Up to 50 μl of polymer vesicle sample (diluted with PBS when necessary) 

with encapsulated CbF was added to each well to make the overall CbF concentration in 

each well 1.0 μM.  Plates were incubated protected from light for 24 h at 37 °C, 5% CO2.  

Then the plates were gently washed twice with PBS to remove any unbound polymer 

vesicles but leave the cells adhered to the plate.  Plates were frozen at -80 °C to 

permeabilize the cells, and thawed at RT for 3 h.  To completely break and dissociate the 

cells and the polymer vesicles, 500 μl of Borate Buffer (100 mM borate, pH 8.6) with 5% 

(v/v) Triton X-100 was added to each well and the plates were allowed to sit at RT for 3 

h.
56

  Finally fluorescence was measured using a SynergyMX fluorometer (BioTek, 

Winooski, VT) at 485/516 (ex/em).  Negative controls were also run where peptide 

conjugated polymer vesicles were delivered to wells containing no cells.    

Blocking experiments were performed in an identical fashion to the protocol 

detailed above, with the following slight alterations.  The blocked cells were pre-

incubated with the integrin binding free peptide, GRGDSP, at 0.5 mg/ml for 1h at 37 °C, 
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5% CO2.  After this pre-incubation polymer vesicle samples were added and incubated 

with the cells for 4 h at 37 °C, 5% CO2.   

3.2.11 Confocal Microscopy 

Cells were seeded onto fibronectin modified coverslips in FBS restricted growth 

media without phenol red and allowed to adhere.  Polymer vesicle samples were added to 

the monolayer of cells to yield an overall CbF concentration of 1.0 μM for all cases, 

except when polymer vesicles containing a self-quenching concentration of CbF were 

added, for which an overall CbF concentration of 5.0 μM was used.  For the organelle 

staining images, the CellLight™ Early Endosomes-RFP *BacMam 2.0* (Invitrogen, 

Grand Island, NY) early endosomal stain was added at this time at a concentration of 40 

particles/cell as per the manufacturers procedure. The cells were incubated with the 

vesicles at 37 °C, 5% CO2 for 24 h.  The LysoTracker® Blue DND-22 was added directly 

to the media at the 22h time point to give a final concentration of 100 nM.  After the full 

24 h incubation the cells were prepared for confocal imaging by washing, fixing, staining, 

and mounting.  The coverslips were gently washed twice with 37 °C fluorescence buffer 

(FB), PBS supplemented with 2.5% FBS.  Then they were incubated for 15 min at 37 °C 

in 4% (v/v) paraformaldehyde in PBS, to fix the cells.  The coverslips were washed three 

times with 37 °C FB, followed by fluorescently staining the cells by incubating them with 

either a mixture of nuclear and cell membrane stains in FB for 10 min at 37 °C or a far-

red cell membrane stain in FB for 10 min at RT.  The cell membrane permeable blue 

fluorophore, Hoechst 33342 (2.0 μmol/ml), was used as a nuclear stain, and the cell 

impermeable red fluorophore, Alexa Fluor® 594 wheat germ agglutinin (5.0 μg/ml), was 
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used as a cell membrane stain for the confocal images in Figure 2.  The far-red cell 

membrane stain Alexa Fluor® 647 wheat germ agglutinin (5.0 μg/ml) was employed for 

the organelle stained confocal images in Figure 3.5 - Figure 3.7.  After staining, the 

coverslips were again washed three times with FB, then mounted facedown onto glass 

cover slides with ProLong® Gold antifade reagent (Invitrogen, Grand Island, NY).  The 

slides were imaged immediately after preparation on an Olympus Fluoview 1000 

Confocal Laser Scanning Microscope in the Biomedical Image Processing Laboratory 

(BIPL) at the University of Minnesota.  Colocalization analysis was performed using the 

software ImageJ and the quantification procedure developed by Costes et. al.
199,200

   

3.2.12 Cell Viability Assay 

The MTT cytotoxicity assay was used to test the effect of siRNA delivery on the 

viability of each cell line.  Cells, either T47D or MCF10A, were seeded onto 96 well 

plates at 5,000 or 2,000 cells per well, respectively, in 150 μl of the appropriate FBS 

restricted growth media without phenol red.  Cells were allowed to adhere, then 50 μl of 

sample: polymer vesicles diluted in PBS, free siRNA in PBS, Lipofectamine™ 

RNAiMAX (Invitrogen, Grand Island, NY) complexed siRNA, or just PBS was added to 

each well.  For samples containing siRNA a concentration of 50 nM was added to the 

wells, while for empty polymer vesicle samples an identical concentration of polymer to 

the analogous siRNA containing vesicle sample was added.  The delivery of siRNA to 

cells by Lipofectamine™ RNAiMAX (Invitrogen, Grand Island, NY) was carried out as 

per the manufacturer‘s published procedure.   After adding the samples the plates were 

incubated for 24 h at 37 °C, 5% CO2, then 100 μl of the supernatant media was carefully 
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removed from each well, as to not disturb the adhered cells, and replaced with 100 μl full 

growth media without phenol red. After an additional 48h of incubation at 37 °C, 5% 

CO2, 15 μl of MTT reagent (4.75 mg/ml thiazolyl blue tetrazolium bromide in PBS) was 

added to each well, and the plates were incubated for 4 h more at 37 °C, 5% CO2.  A 

solubilizing solution of 75% dimethyl sulfoxide (DMSO):25% H2O (v/v) plus 5% sodium 

dodecyl sulfate (SDS) (w/v) was added to the plates (150 μl per well), and the plates were 

further incubated, protected from light, for 24 h at RT.  Finally, the absorbance and 

background absorbance were measured at 570 nm and 690 nm respectively using a 

SpectraMax Plus spectrophotometer (Molecular Devices, Sunnyvale, CA). 

3.2.13 qRT-PCR Expression Quantification 

The level of Orai3 mRNA expression was assessed using quantitative real time 

reverse transcription polymerase chain reaction (qRT-PCR).  First an assay was designed 

and validated at the BioMedical Genomics Center (BMGC) at the University of 

Minnesota to reliably quantify Orai3 mRNA expression.  The assay design was prepared 

using the Roche Universal Probe Library (UPL) technology.  Each assay design 

generated a sequence for the forward primer, reverse primer, amplicon and provided the 

UPL probe number (Orai3: forward 5‘- CAGGCAGAGTTCAGATTCCTG-3‘, reverse 

5‘-CAGACTGATGGGGAAAATCC-3‘, UPL probe no. 24; ACTB: forward 5‘-

AAGTCCCTTGCCATCCTAAAA-3‘, reverse 5‘-ATGCTATCACCTCCCCTGTG-3‘, 

UPL probe no. 55; GAPDH: forward 5‘-CTCTGCTCCTCCTGTTCGAC-3‘, reverse 5‘-

ACGACCAAATCCGTTGACTC-3‘, UPL probe no. 60).  Each primer was ordered 
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through the BMGC Oligonucleotide and Peptide Synthesis service using Integrated DNA 

Technologies (IDT, Coralville, IA). 

To validate the primer probe sets, qPCR was carried out on a dilution series of 

complementary DNA (cDNA) using an ABI 7900 HT real-time PCR system (Applied 

Biosystems, Grand Island, NY) (2 min activation at 60 °C and 5 min denaturation at 95 

°C, followed by 45 cycles of 10 sec at 95 °C and 1 min at 60 °C).  The primer probe set 

with the highest validated efficiency (97%) was selected for future use. 

For expression quantification, cells were seeded at 1 million cells per well on a 6 

well plate in 1.4 ml of FBS restricted growth media.  Cells were allowed to adhere then 

100 μl of sample was added to each well (diluted as needed in PBS).  The samples added 

were identical to those used in the MTT cell viability studies (50 nM of siRNA, etc.).  

The plates were incubated for 24 h at 37 °C, 5% CO2, at which point 3 ml of full growth 

media was added to each well, and the plates were further incubated for another 24 h at 

37 °C, 5% CO2.  After the full 48 h incubation, growth media was poured off the plate 

and 1 ml of RNAzol® RT reagent (Molecular Research Center, Cincinnati, OH) was 

added immediately to each well.  Total RNA from the cells in each well was isolated 

following the manufacturer‘s procedures.  The final RNA isolate was dissolved in 

RNase-free water and the concentration yielded was assessed with a NanoDrop 2000c 

spectrophotometer (Thermo Scientific, Waltham, MA).  Then qRT-PCR was carried out 

using the RNA isolated from cells at BMGC to assess the mRNA expression levels for 

each sample of the gene of interest, Orai3, and two housekeeping genes, ACTB and 

GAPDH. 



 

 75 

Total RNA samples were synthesized to first-strand cDNA using SuperScript II RT 

(Invitrogen, Grand Island, NY).  Then qPCR was carried out on these cDNA samples as 

previously detailed using an ABI 7900 HT.  For each qPCR sample 48 ng of cDNA was 

used along with forward primer, reverse primer, and probes each at a concentration of 

10μM.  Reverse transcriptase negative controls were run for each RNA isolation, and no 

DNA contamination of the total RNA isolate could be detected.  The percentage 

knockdown of Orai3 was calculated relative to the geometric mean of the cycle 

thresholds, Ct, of both housekeeping genes (ACTB and GAPDH) using the ΔΔCt 

method.
201,202

 

3.3 Results and Discussion 

3.3.1 Polymer Vesicle Formation 

Polymer vesicles were formed by simple film hydration of poly(1,2-butadiene)-b-

poly(ethylene oxide), PB-PEO or OB for short, block copolymer in aqueous solutions.  

The OB block copolymer was chosen because it has been extensively studied, and shown 

to form a wide variety of self-assembled morphologies in aqueous solution, including 

vesicles, and because our previous work has shown that OB polymer vesicles could allow 

for some release of encapsulates after cellular internalization.
44,45,53,54,203

  Thus, the OB 

polymer system represented a good model system with potential for biological efficacy.  

The full specifications for the OB block copolymers used to form vesicles in this study 

have been previously reported.
52

  Briefly, OB block copolymers were synthesized by 

living anionic polymerization, to give polymers with narrow PDI (polydispersity index), 

1.04, and number averaged molecular weight (Mn) of 8.4 kDa.  A weight percentage of 
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PEO of 24% in the final block copolymer was targeted, because this weight percentage 

has previously been shown to form vesicles in solution for OB polymers of similar 

molecular weight.
53

  Both PB and PEO are considered bio-compatible and OB vesicles 

have shown promising early results both in vitro and in vivo.
18,52,114

   

Vesicles encapsulating molecules of interest were formed by film hydration 

without the aid of any organic co-solvent, by simply introducing aqueous solutions of the 

molecule of interest to a dried film of OB polymer.  After extrusion the vesicle size was 

evaluated using Dynamic Light Scattering (DLS) and was found to be 249 nm ± 117 nm 

(representative average hydrodynamic diameter for all vesicle samples used in this 

study).  This vesicle size is on the high range of sizes able to take advantage of the 

enhanced permeability and retention effect, however vesicles could easily be extruded 

down to much smaller sizes if needed for future applications.
8
  For this in vitro study the 

~250 nm size range was simply chosen and held to consistently.  To functionalize these 

vesicles with peptide targeting ligands, azide-alkyne ―click‖ conjugation chemistry was 

utilized.  The details of this conjugation strategy have been previously reported in the 

literature.
52,151,204

    For illustrative and comparative purposes, a single surface 

concentration of peptide ligand was used throughout this study, with an average mol 

percentage peptide conjugation for all vesicle samples of 21 ± 1 mol% peptide, which 

corresponds to an estimated surface concentration of peptide for these vesicles of 0.20 ± 

0.01 peptides/nm
2
.  This degree of surface functionalization was chosen based on our 

previous experience with peptide functionalized polymer vesicles and their delivery to 

cancer cells, as it could be readily achieved using ―click‖ chemistry surface conjugation 
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and it has elicited significant polymer vesicle internalization into cancer cells.
52

  A 

strength of this ―click‖ conjugation strategy is that every peptide ligand is conjugated to 

the exterior surface with identical orientation, specifically at the N-terminus of the 

peptide.  Previous studies have demonstrated that ligand surface orientation can be 

critical for proper adhesion and interaction with cell surface adhesion molecules.
152

   

For the experiments in this study two encapsulates were used, siRNA and 

carboxyfluorescein (CbF).  CbF is a highly anionic fluorescent dye molecule, which is 

membrane impermeable due to its negative charge, like siRNA, and is used as a vesicle 

encapsulate to allow effective experimental quantification and tracking of vesicles.
44,205

  

In addition, encapsulating CbF at self-quenching concentrations (80 mM) enables 

visualization of encapsulate release.  Two siRNA molecules were encapsulated: siOrai3, 

a siRNA specifically designed to target the Orai3 gene, and siControl, a non-targeting 

negative control siRNA designed to not target any gene present in the cells in this study.  

The average siRNA encapsulation efficiency across all the vesicle samples tested was 

50.2 ± 9.5% with no discernable difference in the encapsulation efficiency between the 

two siRNA molecules, as might be expected given their similar molecular weights.  This 

encapsulation efficiency is nearly twice that previously reported in the literature for 

alternate methods of encapsulation in polymersomes and liposomes.
206,207

  For 

comparison, we also attempted the encapsulation of a fluorescein tagged double stranded 

(dsDNA) analogue to siOrai3, having the same sequence except with thymine (T) 

replacing uracil (U), and an encapsulation efficiency of 73.1% was achieved, as 

determined by vesicle purification followed by fluorescence measurment.  This small 



 

 78 

discrepancy in encapsulation efficiencies between the siRNA and the dsDNA analogue 

may likely be due to some siRNA degradation in the initial film hydration and vesicle 

formation process.  The relatively high siRNA encapsulation efficiency indicates that 

very little siRNA degradation is observed.  Moreover, after siRNA has been encapsulated 

within polymersomes it remains protected from degradation, and within the limits of 

measurement no siRNA degradation was observed over weeks of vesicle storage at 4 °C 

(encapsulated siRNA was quantified initially and after a couple weeks of storage and no 

decrease in siRNA was observed).    

3.3.2 Delivery of Peptide Functionalized Vesicles to MCF10A and T47D 

Cells 

Delivery of peptide functionalized polymer vesicles to two different cell lines, 

MCF10A and T47D, was investigated in this study.  MCF10A is a human cell line that 

originated from spontaneous immortalization of breast epithelial cells obtained from a 

patient with fibrocystic disease, and are frequently used as a model cell line for non-

cancerous human breast cells.
208

  T47D cells are human epithelial cancerous breast cells, 

that have been previously shown to highly over-express Orai3 over both normal human 

mammary epithelial cells obtained directly from patients and MCF10A cells.
178

  These 

two cell lines allowed us to contrast delivery of siRNA to cancerous breast cells, T47D, 

and non-cancerous MCF10A cells.   

Previous reports by our group have found peptide functionalized vesicles (both 

polymersomes and liposomes), especially PR_b functionalized vesicles, to effectively 

deliver to a variety of cancer cell lines, however delivery to the MCF10A and T47D cell 

lines remained untested.
52,91–93,118

  CbF encapsulated fluorescent polymer vesicles were 
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utilized to investigate delivery of peptide functionalized vesicles to the cancerous T47D 

breast cell line and the MCF10A breast cell line.  Polymer vesicles encapsulating the 

fluorescent dye, CbF, were functionalized with either the simple GRGDSP peptide or the 

PR_b peptide.  These vesicles were introduced, at a total overall concentration of 1 μM 

CbF, to the media surrounding a growing monolayers of cells, then allowed to incubate 

with the cells at 37 °C for 24 h.  After which the cell monolayer was extensively washed 

to remove any vesicles that were not bound to or internalized within cells, and 

subsequently either lysed and the total CbF delivered quantified (Figure 3.2) or were 

imaged by confocal microscopy (Figure 3.3).   
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Figure 3.2 Delivery of the CbF fluorophore encapsulated within peptide functionalized 

polymer vesicles to either MCF10A breast cells, or T47D cancerous breast cells.  Cells 

were incubated with CbF loaded polymer vesicles functionalized with the mol% of 

peptide noted in the figure for 24 h at 37 °C, after which the amount of delivery for each 

case was quantified.  Data is the mean ± standard error of 3 separate experiments (n=3), 

with each experiment performed in triplicate.  Students t-test statistical analyses were 

performed and the statistical significances notated for the bracketed data († p > 0.05 

indicating no statistically significant difference) (* p < 0.05, ** p < 0.01, *** p < 0.001). 

 

Figure 3.2 shows quantification of the level of binding and internalization (termed 

delivery when considered together) of peptide functionalized vesicles to the two 

contrasted cell lines.  Very minimal delivery of non-functionalized vesicles, the 0% 

peptide case, is observed for both cell lines.  This is as expected, considering the fully 

PEGylated surface of these non-functionalized vesicles is known to resist non-specific 

adhesion and protein interactions.
142

  Akin to ―stealth‖ liposomes the PEG chains coating 

the surface of the vesicles create a steric barrier to adhesion, and therefore active 
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internalization by the cells.
114,141

  The limited amount of delivery that is observed for the 

non-functionalized vesicles is likely due to non-specific pinocytosis of the surrounding 

media by the cells.
120,206

  Polymer vesicles functionalized with the targeting peptides, 

GRGDSP and PR_b, are thought to internalize by a more active route involving cell-

surface integrin binding followed by active cellular internalization.
91

  Vesicles 

functionalized with the peptide ligand, GRGDSP, performed better than non-

functionalized vesicles for both cell lines.  However, the increase in delivery observed for 

GRGDSP functionalized vesicles is minimal in comparison to PR_b functionalized 

vesicles, and additionally no statistically significant difference in delivery was seen for 

GRGDSP functionalized vesicles between the two cell lines.  In contrast, polymer 

vesicles functionalized with the PR_b peptide delivered much more effectively to both 

cell lines than either non-functionalized vesicles or GRGDSP functionalized vesicles, 

giving seven times the delivery of non-functionalized vesicles and five times the delivery 

of GRGDSP functionalized vesicles for T47D cells.  The PR_b functionalized vesicles 

yielded significantly greater levels of delivery in the cancerous T47D cells as compared 

to the non-cancerous MCF10A cells, a distinction that GRGDSP functionalized vesicles 

were not able to achieve.  It is unclear at this time what causes PR_b functionalized 

polymer vesicles to deliver more effectively to T47D cells as opposed to MCF10A cells.  

However, one likely explanation lies in the relative expression level of α5β1 integrin on 

the surface of each cell line, as there is evidence in the literature that T47D cells may 

have more α5β1 integrin surface expression than MCF10A cells.
196,209
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Figure 3.3 Confocal microscopy images of polymer vesicle delivery to MCF10A breast 

cells (A, B, C) and breast cancer T47D (D, E, F) cells.  Cells were incubated with CbF 

loaded polymer vesicles functionalized with 0 mol% peptide (A, D), 20 mol% GRGDSP 

(B, E), and 21 mol% PR_b peptide (C, F) for 24 h at 37 °C, after which cells were fixed 

stained and imaged.  Polymer vesicles encapsulating 3 mM of CbF were delivered to 

cells at a concentration of 1 μM CbF.  Nuclei are stained blue, cell membranes red, and 

polymer vesicles encapsulating CbF are shown as green.  Internalization of polymer 

vesicles is shown by the presence of green within the confines of the red cell membranes.  

All scale bars are 30 μm.  The images show a slice from the interior of the cells, at a ―z-

height‖ approximately 2 μm above the bottom coverslip surface that cells are adhered to. 

 

Confocal microscopy of polymer vesicles delivered to cells (Figure 3.3) was 

performed to corroborate the results shown in Figure 3.2 and to gain a better 

understanding of polymer vesicle delivery.  Fluorescent polymer vesicles were delivered 

to cells identically to the procedure used to quantify delivery (Figure 3.2), only after the 

24 h incubation period cells were fixed and stained for imaging rather than being lysed 

for fluorescence quantification.  For the images shown in Figure 2, the cell plasma 
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membranes were stained red, the cell nuclei were stained blue, and CbF, the fluorescent 

encapsulate delivered by the polymer vesicles, appears green.  Each cell monolayer was 

imaged ~2 μm above the surface of coverslip on which they were grown, so that the 

confocal images shown are a slice from within the cell.  Thus, in these images simple 

surface binding can be differentiated from actual internalization within the cell.  

Whenever the green of the CbF fluorophore appears within the confines of a red cell wall, 

this indicates internalization of the polymer vesicles, and it is clear in all the images in 

Figure 3.3 that the vast majority of delivery is by internalized vesicles and not simply 

surface bound vesicles.  As in Figure 3.2, either non-functionalized, GRGDSP 

functionalized, or PR_b functionalized polymer vesicles were delivered to both cell lines, 

MCF10A and T47D.  Although it is always dubious to extrapolate the delivery observed 

in the relatively small sample population contained within a confocal image to more 

quantitative measures of delivery, the levels of delivery observed in Figure 3.3 do agree, 

at least on a qualitative basis, with the levels of delivery measured in Figure 3.2.  The 

non-functionalized polymer vesicles (0% peptide) give very minimal delivery; green dots 

are very occasionally observed within a cell.  Also, slightly higher delivery of non-

functionalized vesicles is observed for T47D cells as compared to MCF10A cells.  

Slightly more delivery is observed for GRGDSP (20 mol% GRGDSP) functionalized 

vesicles for both cell lines.  However, dramatically more internalization is seen for PR_b 

(21 mol% PR_b) functionalized vesicles, especially for T47D cells.  A common feature 

of all the confocal images presented in Figure 2 is that the green CbF vesicle encapsulate 

is for a large part localized within punctate dots within the cells.  These green fluorescing 
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bodies within the cells are clearly much larger than the size of the polymer vesicles (~250 

nm), so it is inferred that these bodies are in fact intracellular organelles (likely 

endosomes and lysosomes).  It is difficult to determine from Figure 2 whether the 

encapsulate is effectively released from the polymer vesicles or moreover whether the 

encapsulate can escape the intracellular organelles that they are likely contained within, 

but these questions will be dealt with later in the paper.   

Taken together, the results of Figure 3.2 and Figure 3.3, clearly demonstrated that 

PR_b functionalized vesicles were highly effective at delivering to both cell lines, but 

especially the cancerous T47D cells.  Moreover, PR_b functionalized vesicles were 

delivered at levels many times greater than those observed for GRGDSP functionalized 

vesicles, and exhibited enhanced delivery to cancerous T47D cells not seen for GRGDSP 

functionalized vesicles.  Considering these results, the decision was made to focus the 

rest of our investigations solely on PR_b functionalized vesicles, as they were clearly 

delivering much more effectively, and were thus the best prospect for successful siRNA 

delivery. 

To better characterize the nature of binding and internalization for PR_b 

functionalized vesicles, integrin blocking studies were conducted (Figure 3.4).  Cell 

surface integrins were blocked by adding a high concentration of free (i.e., not conjugated 

to a polymer chain) GRGDSP peptide to the media that the cell monolayers were growing 

in.  Then PR_b functionalized polymer vesicles were added to the cell media and allowed 

to deliver over the course of a 4 h incubation period at 37 °C.  Delivery was then 

quantified in an identical fashion to that employed in the quantification experiments 
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shown in Figure 3.2.  Figure 3.4 compares the level of delivery for PR_b functionalized 

polymer vesicles to integrin blocked T47D cells, to the levels of un-blocked delivery for 

both non-functionalized vesicles and PR_b functionalized vesicles.  All of the data shown 

in Figure 3.4 is for the same 4h incubation, and this shorter incubation time is the reason 

for the lower fluorescence values shown in Figure 3.4 as compared to those in Figure 3.2.  

For the un-blocked case, PR_b functionalized vesicles are again shown to give higher 

levels of delivery than non-functionalized vesicles, as would be expected.  However, 

when cell surface integrin binding sites are blocked by GRGDSP peptides, the level of 

delivery for PR_b functionalized vesicles drops to approximately that observed for non-

functionalized vesicles.  Short RGD containing peptides, such as GRGDSP, have been 

shown to bind to a wide variety of cell surface integrins, so they are a convenient 

molecule to use for blocking integrin adhesion.
172

  Then because delivery of PR_b 

functionalized vesicles is nearly completely reduced to the levels seen for non-

functionalized vesicles by GRGDSP blocking, it can be inferred that PR_b functionalized 

vesicles are primarily internalized by specific adhesion to cell surface integrins followed 

by uptake, and not by non-specific adhesion or non-specific uptake routes.  This result is 

corroborated by previous results from our group, including results demonstrating that 

delivery of PR_b functionalized polymer vesicles is mitigated by α5β1-receptor mediated 

endocytosis as demonstrated by blocking experiments with anti-α5β1 antibody and by 

delivering to cell lines with minimal α5β1 expression.
52,89,91

  This body of evidence along 

with the results of Figure 3 suggest that delivery of PR_b functionalized polymer vesicles 

may be α5β1-mediated. 
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Figure 3.4 Delivery of CbF encapsulated within PR_b functionalized polymer vesicles to 

either unblocked T47D cells or T47D cells with their surface integrins blocked by 

GRGDSP peptides free in solution.  Cells were incubated with CbF loaded polymer 

vesicles functionalized with 21 mol% PR_b for 4 h at 37 °C, after which the amount of 

delivery for each case was quantified.  Data is the mean ± standard error of 3 separate 

experiments (n=3), with each experiment performed in triplicate.  Students t-test 

statistical analyses were performed and the statistical significances notated for the 

bracketed data († p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001). 

 

3.3.3 Visualization of Intracellular Encapsulate Release with Organelle 

Colocalization 

To better understand the intracellular fate of polymer vesicles and any encapsulates 

they hold, fluorescence co-localization studies were performed.  Prior to these studies, 

relatively little was known about the pathway of internalization of PR_b functionalized 

polymer vesicles and the degree of intracellular release upon internalization within cells.     

PR_b functionalized polymer vesicles encapsulating CbF were introduced to 

MCF10A (Figure 3.5) and T47D (Figure 3.6 and Figure 3.7) cells, and after a 24 h 
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incubation at 37 °C any polymer vesicles that were not delivered were washed away and 

the cells were imaged by confocal microscopy.  Intracellular organelles were 

fluorescently stained, so that fluorescence from the CbF vesicle encapsulate (shown as 

green in Figure 3.5, Figure 3.6, and Figure 3.7) could be colocalized with the organelles 

of interest.  Based on the punctuate nature of the CbF fluorescence shown in Figure 3.3 

we speculated that polymer vesicles were likely primarily contained within intracellular 

organelles, and the most likely candidates for those organelles would be endosomes and 

lysosomes.  Thus we stained these organelles for colocalization.  Early endosomes were 

stained with the CellLight™ Early Endosomes-RFP transfection based fluorescent tag 

(shown as red in Figure 3.5, Figure 3.6, and Figure 3.7).  This fluorescent tag is highly 

specific for early endosomal organelles as it operates by transfecting the cell with the red 

fluorescent protein (RFP) tagged to the Rab5a protein, an early endosomal marker.  For 

late endosomal and lysosomal staining the LysoTracker® Blue stain was utilized (shown 

as blue in Figure 3.5, Figure 3.6, and Figure 3.7).  This stain consists of a weakly basic 

fluorophore that preferentially accumulates in acidic intracellular compartments and is 

thus staining all acidic compartments within the cell including both lysosomes and 

endosomes (early and late).  This can be clearly seen by colocalization of blue with red in 

Figure 3.5, Figure 3.6, and Figure 3.7.  Thus in these figures, early endosomes are stained 

red, lysosomes, early and late endosomes are all stained blue, and the polymer vesicles 

encapsulating CbF fluoresce green.  In addition, a far-red cell membrane stain has been 

applied to the cells to clarify the boundaries of each cell, and this is shown as yellow in 

the images.   
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Two different PR_b functionalized polymer vesicle formulations were delivered to 

each cell line.  One containing 3 mM CbF delivered at 1 μM within 20 mol% PR_b 

functionalized polymer vesicles (Figure 3.5A and Figure 3.6A), and the other containing 

a self-quenching concentration of CbF (80 mM), delivered at 5 μM (so that CbF 

fluorescence could be seen clearly), within 21 mol% PR_b functionalized vesicles 

(Figure 3.5B and Figure 3.6B).  While the vesicles with the 3 mM CbF concentration 

allow us to visualize the encapsulate within the cell, the self-quenching vesicles allow us 

to clearly visualize encapsulate release.  For the vesicles with the 80 mM CbF 

concentration, the CbF is at a high enough concentration that it is effectively self-

quenching and therefore non-fluorescent, so that only after the encapsulate has been 

released and diluted does it appear in the confocal images.  Therefore, delivery of 

polymer vesicles containing self-quenching concentrations of CbF allows us to address 

the question of whether an encapsulate delivered by PR_b functionalized OB polymer 

vesicles can be effectively released.   
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Figure 3.5 Confocal microscopy images showing colocalization of CbF delivered by 

PR_b functionalized polymer vesicles with stained endosomes and lysosomes in 

MCF10A cells.  Cells were incubated with PR_b functionalized polymer vesicles for 24 h 

at 37 °C, after which cells were imaged.  (A) 20 mol% PR_b functionalized polymer 

vesicles encapsulating 3 mM CbF, delivered to cells at a concentration of 1 μM CbF.  (B) 

21 mol% PR_b functionalized polymer vesicles encapsulating 80 mM CbF, a self-

quenching concentration, delivered to cells at a concentration of 5 μM CbF.  Cells 

membranes were stained yellow, early endosomes were stained red, all acidic organelles 

(endosomes and lysosomes) were stained blue, and polymer vesicle delivered CbF 

appears green.  All scale bars are 10 μm.  The images show a slice from the interior of the 

cells, at a ―z-height‖ approximately 2 μm above the bottom coverslip surface that cells 

are adhered to. 
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Figure 3.6 Confocal microscopy images showing colocalization of CbF delivered by 

PR_b functionalized polymer vesicles with stained endosomes and lysosomes in T47D 

cells.  Cells were incubated with PR_b functionalized polymer vesicles for 24 h at 37 °C, 

after which cells were imaged.  (A) 20 mol% PR_b functionalized polymer vesicles 

encapsulating 3 mM CbF, delivered to cells at a concentration of 1 μM CbF.  (B) 21 

mol% PR_b functionalized polymer vesicles encapsulating 80 mM CbF, a self-quenching 

concentration, delivered to cells at a concentration of 5 μM CbF.  Cells membranes were 

stained yellow, early endosomes were stained red, all acidic organelles (endosomes and 

lysosomes) were stained blue, and polymer vesicle delivered CbF appears green.  All 

scale bars are 10 μm.  The images show a slice from the interior of the cells, at a ―z-

height‖ approximately 2 μm above the bottom coverslip surface that cells are adhered to. 

 

Confocal images showing organelle colocalization for the delivery of PR_b 

functionalized polymer vesicles are presented in Figure 3.5 for MCF10A cells and Figure 

3.6 for T47D cells.  Delivery of polymer vesicles containing a lower concentration of 

CbF are shown on top (Figure 3.5A and Figure 3.6A), and delivery of polymer vesicles 

containing a self-quenching concentration of encapsulate are shown on the bottom 

(Figure 3.5B and Figure 3.6B).  First, from Figure 3.5A and Figure 3.6A it is clear that 

for both cell lines the polymer vesicle encapsulate is highly colocalized with the early 
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endosomes, as well as, to some degree, the late endosomal and lysosomal compartments.  

Looking at the self-quenching series of images (Figure 3.5B and Figure 3.6B), where 

encapsulate release is selectively visualized, it can be seen that the vesicle encapsulate is 

being released in the early endosomes as well as the late endosomes and lysosomes, with 

more release apparent in the early endosomes.  It is interesting that we observe release 

from these not explicitly degradable OB polymer vesicles, and the mechanism of this 

release is currently not fully understood.  It is well established that the enzymatic low pH 

slurry that exists within cellular lysosomes is significantly more degradative than a 

simple acidic solution.
210

  Additionally, one potential hypothesis is that the double bonds 

in the polybutadiene block of the OB polymer could be oxidized within the cell, thus 

leading to a reduction in hydrophobicity and polymer vesicle destabilization, however 

this hypothesis needs detailed investigation. 
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Figure 3.7 Confocal microscopy images showing colocalization of CbF delivered by 

PR_b functionalized polymer vesicles with stained endosomes and lysosomes in T47D 

cells.  Cells were incubated with 20 mol% PR_b functionalized polymer vesicles for 24 h 

at 37 °C, after which cells were imaged. The polymer vesicles were encapsulating 3 mM 

CbF and were delivered to cells at a concentration of 1 μM CbF.  Cells membranes were 

stained yellow, early endosomes were stained red, all acidic organelles (endosomes and 

lysosomes) were stained blue, and polymer vesicle delivered CbF appears green.  

Evidence of CbF escape from the cellular organelles is clearly illustrated in this 

magnification of a single cell.  The scale bar is 5 μm.  The images show a slice from the 

interior of the cells, at a ―z-height‖ approximately 2 μm above the bottom coverslip 

surface that cells are adhered to. 

 

A general feature of these images is that although the polymer vesicle encapsulate 

colocalizes well with the endosomes and lysosomes there is also a distinct amount of 

hazy, diffuse green surrounding many of the more punctate spots of fluorescence.  This 

feature is most distinct in the T47D cell images (Figure 3.6 and Figure 3.7), although it is 
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also present in the MCF10A images (Figure 3.5).  Figure 3.7 shows a blown up image of 

a single T47D cell, that is not shown in Figure 3.6, which clearly shows this diffuse 

encapsulate fluorescence.  In these images, background fluorescence was rigorously 

subtracted, and we are quite confidant that the diffuse green fluorescence seen in these 

images is not auto-fluorescence of the cells, but is visualization of CbF escape from the 

organelles into the cytosol.  This escape is highly relevant for delivery of siRNA, because 

siRNA must be able to escape the endosome or lysosome and reach the cytosol of the cell 

for it to be effective.  This ability of polymer vesicles to facilitate some escape of 

encapsulates from endosomes and lysosomes could be instrumental to successful delivery 

of siRNA.  Previous studies for biodegradable polymer vesicles have demonstrated that 

escape from acidic organelles can be facilitated by polymer vesicles through a route 

thought to involve pore formation in the walls of the endosomes and lysosomes.
109,120,206

    

However it is dubious whether a similar mechanism could be at play with the OB 

polymer vesicles studied here, as the membrane lytic properties observed were thought to 

derive from partially degraded block copolymer chains behaving similar to small 

molecule surfactants.  
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Table 3.1  Colocalization Quantification of Delivered Fluorophore with Intracellular 

Organelles 

Cells 
Colocalization with 

Early Endo.
a)

 

Colocalization with 

Endo. + Lyso.
b)

 

 polymersomes encapsulating 3 mM CbF
c)

 

MCF10A 58% 67% 

T47D 56% 62% 

 polymersomes encapsulating 80 mM CbF
d)

 

MCF10A 57% 61% 

T47D 47% 54% 

a) Colocalization of carboxyfluorescein (CbF) with stained early endosomes, reported as 

the percentage of overall CbF intensity that colocalizes. 

b) Colocalization of CbF with all acidic organelles (endosomes and lysosomes), reported 

as the percentage of overall CbF intensity that colocalizes. 

c) Colocalization quantified for images shown in Figure 3.5A and Figure 3.6A, where 

polymer vesicles encapsulating 3mM carboxyfluorescein (CbF) were delivered to cells. 

d) Colocalization quantified for images shown in Figure 3.5B and Figure 3.6B, where 

polymer vesicles encapsulating 80mM carboxyfluorescein (CbF), a self-quenching 

concentration, were delivered to cells. 

 

The levels of colocalization of the polymer vesicle encapsulate delivered with the 

early endosomes and with both the endosomes and lysososomes were quantified for the 

images shown in Figure 3.5 and Figure 3.6.  The percentage of the total green 

fluorescence intensity that colocalizes with the intracellular organelles of interest is 

tabulated for each case in Table 3.1.  From the colocalization values reported in Table 3.1 

a couple of points hold true for all the cases tested.  First, although the CbF encapsulate 

colocalizes with both endosomes and lysosomes, a large majority of the encapsulate 

localized within the early endosomes.  This is likely an important point for the effective 

delivery of siRNA, as the environment within early endosomal compartments is milder, 

and therefore less likely to rapidly degrade any released siRNA, as opposed to the harsh 

environment within a lysosome.  Along these lines, for the self-quenching polymer 

vesicles (Figures 4B and 5B) it is clear that a majority of the colocalized encapsulate is 
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not only localized within the early endosomes, but is in fact released within the early 

endosomes.  Second, there is a notable percentage of encapsulate that is not accounted for 

in the percentages and is therefore not colocalized with either the endosomes or the 

lysosomes.  This is likely the diffuse green that is seen in the cytosol of the images in 

Figure 3.5, Figure 3.6, and Figure 3.7, and represents escape of encapsulate from the 

cellular organelles into the cell cytosol.  As discussed previously, achieving endosomal 

and lysosomal escape is critical to attaining effective siRNA delivery. 

3.3.4 siRNA Delivery by PR_b Functionalized Vesicles to T47D and 

MCF10A Cells  

To the knowledge of the author, only a few previous studies has dealt with delivery 

of siRNA by polymer vesicles, and these works investigated significantly different 

systems, in terms of siRNA, cells, and polymer.
206,211

  Furthermore, these previous 

reports dealt with non-targeted delivery, thus the effect of functionalizing the polymer 

vesicles with a targeting ligand, such as the PR_b peptide, was not studied.  We sought to 

investigate the proficiency with which PR_b functionalized polymer vesicles could be 

utilized to deliver a novel siRNA therapeutic, siOrai3, to the breast cancer cell line, 

T47D.  Additionally, the effect of siOrai3 delivery to cancerous T47D cells was 

contrasted to the effect of delivery to non-cancerous MCF10A cells.   

Although it is clear from the results presented thus far that PR_b functionalized OB 

polymer vesicles themselves deliver with high efficacy to both T47D and MCF10A cells, 

effective delivery of siRNA is a further level of complexity.  The siRNA must first be 

protected from degradation before it is internalized within the cell, then it must be 

effectively released from the polymer vesicles and make its way to the cytosol, where it 
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can assemble with the endogenous RISC protein complex to effect the desired mRNA 

knockdown.   As discussed previously, two siRNA molecules, siOrai3 and siControl, 

were encapsulated inside of polymer vesicles and their effect on cells was compared.  

siOrai3 is a siRNA that specifically targets the Orai3 gene for RNAi knockdown.  It has 

previously been shown in the literature that knockdown of Orai3 expression can 

specifically arrest cell cycle progression for T47D breast cancer cells eventually leading 

to apoptosis and a reduction in cell viability, but has minimal effect on the cell viability 

of non-cancerous breast cells.
178

  So it was expected that siOrai3 could behave as a cancer 

cell specific therapeutic in our experiments.  The siControl sequence chosen in this study 

targets firefly luciferase mRNA and therefore is used as a non-targeting siRNA as it does 

not target any of the genes present in either T47D cells or MCF10A cells.  Thus, 

siControl gives a baseline cellular siRNA response for comparison with that of siOrai3.   

The two siRNA molecules, siOrai3 and siControl, were delivered to MCF10A and 

T47D cells in a variety of forms, and the resultant effect on cell viability and Orai3 

knockdown were measured (Figure 3.8 - Figure 3.11).  Figure 3.8 and Figure 3.9 show 

the effect of siOrai3 delivery for each of the varying formulations on cell viabilities and 

Orai3 knockdown respectively normalized to the appropriate siControl case, and Figure 

3.10 and Figure 3.11 show all the control cases (delivery of siControl and delivery of 

―empty‖ polymer vesicles) with values normalized to untreated cells.  Delivery of siOrai3 

encapsulated within polymer vesicles was compared to delivery of free siOrai3 in 

solution, and to siOria3 complexed with a commercial transfection agent, 

Lipofectamine™ RNAiMAX.  A consistent siRNA delivery concentration of 50 nM was 
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used for all siRNA formulations.  Cell viability was assessed at 72 h using the MTT 

assay, and Orai3 mRNA expression levels were assessed at 48 h using qRT-PCR.   

 

Figure 3.8 Percent cell viabilities in MCF10A breast cells and T47D breast cancer cells 

after treatment with the indicated siOrai3 formulations.  Cells were incubated with 50 nM 

of siOrai3 delivered as a formulation with the indicated delivery agents for 24 h at 37 °C, 

after which the cell media was refreshed and incubation continued.  Cell viability was 

quantified using the MTT assay at 72 h after siOrai3 delivery.  Data is the mean ± 

standard error of 3 separate experiments (n=3), with each experiment performed in 

quadruplicate.  Cell viabilities are normalized with respect to the appropriate siControl 

case for each formulation (shown in Figure 3.10).  The formulations of delivery agents 

tested were: siRNA free in solution without the aid of any delivery agent (siOrai3), 

siRNA complexed with the RNAiMAX commercial transfection agent (siOrai3 + 

RNAiMAX), siRNA encapsulated within non-functionalized polymer vesicles (0% PR_b 

siOrai3), and PR_b functionalized vesicles encapsulating siRNA (20% PR_b siOrai3).  

The percentages of PR_b functionalization shown are mol%.  Students t-test statistical 

analyses were performed and the statistical significances notated († p > 0.05, * p < 0.05, 

** p < 0.01, *** p < 0.001).  P-value markers directly above each column indicate the 

statistical significance between that column and the corresponding siControl case (shown 

in Figure 3.10), while markers over brackets indicate the statistical significance between 

the two bracketed columns. 
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Figure 3.9 Percent knockdown of Orai3 in MCF10A breast cells and T47D breast cancer 

cells after treatment with the indicated siOrai3 formulations.  Cells were incubated with 

50 nM of siOrai3 delivered as a formulation with the indicated delivery agents for 24 h at 

37 °C, after which the cell media was refreshed and incubation continued.  Orai3 

knockdown was quantified using qRT-PCR at 48 h after siOrai3 delviery.  Data is the 

mean ± standard error of 4 separate experiments (n=4), with each experiment performed 

in duplicate.  Percent Orai3 knockdowns are normalized with respect to the appropriate 

siControl case for each formulation (shown in Figure 3.11).  The formulations of delivery 

agents tested were: siRNA free in solution without the aid of any delivery agent 

(siOrai3), siRNA complexed with the RNAiMAX commercial transfection agent (siOrai3 

+ RNAiMAX), siRNA encapsulated within non-functionalized polymer vesicles (0% 

PR_b siOrai3), and PR_b functionalized vesicles encapsulating siRNA (20% PR_b 

siOrai3).  The percentages of PR_b functionalization shown are mol%.  Students t-test 

statistical analyses were performed and the statistical significances notated († p > 0.05, * 

p < 0.05, ** p < 0.01, *** p < 0.001).  P-value markers directly above each column 

indicate the statistical significance between that column and the corresponding siControl 

case (shown in Figure 3.11), while markers over brackets indicate the statistical 

significance between the two bracketed columns. 
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As seen in Figure 3.8and Figure 3.9, siOrai3 either as free siRNA in solution 

(siOrai3) or encapsulated in non-functionalized polymer vesicles (0% PR_b siOrai3) gave 

no statistically significant change in cell viability or Orai3 expression for either cell line 

with respect to cells treated with siControl.  Without the aid of some delivery agent, free 

siRNA has very little chance of internalizing within a cell, due to its anionic nature, and 

because siRNA is rapidly degraded in serum without some form of encapsulation or 

protection.  Thus, it is unsurprising that no significant decrease in cell viability or Orai3 

knockdown are observed for the case where free siOrai3 in solution was introduced to the 

cells (siOrai3).  Without PR_b functionalization polymer vesicle delivery is minimal so 

that it could be expected that siOrai3 delivery by non-functionalized vesicles (0% PR_b 

siOrai3) would be ineffective, as is seen in Figure 3.9.   

In contrast, delivery of RNAiMAX complexed siOrai3 (siOrai3 + RNAiMAX) was 

found to be considerably more effective, and gave relatively high amounts of Orai3 

knockdown in both cell lines.  The RNAiMAX commercial siRNA transfection agent 

yielded in general a 50-60% knockdown of Orai3 relative to the siControl case for both 

MCF10A cells and T47D cells, with no statistically significant difference between the 

knockdown levels of the two cell lines (Figure 3.9).  However, a striking difference is 

seen in the resultant cell viability of the two cell lines for the siOrai3 + RNAiMAX case 

(Figure 3.8).  A 37% decrease in cell viability of the T47D cancerous breast cell line as 

compared to the MCF10A breast cell line is observed.  Just as importantly, for MCF10A 

cells no statistically significant decrease in cell viability from the baseline siControl + 

RNAiMAX case is observed for delivery of siOrai3 by RNAiMAX.  As was expected, it 
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appears that siOrai3 is able to act as a cancer cell specific therapeutic.  It was proposed in 

the literature that knockdown of Orai3 could have a cancer cell specific effect on cell 

viability, decreasing T47D cell viability while preserving MCF10A breast cell viability, 

and our results have confirmed this effect.
178

   Considering that Orai3 was knocked down 

similarly for both cell lines, yet only T47D cells saw a decrease in cell viability it is 

reasonable to conclude that Orai3 is critical for T47D cell proliferation and survival, 

while it is not for MCF10A cells.   

Lipofectamine™ RNAiMAX is a well established, highly effective in vitro siRNA 

transfection agent.  Repeated investigations have identified RNAiMAX as one of the 

most effective commercial siRNA transfection agents currently available.
212–216

  Taken 

together, delivery of siOrai3, either complexed with RNAiMAX or as free siRNA in 

solution, represents an approximate window of current siRNA delivery in vitro, with 

RNAiMAX representing a highly effective current commercial siRNA transfection agent 

and free siRNA representing the least effective siRNA delivery system imaginable.  

Delivery of siRNA by PR_b functionalized polymer vesicles lies within this 

window of delivery effectiveness.  As was seen for the RNAiMAX formulation, delivery 

of siOrai3 encapsulated within PR_b functionalized polymer vesicles (20% PR_b 

siOrai3) resulted in Orai3 knockdown in both cell lines, concomitant with T47D specific 

decreases in cell viability (Figure 3.9 and Figure 3.8 respectively).  However, both the 

amount of Orai3 knockdown and the level of T47D cell viability decrease are more 

moderate for the case of siOrai3 delivery by PR_b functionalized polymer vesicles 

compared to the delivery by RNAiMAX.  Still, siOrai3 delivery by PR_b functionalized 
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polymer vesicles effect on average 22% knockdown of Orai3 expression and a 22% 

decrease in T47D cell viability, relative to siControl baselines.  Just as with the 

RNAiMAX case no measurable drop in cell viability is elicited in the breast cell line, 

MCF10A.  Although these results are not overwhelmingly positive for siRNA delivery by 

polymer vesicles, one must keep in mind that these are for a model OB block (non-

degradable) copolymer system and they can represent a first step toward future 

improvements and advancements in polymersome design tailored for the task of siRNA 

delivery.   
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Figure 3.10 Percent cell viabilities in MCF10A breast cells and T47D breast cancer cells 

after treatment with the indicated siControl formulations.  Cells were incubated with 50 

nM of siControl delivered as a formulation with the indicated delivery agents for 24 h at 

37 °C, after which the cell media was refreshed and incubation continued.  Cell viability 

was quantified using the MTT assay at 72 h after siControl delivery.  Data is the mean ± 

standard error of 3 separate experiments (n=3), with each experiment performed in 

quadruplicate.  Cell viabilities are normalized with respect to untreated cells.  The 

formulations of delivery agents tested were: siRNA free in solution without the aid of any 

delivery agent (siControl), siRNA complexed with the RNAiMAX commercial 

transfection agent (siControl + RNAiMAX), siRNA encapsulated within non-

functionalized polymer vesicles (0% PR_b siControl), PR_b functionalized vesicles 

encapsulating siRNA (20% PR_b siControl), and non-functionalized and PR_b 

functionalized ―empty‖ vesicles (0% PR_b and 22% PR_b (no siRNA)).  The percentages 

of PR_b functionalization shown are mol%.  Students t-test statistical analyses were 

performed and the statistical significances notated († p > 0.05, * p < 0.05, ** p < 0.01, 

*** p < 0.001).  P-value markers directly above each column indicate the statistical 

significance between that column and untreated cells, while markers over brackets 

indicate the statistical significance between the two bracketed columns.   
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Figure 3.11 Percent knockdown of Orai3 in MCF10A breast cells and T47D breast 

cancer cells after treatment with the indicated siControl formulations.  Cells were 

incubated with 50 nM of siControl delivered as a formulation with the indicated delivery 

agents for 24 h at 37 °C, after which the cell media was refreshed and incubation 

continued.  Orai3 knockdown was quantified using qRT-PCR at 48 h after siControl 

delviery.  Data is the mean ± standard error of 4 separate experiments (n=4), with each 

experiment performed in duplicate.  Percent Orai3 knockdowns are normalized with 

respect to untreated cells.  The formulations of delivery agents tested were: siRNA free in 

solution without the aid of any delivery agent (siControl), siRNA complexed with the 

RNAiMAX commercial transfection agent (siControl + RNAiMAX), siRNA 

encapsulated within non-functionalized polymer vesicles (0% PR_b siControl), PR_b 

functionalized vesicles encapsulating siRNA (20% PR_b siControl), and non-

functionalized and PR_b functionalized ―empty‖ vesicles (0% PR_b and 22% PR_b (no 

siRNA)).  The percentages of PR_b functionalization shown are mol%.  Students t-test 

statistical analyses were performed and the statistical significances notated († p > 0.05).  

None of the control formulations produced a statistically significantly difference (p > 

0.05 for all) in siOrai3 expression compared to the untreated cells, as indicated by the 

overarching all-inclusive bracket. 
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Figure 3.10 and Figure 3.11 show the percent cell viabilities and Orai3 

knockdowns respectively, relative to untreated cells for each of the control cases, both 

siControl formulated with varying delivery agents and ―empty‖ polymer vesicles 

containing no siRNA.  First, it must be pointed out than none of the control cases 

produced a statistically significant knockdown in Orai3 expression (Figure 3.11) 

compared to the untreated cells as indicated by the overarching all-inclusive bracket in 

this figure.  This is unsurprising given that siControl is designed to give minimal off-

target knockdown of gene expression, and certainly no Orai3 knockdown could be 

expected for ―empty‖ polymer vesicles, since no siRNA is delivered.  Likewise, for all 

the control formulations except the RNAiMAX transfection agent (siControl + 

RNAiMAX) no statistically significant decrease in cell viability is observed compared to 

the untreated cells (Figure 3.10).  Corroborating previous reports in the literature 

concerning the biocompatibility and non-toxic nature of OB polymer vesicles, ―empty‖ 

polymer vesicles, both non-functionalized (0% PR_b (no siRNA)) and PR_b 

functionalized (22% PR_b (no siRNA)), were found to have no effect on the cell viability 

of either cell line.
18,52,114

  In addition, encapsulation and deliver of control siRNA by 

polymer vesicles (0% PR_b siControl and 20% PR_b siControl) also were found to have 

no statistically significant effect on cell viability compared to the untreated cells.  In 

Figure 7B it was seen that PR_b functionalized polymer vesicles are capable of 

delivering siRNA at moderate levels so that it is likely that siControl is being delivered to 

the cells for this case in Figure 8 as well.  The levels of siControl delivered to cells by 
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PR_b functionalized polymer vesicles appear then to have no significant effect on the 

viability of either cell line.   

In contrast to all the other control cases shown in Figure 3.10, the RNAiMAX 

transfection agent complexed with siControl (siControl + RNAiMAX) produced an 

approximately 19% drop in cell viability for both MCF10A non-cancerous breast cells 

and T47D breast cancer cells.  It is unclear from this data whether this decrease in cell 

viability derives from the RNAiMAX transfection agent itself or from the delivery of 

siControl, or as is more likely a combination of the two.  It should be noted that others 

have observed similar levels of toxicity for the RNAiMAX transfection agent, and in fact 

among the variety of commercial siRNA transfection agents currently available, 

RNAiMAX is recognized as one of the least toxic and most effective.
212–218

  Figure 3.10 

clearly shows that RNAiMAX complexed with siControl (siControl + RNAiMAX) gives 

some moderate toxicity in both cell lines as compared to both untreated cells and delivery 

of siControl by PR_b functionalized polymersomes (20% PR_b siControl), but it is 

uncertain to what extent this difference in toxicity derives from the differing levels of 

siRNA delivery for these two formulations.  Ideally one would like to measure the cell 

viabilities resulting from RNAiMAX delivered alone without siRNA to assess the 

inherent toxicity of the delivery agent itself, similar to what was done with ―empty‖ 

polymer vesicles. This experiment was attempted, however an accurate measure of the 

toxicity of RNAiMAX alone could not be obtained.  Since the RNAiMAX transfection 

agent forms a complex with siRNA in solution, and it is this tightly bound complex that 

delivers to the cells, delivery of the RNAiMAX reagent alone (i.e. un-complexed, without 
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any siRNA) is inherently different and does not interact with cells in a similar manner, 

and thus does represent a valid measure of RNAiMAX toxicity. 

3.4 Conclusion 

The ability of peptide functionalized OB polymer vesicles to deliver siRNA to 

T47D breast cancer cells was investigated, and compared to that with MCF10A breast 

cells.  Both GRGDSP and PR_b peptide functionalized polymer vesicles were found to 

effectively deliver to both cell lines, however PR_b functionalized vesicles gave 

significantly higher levels of delivery.  In addition, PR_b functionalization of polymer 

vesicles resulted in significantly more delivery of encapsulates to cancerous T47D cells 

as compared to MCF10A cells.  Confocal microscopy with endosomal and lysosomal 

intracellular organelles stained for visualization of colocalization revealed that PR_b 

polymer vesicles, upon internalization, are passaged through the endosomes and 

lysosomes.  The polymer vesicle encapsulate was most colocalized with early 

endosomes, and it was also found that the majority of encapsulate release from polymer 

vesicles occurs in the early endosomes.  Also some evidence of organelle escape was 

observed.  siRNA molecules were then effectively encapsulated within polymer vesicles, 

and delivered to these cell lines.  The Orai3 gene was targeted for siRNA knockdown, 

because a recent report in the literature indicated that knockdown of Orai3 could have a 

differential effect on cell viability for breast cancer cells, as opposed to non-cancerous 

breast cells.
178

  Delivery of siRNA targeting the Orai3 gene, siOrai3, by PR_b 

functionalized polymer vesicles gave Orai3 knockdown in both cell lines, but decreased 

T47D, breast cancer cell viability while having no measurable negative effect on the 
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viability of MCF10A, breast cells.  Compared to the highly effective commercial 

transfection agent, Lipofectamine™ RNAiMAX, Orai3 knockdown by PR_b 

functionalized polymer vesicles is admittedly moderate, however lower toxicity was 

observed for the delivery of siRNA by polymer vesicles as opposed to by RNAiMAX.  

Although both encapsulate release from polymer vesicles and encapsulate escape from 

acidic organelles was observed, neither was highly prevalent.  These factors likely 

contribute to the only moderate levels of Orai3 knockdown observed for PR_b 

functionalized vesicles, even though these vesicles were found to be very effectively 

internalized by the cells.  However the results shown here are promising, considering that 

these OB polymer vesicles are a first generation model non-degradable polymer vesicle 

system.  Future improvements could likely be achieved for siRNA delivery by polymer 

vesicles by designing block copolymers that would more effectively release encapsulates 

and facilitate endosomal escape.   
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4 Experimental Details 

4.1 Poly(1,2-butadiene)-b-Poly(ethylene oxide) Block Copolymer 

Synthesis 

The synthesis of poly(1,2-butadiene)-b-poly(ethylene oxide) (OB) block 

copolymers was achieved through two sequential syntheses.
127

  First a poly(butadiene) 

(PB) homopolymer was synthesized by living anionic polymerization; then, after 

purification and workup of the PB polymer, a poly(ethylene oxide) (PEO) block was 

grown off the end of the PB chain.  This resulted in a linear amphiphilic block copolymer 

with low poly dispersity index (PDI).   

4.1.1 Poly(1,2-butadiene) Synthesis 

Poly(butadiene), PB, is formed from the monomer 1,3-butadiene, the simplest 

conceivable conjugated diene.  Butadiene is efficiently polymerized by a variety of 

different mechanisms: radical, anionic, cationic, or with Ziegler-Natta like catalysts.  

Anionic polymerization of butadiene was chosen in this case because it can produce PB 

with low PDI and controlled structural isomerism, as well as providing a simple means of 

quantitatively end functionalizing the PB.   

The polymerization scheme for poly(1,2-butadiene) is shown in Figure 4.1.  

Polymerization of 1,3-butadiene was carried out in tetrahydrofuran (THF) under an inert 

Argon atmosphere with sec-butyl lithium as an initiator.  All reaction vessels, reactants, 

and solvents were rigorously purged of air and moisture because both water and O2 can 

terminate the growing chain.  THF was obtained dry and degassed after passing through a 

home built solvent purification system consisting of activated alumina columns.
219

  

Approximately 20 ml of THF were used for each gram of butadiene used.  The initiator, 
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sec-butyl lithium in hexane was stored in a dry box and transferred to the reactor with a 

gas tight syringe.  The monomer, 1,3-butadiene was purified twice over n-butyl lithium to 

remove all terminating agents and then transferred to the reactor.  The polymerization 

was allowed to proceed for 5 h at -50 °C with constant stirring.   

The amount of initiator used was chosen to target a specific degree of 

polymerization and was determined by assuming quantitative initiation and living 

propagation.  The concentration of initiator was analytically determined by NMR 

referenced to a known amount of 1,5-cyclooctidiene immediately prior to initiation.   

The polymerization asymptotically approaches complete conversion without 

measurable termination of the reactive chain end, at which point a large excess of 

purified ethylene oxide (EO) monomer was added to the reaction mixture.  Because 

lithium counter ions rapidly and strongly bind to any activated EO chain ends, essentially 

only a single ethylene oxide monomer adds to the PB chain end.
220,221

  The reaction was 

left at room temperature for 20 h to ensure complete and quantitative addition of EO to 

the end of the PB chain.  To terminate the chain an excess of methanol with 1% (v/v) 

hydrochloric acid was added to the reaction mixture and allowed to react for 30 minutes.   
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Li + n
THF

-50°C, 5 hr.
Li

n-1

O
1. excess

25°C, 20 hr.

2. MeOH, H+

OH

n

sec-butyl
lithium

1,3-butadiene

1,2-polybutadiene (PBD)  

Figure 4.1  Reaction scheme for the synthesis of poly(1,2-butadiene). 

 

Like most dienes butadiene can polymerize to yield varying structural isomers.  

Neglecting the possibility of head-to-head, as opposed to head-to-tail addition, which is 

thermodynamically and kinetically favored, there remain three distinct forms of repeat 

units that are possible, as shown in Figure 4.2.  Two forms of monomer addition exist; 

1,2 addition is where the growing chain attacks the first carbon in butadiene and the 

second carbon goes on to react with another monomer, and 1,4 addition is where the first 

carbon is attacked and the fourth becomes activated through rearrangement and goes on 

to react with another monomer.  In 1,4 addition the repeat unit can be in either the cis or 

trans configuration.   

n

butadiene

*

*

n1,2 addition

n
*

n
1,4 addition

1,2-poly(butadiene)

*

1,4-poly(butadiene)  

Figure 4.2  1,2 vs. 1,4 addition of butadiene. 
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Typical industrial PBD, like that used in tires, consists of mainly 1,4 additions.  

The long linear sections in 1,4-poly(butadiene) favor chain packing and therefore 

crystallization.  Therefore 1,2 addition is desirable for formation of polymer vesicles 

because it exhibits a low glass transition and crystallization temperature.  The short side 

chains of poly(1,2-butadiene) break symmetry and prevent close packing of the chains, 

thus disfavoring crystallization and the glass transition.   

The structural isomerism of the poly(butadiene) chain is controlled mainly by the 

choice of solvent.
222,223

  In general a more polar solvent favors 1,2-addition.  

Tetrahydrofuran was used because it is reasonably polar, but lacks strongly electrophilic 

groups which would terminate the polymerization.  The low temperatures used were to 

ensure that the polymerization proceeds in a controlled manner.  More polar solvents, 

such as THF, accelerate the polymerization kinetics by increasing the concentration of 

free anions and preventing anion aggregation by solvating them more effectively.
224

  The 

polymerization scheme shown in Figure 4.1 for example gave approximately 92% 1,2-

addition.   

After the polymerization was terminated with acidic methanol, the PB 

homopolymer was recovered by rotovapping the THF solvent off and drying under high 

vacuum (on the order of 100 mTorr).  The polymer was dissolved in dichloromethane and 

impurities were removed by extraction against aqueous solutions.  Extraction was 

performed twice against a saturated sodium bicarbonate solution and at least three times 

against distilled water.  The recovered polymer rich dichloromethane phase was then 
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rotovaped and dried under vacuum.  To remove any traces of water the polymer was 

dissolved in benzene and freeze-dried azeotropically under high vacuum.  The recovered 

dry polymer was stored under Argon at -25 °C.  The quality of purification is evident by 

the clarity of the final PB polymer.  When salts remain in the sample the polymer will 

have a yellowish hue, however these salts appear to have little effect on future syntheses 

so rigorous purification may not be essential.  PB number average molecular weight (Mn) 

and fraction of 1,2 addition was determined by NMR spectroscopy and end-group 

analysis, as indicated by the NMR peak assignment shown in Figure 4.3.  Size exclusion 

chromatography (SEC) was used to determine the PDI and the weight average molecular 

weight (Mw) of the polymers. 

 

Figure 4.3  
1
H NMR peak assignments for -hydroxyl PB in CDCl3. 
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4.1.2 Poly(ethylene oxide) Block Synthesis 

While many block copolymer syntheses can be accomplished by sequential 

addition of different monomers, the synthesis of OB block copolymers in this manner is 

not convenient.  This is because the activated EO chain end rapidly and strongly 

associates with the lithium counterion in the PB synthesis, and the activated anionic chain 

end of EO is not nucleophilic enough to initiate polymerization of dienes.
220,221

  There 

has been some limited success in the sequential polymerization of dienes and ethylene 

oxide using either crown ethers or phosphazene base to sequester the free lithium ions in 

the reaction medium, but these techniques have not been extensively developed.
225–227

  

Thus, OB block copolymers were synthesized in two sequential synthetic steps.   

First a mono-hydroxyl substituted poly(butadiene) homopolymer was synthesized 

as discussed above, then this PB homopolymer was converted in-situ to a macroinitiator 

from which ethylene oxide was polymerized, as shown in Figure 4.4.   

OH

n

hydroxyl terminated
1,2-polybutadiene

+ K THF

45°C

potassium naphthalenide
initiator

O

n

K O

45°C, 20 hr.

2) MeOH, H+

O

OH

polybutadiene macroinitiator ethylene
oxide

n m-1

hydroxyl terminated PBD-PEO
block copolymer

THF

+ m

 

Figure 4.4  Reaction scheme for the polymerization of the poly(ethylene oxide) block in 

OB diblock copolymer. 

 



 

 114 

Hydroxyl terminated PB was dissolved in benzene and then freeze dried in the 

reactor that will be used for poly(ethylene oxide), PEO, synthesis.  This rigorously 

removed moisture from the reactor and the PB homopolymer.  THF was obtained dry and 

degassed after passing through a home built solvent purification system consisting of 

activated alumina columns.
219

  Approximately 20 ml of THF for every gram of final 

polymer was added to the reactor and the PB was allowed to dissolve completely.  The 

ethylene oxide (EO) monomer was freeze pump thawed to remove oxygen and purified 

twice using Butyl-MgCl, then stored in a dry-ice bath.  Potassium naphthalenide initiator 

was titrated into the reactor until a light green color persisted, indicating that all the PB 

hydroxyl groups had been converted to the corresponding potassium alkoxide salts.  The 

purified EO monomer was added to the reactor and proceeded to polymerize from the 

anionic PB macroinitiators.  The reaction was allowed to proceed for 20 h at 45 °C, after 

which acidic methanol was added to terminate the polymerization.   

The resulting diblock copolymer was further processed and purified before storage.  

The THF solvent was completely removed, first by rotovapping and then by drying under 

high vacuum.  The dry polymer was then dissolved in dichloromethane and extracted 4-5 

times, first against saturated sodium bicarbonate solution, then against brine, and finally 

against distilled water to remove salts.  The final recovery of polymer rich 

dichloromethane was rotovapped and then dissolved in benzene for freeze drying.  

Finally the purified dry polymer was stored under Argon at -25 °C.  The final OB block 

copolymer was characterized by NMR and SEC, in similar fashion to the PB 

homopolymer.  To separate peaks and clarify the NMR spectra of OB -hydroxyl groups 
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were reacted with trifluoroacetic anhydride directly before NMR analysis and within the 

NMR tube.  Trifluoroacetic anhydride reacts quantitatively at room temperature in 

chloroform with primary alcohols, as shown in Figure 4.5.  This pushes the chemical 

shifts of the 2 methyl protons closest to the hydroxyl group up from ~3.65 to ~4.4 ppm.  

The NMR peak assignments used for hydroxyl terminated OB are shown in Figure 4.9A. 

C
H2

OH + C
H2

OCCF3

O

+ CF3COOHCF3COCCF3

O O

 

Figure 4.5  Reaction of α-hydroxyl groups with trifluoroacetic anhydride shifts the 

corresponding methyl protons up to approximately 4.4 ppm. 

 

4.1.3 End-Group Functionalization 

The termination step shown in Figure 4.4 results in a hydroxyl group at the end of 

the PEO chain.  The PEO block can be easily functionalized with a variety of different 

functional groups.  A number of different end-group functionalization reactions were 

attempted on OB block copolymers as we sought for a convenient chemistry for peptide 

conjugation onto OB block copolymers, including carboxyl end-capping followed by n-

hydroxysuccinimide conjugation and thiophenol end-capping followed by native 

chemical ligation.  End-capping with a carboxyl group was easily achieved by reaction 

with succinic anhydride, as shown in Figure 4.6.
226

  A five times excess of purified 

succinic anhydride was dissolved in a small amount of dry THF and then added to the 

reactor.  As shown in Figure 4.6 only one succinic anhydride was added per chain end.  

To remove the excess succinic anhydride two extractions against 10% hydrochloric acid 

solution were rapidly performed before other extractions.  The acidic solution hydrolyzes 

the succinic anhydride making it more water soluble.  Carboxyl end-capped OB polymer 
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was conjugated with peptide ligands by reaction with N-hydroxysuccinimide, followed 

by conjugation onto a peptide ligand bound to a solid support using standard solid phase 

peptide synthesis techniques, as described previously.
118,228,229

  However, this conjugation 

procedure gave extremely low yields, was kinetically very slow (requiring many days of 

reaction with the peptide on the solid support), and did not allow for conjugation of 

peptides after polymer vesicle formation.  So it was forgone for a more novel peptide 

conjugation scheme utilizing azide-alkyne ―click‖ chemistry. 

O

O
n m-1

PBD-PEO anion

K

O

O

O

1. Excess

45°C, 1 hr.

2. MeOH, H+

O

n m
OH

O

O

PBD-PEO-COOH

 

Figure 4.6  Carboxyl end functionalization of OB using succinic anhydride 

 

It was found that an alkyne functional group can also easily be end-capped onto a 

living OB block copolymer, as shown in Figure 4.7.  In similar fashion to carboxyl end 

functionalization with succinic anhydride, propargyl bromide was added, as purchased, in 

excess to the living OB chain to terminate the polymerization and end-cap the polymer 

with an alkyne group.  Propargyl bromide was added at 45 °C and allowed to react for 1 h 

before the OB polymer was recovered and purified as described previously.  Alkyne end-

group functionalization proceeded quantitatively, as determined by NMR, but for reasons 

that will be discussed later was not extensively investigated.  Instead, azide end-group 
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functionalized OB was chosen for the ―click‖ chemistry conjugation of peptides onto 

polymer vesicles. 

 

Figure 4.7  Alkyne end functionalization of OB using propargyl bromide 

 

Functionalization of OB with an azide group was achieved through a two step 

sequential synthesis performed on hydroxyl terminated OB block copolymer.  The 

hydroxyl end group of the OB polymer was replaced with an azide group via mesylation 

followed by reaction with sodium azide, as shown in Figure 4.8.  OB diblock was 

dissolved in dichloromethane (DCM) at a concentration of 10 mM to which a 5 times 

excess of triethylamine was added.  The solution was cooled to 0 °C, a 2.5 fold excess of 

methanesulfonyl chloride (mesyl chloride) was added dropwise, and the mixture was 

stirred overnight at room temperature (RT).
128,129

  The resulting mesylated OB polymer, 

OB polymer with a methanesulfonyl end-group in the place of the hydroxyl end-group, 

was recovered by rapid washes with cold distilled water, slightly acidic water (10% (v/v) 
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HCl in distilled water), saturated sodium bicarbonate solution, and finally brine (saturated 

NaCl solution).  Dry polymer was recovered by rotary evaporation, followed by vacuum 

distillation from a benzene solution.   

 

Figure 4.8 Azide end functionalization of OB by mesylation followed by reaction with 

sodium azide, and the ―click‖ chemistry conjugation of a peptide to azide functionalized 

OB block copolymer. 

 

 

 In the second step of the synthesis, this mesylated OB polymer was reacted with 

sodium azide to give azide end-capped OB diblock.  All dichloromethane must be 

rigourously removed from the polymer, as it will readily react with sodium azide to form 

a potentially explosive compound.  Dry mesylated OB was dissolved in N,N-

dimethylformamide (DMF) at a concentration of 8 mM and a 3 times excess of sodium 

azide was added.  The reactor was charged with Argon, heated to 65 °C, and stirred 

overnight.  To sequester any unreacted sodium azide before adding DCM a 5 fold excess 

of 3-bromopropionic acid was added and the reactor stirred overnight.  DMF was 

removed by vacuum distillation at 65 °C, and the resulting polymer was washed and 

recovered as before.  Quantitative addition of the azide end group to form OB-N3 was 

confirmed by 
1
H NMR, as shown in Figure 4.9.   
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Figure 4.9  1
H NMR spectra of OB (A), and OB-N3 (B) diblock copolymers in CDCl3 + 1% 

(v/v) trifluoroacetic anhydride. 
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4.2 Poly(ethylene oxide)-b-poly(γ-methyl-ε-caprolactone) Synthesis 

Although further research with poly(ethylene oxide)-b-poly(γ-methyl-ε-

caprolactone) (PEO-PMCL or OMCL for short) was not pursued, some preliminary 

synthetic work was conducted with this polymer.  This section records the results of that 

synthetic work.   

 

Figure 4.10 Synthetic scheme for the anionic polymerization of OMCL from an α-

methyl-poly(ethylene oxide) (mPEO) macroinitiator in tetrahydrofuran (THF) at 60 °C.  

 

OMCL, like the OB block copolymer, is synthesized in a two step process, this 

time growing the PMCL block off of a PEO macroinitiator, as shown in Figure 4.10.  The 

initial synthesis of this block copolymer was performed primarily following the work of 

Zupancich et al.
227,230

  Alpha-methyl-poly(ethylene oxide), in this case purchased from 

Sigma Aldrich, was dissolved in benzene and then freeze dried in a high pressure thick 

walled glass reactor.  Tri-ethyl aluminum at a 1.1 fold molar excess along with pyridine 

at 3.3 fold molar excess was added to deprotonate the hydroxyl PEO chain end, and the 

reactor was heated to 60 °C.  The initiating system was maintained at 60 °C for 1 h to 
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give all the PEO chains adequate time to initiate, then γ-methyl-ε-caprolactone (MCL) 

monomer was added and the reaction stirred for 20 minutes at 60 °C.  At exactly 20 

minutes the reaction was terminated by adding acidic methanol.  The reaction must be 

terminated before reaching 100% conversion to avoid the transesterification reaction 

which acts to increase PDI.  The 20 minute time point was reported to give ~60% 

conversion at 60 °C in THF, and this was found to hold true experimentally.  A polymer 

close to the desired OMCL polymer was synthesized.   

 

Figure 4.11 Size exclusion chromatography (SEC) elution curves for the precursor PEO 

polymer (O1) and the OMCL diblock copolymer (OMCL 1-1) synthesized in THF at 60 

°C.   

 

However, in our experience these reaction conditions left a significant fraction of 

the PEO unreacted, as shown by the SEC elution curves in Figure 4.11.  Additionally it 
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was observed, that even upon heating to 60 °C, the PEO homopolymer was not easily 

dissolved in THF.  We suspected that solvation issues, and potentially the formation of 

small PEO aggregates in THF could be the cause of the unreacted PEO.  A literature 

search revealed similar solvation concerns for this synthesis by the Jérôme research group 

in Belgium, and corroborated our expectations that dichloromethane (DCM) could be a 

more suitable solvent for this polymerization.
231–236

  The use of DCM, a very good 

solvent for PEO, also allowed the temperature of the reaction to be lowered and therefore 

the reaction to be carried out in a more controlled manner, as shown in Figure 4.12.   

 

Figure 4.12 Synthetic scheme for the anionic polymerization of OMCL diblock 

copolymer in dichloromethane (DCM) at 20 °C.   

 

In fact the reaction was slowed down enough that real time tracking of the progress 

of the reaction could be carried out using NMR.  At regular intervals a small aliquot was 

taken from the reactor and directly analyzed by NMR.  Comparing the peak integrals 

deriving from the monomer (δ 2.56-2.71) to that deriving from the PMCL backbone (δ 
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2.3) allowed for a simple calculation of percent conversion of the polymerization.  

Reaction termination at 22-24 h was found to give ~70% conversion of monomer to 

polymer under these conditions, and more importantly polymerization in a DCM solvent 

gave essentially uniform polymerization from all PEO macroinitiators, as evidenced by 

the resulting SEC elution curves shown in Figure 4.13. 

 

Figure 4.13 Size exclusion chromatography (SEC) elution curves for the precursor PEO 

polymer (O1) and the OMCL diblock copolymer (OMCL 1-2) synthesized in DCM at 20 

°C. 

 

4.3 Peptide Functionalization of Polymer Vesicles 

Peptide functionalization of polymer vesicles was achieved by azide-alkyne ―click‖ 

conjugation of peptides onto pre-formed polymer vesicles.  It is thought that conjugation 

of peptides onto pre-formed polymer vesicles is advantageous to conjugating peptides 
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onto block copolymers and then attempting to form polymer vesicles in solution.  Past 

evidence indicates that the non-ergodic nature of OB morphology evolution in aqueous 

solutions allows for polymer vesicles to be predictably formed by a single block 

copolymer to which multiple different peptide ligands can be conjugated.
48,53

  Thus, 

unexpected morphological shifts deriving from the conjugation of a large peptide, such as 

PR_b, onto the OB block copolymers can be averted.   

The ―click‖ conjugation reaction was carried out as stated in Chapter 3, between 

azide end-capped OB polymer chains and alkyne end-capped peptides.  Azide end-

capped OB polymer was synthesized and the click reaction was carried out as shown in 

Figure 4.8.  Alkyne end-capped peptides were synthesized by reaction of the peptide 

chain, still attached to its solid support with side groups protected, with 4-pentynoic acid 

using standard FMOC solid phase peptide synthesis chemistry, as detailed in Chapter 2.   

The alternate strategy involving conjugation of azide functionalized peptides onto 

alkyne functionalized OB polymer chains was also attempted.  Alkyne end-capped OB 

polymer was synthesized as shown in Figure 4.7.  Azide end-capped peptide was 

synthesized by addition of 3-bromoproprionic acid to the growing peptide chain on its 

solid support using standard solid phase peptide synthesis chemistry, followed by 

cleavage, deprotection, purification, and reaction of the peptide with a slight excess of 

sodium azide in DMF at 65 °C overnight.  Ultimately this route to peptide functionalized 

polymer vesicles was dropped for a combination of reasons.   

Firstly, some evidence of polymer vesicle aggregation was observed when the 

―click‖ copper catalyst system was added to aqueous polymer vesicle dispersions of 
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100% alkyne functionalized OB polymer (lower alkyne functionalization levels were not 

assessed).  A TEM image of alkyne end-capped OB polymer vesicles exposed to the 

copper catalyst system for over a week is shown in Figure 4.14.  One can see how 

polymer vesicle surfaces seem to be favorably adhering to one another in this image.  

However, it is unclear how much the concentrating and confinement of these polymer 

vesicles by TEM sample preparation including blotting is responsible for the close 

packing of vesicles that is observed.   

 

Figure 4.14 Transmission electron microscopy (TEM) image of alkyne end-capped OB 

polymer vesicles after exposure to the copper catalyst conditions used in ―click‖ 

chemistry conjugation of peptides. 

 

Alkyne-alkyne homocoupling was one possible explanation for this aggregation 

behavior, however this was found to be unlikely, given that aggregates could be readily 

broken up by gentle sonication.  Also, more authoritatively OB polymer was recovered 

from vesicle dispersions before and after addition of the copper catalyst system and run 
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trough SEC.  In this experiment no discernable change in OB block copolymer size was 

observed.   

Secondly, only low peptide conjugation yields were achieved with this conjugation 

scheme.  It is thought that aggregation as well as the hydrophobic alkyne OB end-group 

not being readily available for reaction at the periphery of the PEO brush layer were the 

causes for this low yield.  Non-optimal ―click‖ chemistry reaction conditions could have 

also contributed to the low yield, as the reaction conditions were further refined after 

dropping this peptide conjugation scheme.  In particular, the switch from using calcein as 

the fluorescent vesicle encapsulate to using carboxyfluorescein was later found to be 

highly advantageous.  Calcein is a good ligand for most divalent cations including Cu
2+

, 

and readily sequesters copper, thus preventing the copper catalyzed ―click‖ conjugation 

reaction from proceeding.
237,238

   

Because of these difficulties, the conjugation of alkyne end-capped peptides to 

azide functionalized polymer vesicles was selected.  The level of peptide conjugation was 

quantified by determining both the peptide concentration and the polymer concentration 

of each polymer vesicle sample.   

The concentration of peptide in a polymer vesicle dispersion was assessed 

fluorescently by way of a fluorescamine assay.  Fluorescamine reacts rapidly with any 

free primary amines in solution to give a fluorescent conjugate (ex/em 390/475 nm).  

This reaction occurs very rapidly, with a half-life at room temperature of 100-500 

ms.
135,136,239

  Additionally, fluorescamine decomposes in the presence of water to form 

non-fluorescent degradation products.  The degradation of fluorescamine occurs 
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somewhat less rapidly than its reaction with free amines, with a half-life of 5-10 s.  Thus, 

upon addition of a large excess of fluorescamine to an aqueous sample fluorescence is 

generated in proportion to the number of amines in solution.   

Because fluorescamine degrades rapidly in the presence of water it was stored in 

dry acetone.  To react with any free primary amines in polymer vesicle samples, this 

concentrated fluorescamine solution was added rapidly to a small volume of polymer 

vesicle sample.  The exact procedure used is listed in Chapter 2.  A total volume of only 

100 μl was used to facilitate the rapid mixing that is needed to achieve accuracy with this 

assay.
134

  In addition, because fluorescamine reacts indiscriminately with any free 

amines, care was taken to not allow outside sources of primary amines other than from 

the peptide into the sample.   

Some small changes to the fluorescamine assay were found to improve its accuracy 

when analyzing polymer vesicle samples.  The inclusion of the surfactant Trition X-100 

at a level of at least 5% (v/v) breaks up the polymer vesicles and clarifies the solution.  It 

is not necessary, however when applicable it was found convenient because issues of 

polymer vesicle buoyancy were not a concern and achieving a homogeneous distribution 

of fluorescence in the cuvette was simple.  Additionally, when a fluorophore was 

encapsulated within polymer vesicles (e.g. carboxyfluorescein), photobleaching of this 

fluorophore by exposing the polymer vesicle sample to light for 1 week before reacting 

with fluorescamine was found to slightly decrease noise in the fluorescamine assay 

results.  Finally, the fluorescence observed from conjugated fluorescamine is somewhat 

dynamic, increasing in the first ~1 h then decreasing after ~3h.  This means that the 
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fluorescence of fluorescamine should always be measured at the exact same time interval 

after addition of fluorescamine to the sample (ideally 2 or 2.5 h after addition of the 

fluorescamine reagent).   

The concentration of polymer in each polymer vesicle sample was determined by a 

simple absorbance assay, as discussed in Chapter 2.  Polymer vesicle dispersions are 

opaque, even after extrusion, and the visible light absorbance of polymer vesicle samples 

was found to be essentially featureless, decreasing steadily with increasing wavelength.  

The wavelength of 575 nm was chosen because there was negligible interference from 

other common constituents in polymer vesicle samples (e.g. carboxyfluorescein, peptides, 

etc.).  The absorbance of polymer vesicles was observed to be essentially independent of 

size over the admittedly narrow size regime produced by separate extrusions through 200 

nm extrusion membranes.  The origin of this absorbance is speculated to derive from the 

condensed region of PEO that forms at the PB interface.  It has been shown that while the 

PEO chains of OB diblock copolymers do form hydrated brushes around polymer 

vesicles, in a region very near the PEO-PB interface PEO is actually in a condensed state 

where water is essentially excluded.
113,240

  Indeed, even dispersions of polymer micelles 

formed from OB diblock copolymers, which are only ~10-20 nm in diameter, are seen to 

be opaque, lending credence to this assertion.  A final point concerning the details of 

conducting this absorbance assay, the dilute polymer vesicle sample was always well 

mixed and then absorbance measured within 5 minutes of mixing, to ensure a 

homogeneous sample was measured. 
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4.4 siRNA Encapsulation within Polymer Vesicles 

Relatively high levels of siRNA encapsulation were achieved by forming 

concentrated dispersions of polymer vesicle and by rigorously protecting siRNA samples 

from ribonucleases (RNase).   siRNA was encapsulated in polymer vesicles by simple 

film hydration at a relatively high polymer concentration of 5% (w/w).  Based on the 

lyotrophic phase behavior studies of OB diblock copolymer systems it may be possible to 

go to higher weight percentages of polymer, however at 5% (w/w) the dispersion was 

already beginning to become noticeably more viscous and extrusion of samples by hand 

was increasingly difficult.
203,241,242

  One potential alternative in this regard may be an 

alternative method of extrusion, involving passage through hollow fibers.
243

   

RNase is ubiquitous; it is on our skin, on surfaces, in our breath, and in dust.
244

  In 

addition, RNase will rapidly degrade any RNA it comes in contact with including siRNA 

molecules.  So that siRNA must be rigorously protected from exposure to RNase.  All 

solutions were either purchased RNase free or treated with diethylpyrocarbonate (DEPC), 

which degrades active RNase molecules.  Treatment with DEPC involved adding 0.1% 

(v/v) DEPC to an aqueous solution followed by overnight incubation at 37 °C, and then 

autoclaving.  Tubes and pipet tips were purchased RNase free from a reliable source, and 

pipet tips were filtered.  Whenever RNA was being worked with, surfaces were wiped 

down with a 10% (v/v) bleach solution in milli-Q water, and gloves were regularly 

changed.   

Once siRNA is encapsulated within polymer vesicles we found it to be quite stable, 

however care must be taken to protect siRNA from RNase when forming the polymer 

vesicles.  The glass vials in which polymer vesicles were formed were tightly capped 
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with aluminum foil and heated in a kiln to 570 °C.  The stir-bars used were washed 3 

times each with chloroform, tetrahydrofuran, and RNase free water, then enclosed in a 

RNase free beaker (kiln heated) with aluminum foil and dried overnight at 250 °C.  Any 

metal instruments (e.g. weighing spatulas and tweezers) used to handle polymer or stir 

bars were first heated over a flame for ~15 s and allowed to cool before use.  siRNA in 

RNase free water with 5 μM RNAsecure (Ambion) was added to polymer films at a 

temperature of 60 °C, then immediately stirred for 15 minutes at 60 °C.  After this first 15 

minutes the temperature was lowered to 45 °C and the polymer vesicle samples were 

stirred for 2 days at this temperature, before being allowed to cool to room temperature.  

The RNAsecure enzyme degrades all different types of RNase and begins to be active at 

~45 °C, but is optimally active at ~60 °C.  These polymer vesicles were again heated to 

60 °C for extrusion.   

4.5 Cell Viability (MTT) Assay 

The optimized experimental procedure for the MTT cell viability assay is recorded 

in Chapter 3.  Here however are some more in depth experimental details concerning the 

MTT assay.   

The MTT assay was conducted on 96-well plates for incubation periods of 24-72 h.  

These long incubation periods present problems with un-even evaporation from the wells 

of the plate.  Even in the humidified environment of a cell incubator, using plates with 

lids, evaporation from exterior wells was found to be a significant source of error.  This is 

really a general concern for any plate experiment requiring a long incubation time.  To 

assess the effects of edge evaporation on the MTT assay a simple experiment was run.  A 
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96-well plate was uniformly seeded and treated so that edge effects could be clearly 

distinguished.  Each well was seeded with 5000 MCF10A cells per well in 150 μl 

DMEM/F12 media with only 2% (v/v) FBS.  Cells were incubated at 37 °C, 5% CO2 for 

72 h, then 15 μl of MTT reagent (4.75 mg/ml thiazolyl blue tetrazolium bromide in PBS) 

was added to each well, and the plate was incubated for 4 h more at 37 °C, 5% CO2.  A 

solubilizing solution of 75% DMSO:25% H2O (v/v) plus 5% SDS (w/v) was added to the 

plate (150 μl per well), and the plate was further incubated, protected from light, for 24 h 

at R.T.  Finally, the plate was shaken gently and the absorbance and background 

absorbance were measured at 570 nm and 690 nm respectively using a SpectraMax Plus 

spectrophotometer (Molecular Devices).  The results of this simple experiment can be 

seen in Figure 4.15.  From this analysis it was determined that plate edge effects could be 

significant and the inner 32 wells (C3:F10) were selected and used for all further MTT 

assays.  Exterior wells were filled with sterile PBS, to act as a stopgap for evaporation.  

For shorter incubation times and depending on the particular assay it is likely that 

experiments could be conducted utilizing all but the outer most wells, however from this 

analysis it seems likely that only experiments utilizing very short incubation times 

(around a few hours) should use the entire plate.   



 

 132 

 

Figure 4.15 Raw MTT data for absorbance (570 – 690) nm from a uniformly treated 96-

well plate, with coloration added to illustrate the effects of edge evaporation (green 

indicating high absorbance and yellow representing low absorbance) (A).  The average 

(B) and standard deviation of (C) absorbance (570 – 690) nm for varying numbers of 

inner wells included in the analysis.  The inner wells averaged over were as follows: 8 

wells (D5:E8), 12 wells (D4:E9), 32 wells (C3:F10), 48 wells (B3:G10), 60 wells 

(B2:G11), 96 wells (A1:H12).  Figure (C) simply plots the standard deviations shown as 

error bars in Figure (B). 

 

 

The other critical aspect of the MTT assay is the selection of the solubilization 

solution.  A range of different solubilization solutions have been reported in the literature, 

and we tested a number of these ourselves.
245–249

  MCF10A cells were seeded at a range 
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of different initial cells per well and incubated for 24 h at 37 °C, 5% CO2.  The MTT 

reagent was added as before and cells were further incubated for 4 h at 37 °C, 5% CO2, 

after which varying solubilization solutions were added to the wells (150 μl per well).  

MTT absorbance was measured at a range of time points and wavelengths and the 

performance of each solubilization solution was compared.  The optimal wavelength was 

found to be 570 nm with a background subtraction at 690 nm.  For all time points two 

solubilization solutions preformed best, 75% DMSO (dimethyl sulfoxide) + 25% milli-Q 

water (v/v) + 5% SDS (w/v), and 50% DMF (n,n-dimethylformamide) + 50% milli-Q 

water (v/v) + 20% SDS (w/v), 0.1 M HCl.  The best results were obtained at a 24 h time 

point after adding the solubilization solution, and this data is shown in Figure 4.16.  

Because the DMSO based solubilization solution gave slightly more linear results with 

slightly less variability, and because it was more convenient to prepare, it was chosen for 

use in future MTT assays.  An experimental detail that was learned is that because these 

solutions contain surfactants they tend to form bubbles when pipetted and these bubbles 

can be long lasting.  Therefore it was found to be advantageous to not ―push out‖ the tiny 

volume that remained at the very tip of the pipets when adding these solubilization 

solutions to the wells.  Finally, it should be noted that the MTT assay can be 

oversaturated by including too many cells per well.  For the optimized procedure 

discussed here saturation was found to be reached at ~50,000 cells per well, however 

whenever possible it is best to operate far below this limit.   
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Figure 4.16 Comparison of the performance of different solubilization solutions in the 

MTT assay. 
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It was found that a small amount of background absorbance, not accounted for by 

subtracting the absorbance at 690 nm, deriving from the OB polymer in each well.  This 

was accounted for by running a comparable assay (same incubation times, same 

solubilization solution) without cells but with polymer vesicles at varying concentrations.  

From this control experiment the background absorbance deriving from the OB block 

copolymer itself could be subtracted out of the MTT assay results before cell viability 

was calculated.  This was observed to be a small, but noticeable effect. 

Many other cell viability and cytotoxicity assays exist in addition to the MTT 

assay.  The sulforhodamine B (SRB) assay was also tried, and the MTT assay was found 

to be far superior, mainly due to the fact that washing is not required in the MTT 

assay.
250,251

  There are also a host of other ―second generation‖ MTT-like assays (e.g. 

WST, XTT, MTS) that do not require the use of a solubilization solution because the 

formazan dye that is formed is water soluble.  These would likely be more convenient 

and perform as well as, if not better, than the MTT assay, however they are significantly 

more expensive. 
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5 Conclusion 
Polymer vesicles functionalized with PR_b targeting peptides via ―click‖ chemistry 

are effective targeted drug delivery vectors.  The azide-alkyne ―click‖ Huisgen 

cycloaddition reaction was demonstrated to be a robust and versatile conjugation reaction 

for the functionalization of polymer vesicles with targeting ligands.  Polymersomes 

functionalized with the PR_b targeting peptide were shown to bind and internalize 

effectively into colon and breast cancer cells.  In all cases tested PR_b functionalized 

polymer vesicles were found to outperform GRGDSP functionalized and non-

functionalized polymer vesicles, both in terms of delivery efficacy and specificity, as 

shown by anti-α5β1 blocking studies and delivery to minimally α5β1 expressing cells.  

Additionally, peptide funcitionalized polymer vesicles were demonstrated to release the 

chemotherapeutic drug doxorubicin effectively and allow for at least limited release of 

more hydrophilic encapsulants such as siRNA.   

Future improvement to polymer vesicle drug delivery systems might include 

polymer vesicles that can more rapidly release upon internalization within an endosome 

or lysosome.  An attractive route to this release is disulfide bond breakage, because as 

opposed to polymer degradation as a release mechanism it should be orders of magnitude 

more rapid since it involves the catalyzed breakage of only a single bond rather than the 

breakage of many bonds.
217,252–254

  To allow for surface availiability of the disulfide 

bonds and avoid steric hinderance to their intracellular cleavage it may be advantageous 

to install them within the length of the PEO block of the polymer vesicle forming 
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diblock.  Then when the disulfide bond is broken the bilayer morphology would likely 

become unstable and collapse, realeasing the vesicle encapsulates.   
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