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1. 1. Nanoparticulated drug delivery carriers 

 The development of delivery methodology of medical agents to the specific 

diseased organs and cells is crucial for the therapy and diagnosis of patients so that it is 

one of the most crucial research subjects in this 21st century. Drug delivery system (DDS) 

is described as the system which enables providing a foreign medical agent to specific 

target organs, tissues as well as cells inside the body. These developed systems improve 

effectivity by incrementing the concentration of molecular agents at a target site as long 

as simultaneously reducing the toxicity by minimizing the off-targeted accumulation and 

clearance in vivo. There have been significant progresses in the development of 

therapeutic methods as well as novel imaging tools. 

 The major goal of the development of DDS carrier is circulating under the 

bloodstream stably, avoiding non-specific interactions with ingredients in the blood 

compartment, also with the reticuloendothelial systems (RES)1, as well as selectively 

exploding at the targeted disease tissue, which is followed by the internalization with 

targeted sites. Nanoparticulated DDS carriers achieve the low volume of distribution to 

non-targeted organs so as the extravasation of these carriers in healthy tissues is limited 

due to the stable and tight covering of blood vasculatures in these tissues1-6. 

Nanoparticulated DDS carriers with macromolecular characteristics also restrain their 

renal clearance from the kidney since the verge size for glomerular filtration is relatively 

50 kDa7, in other words 6 nm8, so that the half-life of loaded drugs is significantly 

extended. Furthermore, the modification of carriers with bioadaptable hydrophilic 

materials for example poly(ethylene glycol) (PEG) is crucial to escape from the 

recognition by opsonin proteins that facilitate the recognition and eradication of 

exogenous agents from the blood circulation system by the RES. PEGylation of 
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nanoparticulated DDS carriers results in reduced unspecific distribution and impaired 

pharmacokinetic features principally1, 9-10. Additionally, the size and the surface charge of 

the nanoparticulated carriers determines their biodistribution. Nanoparticles (NPs) with a 

diameter of smaller than 150 nm are inclined to accumulate to the liver on the other hand 

NP larger than 150 nm retained in the spleen11-12. NPs with the positively charged surface 

property are rapidly captured by the liver, spleen and lungs while neutral or negatively 

charged materials show prolonged blood circulation caused by much lower opsonization 

rate11. The translational clinical trial of some of nanoparticulated delivery systems 

supports the proposal to the development of effective therapeutic method13-15. Among 

these translational strategies, polymeric micelles have been demonstrating advantages for 

incorporating a various type of medical agents and overwhelming biological barriers 

locating on the way to the targeted tissue16. 

  

1. 2. Polymeric micelles for drug delivery 

 Precisely designed amphiphilic block copolymers spontaneously provide 

polymeric micelles with a core-shell phase separated construction with a hydrophobic 

inner core surrounded by a hydrophilic outer shell in aqueous media17. These amphiphilic 

block copolymers and their self-assemblages broadly have been explored from basic to 

applied science for several decades. This point of view has been motivated by the block 

copolymers characteristics such as narrow molecular weight distribution and 

compartmentalized segments for phase separation forming highly hierarchical structures 

like micelles, rods and vesicles. In addition to the fundamental understanding, polymeric 

micelles have been demonstrating great potential as DDS carrier due to its unique features. 

A hydrophilic shell constructed with PEG chains provides the solubility into the water via 
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steric stabilization and also harmoniousness with the biological system and a stealth effect 

in the bloodstream18-19. Systemically controlled the structure of a segment forming the 

core facilitates the structural stability of micelles and the ability to encapsulate a various 

type of medical agents such as drugs and imaging agents. Moreover, polymeric micelle 

are more stable and can maintain loaded drugs in it under the diluted condition in the 

biological system for longer time period in contrast to micelles from small surfactants20.  

 In particular, PEG-poly(amino acid) block copolymers, which are synthesized 

by the ring-opening polymerization of N-carboxy-anhydrides from a ω-terminal amine of 

PEG, have advantage to be prepared as a platform of DDS carrier for varying drugs 

because functional groups in the core-forming segments are useful to introduce drugs into 

the core. Different intermolecular driving forces for micellar formation are available, such 

as hydrophobic interactions21-23, electrostatic interactions24-27, metal complexation28-29 

and hydrogen bonding30. Additionally, the variety of the intermolecular interaction 

constructing core of polymeric micelles may regulate the prolonged circulation of 

polymeric micelles in the bloodstream. 

 

1. 3. Ligand-installed polymeric micelles 

 Polymeric micelles loading anti-cancer drugs with a diameter of several tens nm 

are most likely to selectively accumulate to tumor trough the enhanced permeability and 

retention (EPR) effect, which occurs from the hyperpermeable vasculature, active 

opening the vasculature walls of tumor tissues and the defective lymphatic draining from 

the tumors (Figure 1-1. (a))31-33. Recently, it has been indicated that certain histological 

features, like blood vessel biological process, compression of the vasculature, stroma and 

stiffness of tumor tissues, restrain the efficiency of EPR effect especially for bigger 
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polymeric micelles34. In addition, the effect of EPR on early metastatic tumors remains 

poorly understood and hydrophilic shells extend half-life of polymeric micelles in the 

bloodstream while impair the uptake to targeted cells, which is known as the “PEG 

dilemma”. Therefore, novel strategies should be developed to improve the accumulation 

of polymeric micelles into tumor tissues disregarding EPR and cellular internalization.  

 Installing ligands on the surface of nanoparticulated carriers with strong 

adsorptoin to unique cellular marker proteins on the targeted cells for the purpose of 

enhancing targeting and internalization of carriers to targets (Figure 1-1. (b))35-36. 

Ligand-installed nanoparticulated carriers can achieve improved tumor extravasation be 

recognizing markers in the tumor vasculature37-38, deeper penetration to the tumor39, 

increased cellular binding40-41 and uptake in the tumor and promoted intracellular 

delivery42. Furthermore, ligand-installed nanoparticulated carriers has great potential to 

overcome biological barriers in the vasculature and enable the extravasation and 

accumulation in impermeable tissues like brain. 
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Figure 1-1. Tumor targeting by nanoparticulated carriers (a) and ligand-installed 

nanoparticulated carriers (b)43 
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1. 4. Ligand-installed drug delivery targeting the blood-brain barrier 

 The vasculature barrier between the systemic circulation and the brain, which is 

known as the blood-brain barrier (BBB) is designed to secure the brain from exogenous 

pathogens. Nanoparticulated carriers installing ligand molecules has been developed for 

crossing the BBB for drug delivery to the central nervous system (CNS) and made 

significant progress because the BBB is a challenging obstruction for biofunctional 

molecules and imaging probes to deliver to the brain. The BBB is consisted with 

multicellular vasculature structure (for example capillary endothelial cells forming 

continuous intracellular tight junctions) (Figure 1-2.) consisting the interface between the 

blood circulation system and the CNS for the purpose of maintaining brain homeostasis 

and to regulate influx/efflux transport44. The BBB limitedly allows modest types of 

molecules to pass through, such as oxygen, small hydrophobic molecules (like ethanol), 

solutes (like nutrients) and specific proteins or peptides trough the receptor-mediated 

transcytosis45 (Figure 1-3.). Nevertheless, several diseases occur in the CNSsuch as 

Parkinson’s disease (PD) and Alzheimer’s disease (AD). It is essential to have the 

capability to deliver bioactive molecules or imaging agents to the brain for the 

development of therapeutic strategies for these CNS disorders. Recently, there has been 

explored several ligands which have binding affinity to endothelial markers for crossing 

the BBB, for example, transferrin (Tf) peptide binding to Tf receptors (TfRs)46, angiopep-

2 binding to low-density lipoprotein receptor-related protein-1 (LRP-1)47 and glucose 

transporter-1 (GLUT-1) antibody scFv binding to GLUT-148. 
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Figure 1-2. Cellular interplay at the BBB 

 

 

Figure 1-3. Key transport roles in BCECs 
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1. 5. Glucose-decorated polymeric micelle as drug delivery carrier to the brain 

 Emerging ligand strategies targeting membrane transporters by using the small 

molecules that pass through them have attracted much attention for developing 

nanoparticulated carriers capable of overcoming tissue and cellular barriers 49. Among 

the research on transporter-guided delivery, substantial efforts have been dedicated to 

develop glucosylated nanocarriers for targeting the glucose transporter (GLUT), as it is 

one of the most overarching membrane transporters due to its central roles in tissue 

homeostasis and diseases38, 50-51. For example, GLUT-1 is overexpressed on cancer cells 

to promote increased glycolysis rate of tumors, or on brain capillary endothelial cells 

(BCECs) for actively taking glucose due to the accelerated metabolism in the brain, and 

because otherwise glucose cannot pass through the tight BBB protecting theCNS. 

However, the development of glucosylated nanocarriers effectively targeting GLUT-1 is 

challenging as the binding affinity of glucose to GLUT-1 is low (KD = 3 mM) because it 

assumes channel transportation of glucose passing in or out of the cells 52 and the intrinsic 

glucose molecules in blood compete for the binding sites. 

 Recently, our lab have succeeded to use the GLUT-1 on BCECs for effectively 

overcoming the BBB by developing polymeric micelle decorated with multiple glucose 

molecules(G-PM)53 (Figure 1-4.), which allowed effective delivery of Fab fragment of 

antibodies54 and antisense oligonucleotides55 into the brain after intravenous injection. 

These G-PMs benefited from the accelerated translocation of GLUT-1 from the apical 

side to the basal side after a period of fasting followed by administration of free glucose, 

which simultaneously transfers the multi-glucosylated micelles bound to the GLUT-1 to 

the brain parenchyma. These findings indicate that the binding/dissociation balance of 

multi-glucosylated micelles to/from GLUT-1 is important in the serial process of binding-
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translocation-release at the BBB. In this regard, the balance between binding and 

dissociation of multi-glucosylated micelles is necessarily managed by controlling the 

density of glucose ligands on the nanocarrier surface for tuning the multivalent 

interactions, by which the whole affinity is determined as the integration of the weak 

affinity between each component, i.e. glucose and GLUT-156 (Figure 1-5.). Thus, the 

crucial parameters involved in multivalent interactions are (i) the number of ligand 

molecules on each nanocarrier and (ii) the accessibility to GLUT-1 for the glucose 

molecules on the surface of nanocarriers. Making further reference to the second 

parameter, the steric repulsive effect of glucose ligands on the surface of nanoparticles 

should be considered because the recognition site of GLUT-1 is located in a recessed 

position with low accessibility57. Such steric repulsion may be alleviated by inserting 

flexible spacers to the glucose ligands for promoting effective binding to GLUT-1. In fact, 

it has been reported that the spacer effect improves the binding between proteins and 

nanoparticles decorated with ligands having relatively weak molecular interactions, for 

example, lectins and sugar-installed nanoparticles 58-59. 
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Figure 1-4. G-PM as a drug delivery carrier targeting the brain (a) scheme of G-PM, (b) 

real time observation of G-PM crossing the BBB, (c) G-PM in the mice cerebrum 

observed using intravital two-photon microscopy and (d) immunohistochemical staining 

of mice brains 
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Figure 1-5. Binding/dissociation balance of multi-glucosylated polymeric micelles 

to/from GLUT-1 

 

1. 6. Spacer effect of polymer chains on nanoparticles 

 There have been reported successful target recognition of ligand-installed 

nanoparticulated carriers by many previous researches. Among them, not many studies 

have considered about fundamental aspects, such as the effect of the length of PEG chains, 

flexibility, and conformational state on ligand-receptor interactions58, 60-62. One of the 

drawbacks of the PEGylation with single chain length is that PEG chains and ligand 

molecules conjugated to the end of them are likely to be interference from neighboring 

PEG strands (Figure 1-6. (a)). The mobility of ligands as well as the flexibility of PEG 

strands are possibly reduced by the neighboring PEG strands so that the recognition 

ability of ligand molecules to the target membrane protein is reduced60-61. To overcome 

this drawback, the technique called “cocktail PEGylation”, which tether shorter PEG 
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chains between ligand-conjugated longer PEG chains, is suggested to be useful because 

it alleviates the interfering effect of neighboring PEG without compromising their surface 

functions for negligible unspecific protein adsorption (Figure 1-6. (b)). Cocktail 

PEGylation generates the spacer effect for ligand-conjugated longer PEG chains, 

followed by enhanced mobility of ligand molecules for improved accessibility to the 

target membrane proteins59, 63-64. 

 

 

Figure 1-6. Spacer effects generated by cocktail PEGylation (a) restrained ligand 

mobility by neighboring PEG chains and (b) rescued ligand mobility by shorter PEG 

chains 

 

1. 7. Polyion complex nanoparticles 

 With the progress of polymer technology, self-assembled supramolecular 

structures of precisely designed polymers have been receiving much attention for both 

fundamental studies65-66 and development of functional biomaterials67-68. Among 

supramolecular assemblies, polyion complexes (PICs), which are formed by electrostatic 

interaction between oppositely charged polymers in aqueous conditions without using 

organic solvents, have shown exceptional features for constructing biomaterials with 

controlled behavior at the biointerface and wide-range applicability, such as DDS16, 69, 

bio-imaging 70 and artificial organelles71. 
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 PIC structures are versatile biomaterials with the ability to obtain different 

physical properties based on the same polymer combination just by changing the 

surroundings, such as the ionic strength of solvent 72-73 and environmental pH 74, as well 

as by controlling parameters of the polymers in the mixture, including the degree of 

polymerization of charged segments 75, the polymer concentration and the mixing charge 

ratio 24. For example, tuning the chain length of the charged segments and the ionic 

strength of solvents resulted in different PIC structures in solution, precipitate and 

coacervate states12, 76. Nevertheless, effective control of PIC assembly is challenging, and 

slight variations in the abovementioned factors may lead to catastrophic changes in the 

nanostructures.  

 We have been developing various types of PIC assemblies formed by block 

aniomers and block catiomers consisting of PEG as a hydrophilic segment and polyamino 

acids as the charged blocks. These PIC assemblies have been effectively used as 

nanocarriers for drug and gene delivery53. The approach allows preparing a wide variety 

of PIC structures with nano- and micron-sized architectures by controlling the 

dimensional influence of the charged segment77, the weight fraction of PEG78 and the 

ionic strength79. In addition, PIC assemblies, such as micelles and vesicles, are 

appropriate for investigating the surface structural parameters as DDS carrier because of 

its stability in the biological system. 
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Scheme 1-1. Preparation of PIC micelle via self-assembly driven by electrostatic 

interaction between oppositely charged block copolymers in the chapter 2 

 

1. 8. Overview of this dissertation 

1. 8. 1. Significance of this study 

 Polymeric micelles have been demonstrated great advantages as DDS carrier for 

cancer therapy due to its unique features rather than other nanoparticulated carriers. In 

this century, ligand-installed polymeric micelles have attracted attentions as active 

targeting DDS carriers for the development of therapeutic method of tumors cannot be 

targeted by EPR effect as well as CNS disorders because of their potential to overcome 

blood-brain barrier, which is the biological barrier protecting the brain from exogenous 

molecules including drug. Moreover, one of the major characteristics of polymeric 

micelles is flexible chemical structure of a side chain in core-forming segment which 

enables loading of diverse types of drugs by introducing functional groups there. 

Nevertheless, general structural parameters which do not affected by encapsulated drugs 



  16 

have rarely been reported yet, there is no platform for DDS towards brain with high 

efficiency in spite of urgent requirement for neurodegenerative diseases therapy. 

 

1. 8. 2. Outline of this study 

 This thesis consists of following chapters. 

 

Chapter 1 gives general introduction of nanoparticulated DDS carriers, in particular, 

ligand-installed polymeric micelle for active targeting as well as PIC micelle as a platform 

of DDS carrier for the investigation of universal structural parameter of it regardless of 

the type of encapsulating drugs, describing background of this study. 

 

Chapter 2 describes the structural characteristics of PIC micelles prepared with varying 

charge mixing ratio in oppositely charged segment in the core. Hydrophilic surface 

properties, such as size distribution, morphology and surface potential, as well as 

structural properties attributed by core-forming segment which have hardly ever been 

described were investigated. Moreover, the performance of PIC micelle with different 

structural features in the core in the biological system were evaluated, and then the 

essential parameters of PIC micelle as a DDS carrier were proposed. 

 

Chapter 3 describes the target efficiency of G-PM, the ligand-installed DDS carrier 

actively targeting BBB, was evaluated, and then crucial parameters which determine the 

binding affinity of G-PM to target membrane protein (GLUT-1) were defined; 1) chain 

length of hydrophilic segment and 2) distance between two ligand molecules on the 

surface of micelles. 



  17 

 

Chapter 4 describes the fabrication of G-PM with cocktail PEGylation, which is a 

technique improving accessibility of ligand molecules conjugated to longer PEG chain to 

target membrane proteins. Cocktail PEGylation demonstrated dramatically improved 

brain delivery of G-PM. 

 

Chapter 5 gives overall conclusions and future perspectives of this study. 
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2. 1. Introduction 

 We have been developing various types of PIC assemblies formed by block 

aniomers and block catiomers consisting of poly(ethylene glycol) (PEG) as a hydrophilic 

segment and polyamino acids as the charged blocks. These PIC assemblies have been 

effectively used as nanocarriers for drug and gene delivery1. The approach allows 

preparing a wide variety of PIC structures with nano- and micron-sized architectures by 

controlling the dimensional influence of the charged segment2, the weight fraction of 

PEG3 and the ionic strength4. Herein, we extended the understanding on PIC formation 

by focusing on the effect of the mixing charge ratio on the formation of core-shell PIC 

micelles (PIC/m) having PEG-catiomers and PEG-aniomers with fixed chemical 

structures. Thus, the structural changes of the micelles, and the accompanying in vivo 

behavior were assessed to determine the influence of the charge mixing ratio.  

 

2. 2. Experimental Section 

2. 2. 1. Materials 

α-methoxy-ω-amino poly(ethylene glycol) (MeO-PEG-NH2) (Mn = 2,000; Mw/Mn = 1.05) 

was purchased from Nippon Oil and Fats Co. Ltd. (Tokyo, Japan). β-benzyl-L-aspartate 

N-carboxyl-anhydride (BLA-NCA) was purchased from Chuo Kaseihin Co. Inc. (Tokyo, 

Japan). Dimethylformamide (DMF) and dichloromethane (DCM) were purchased from 

Kanto Chemical Co. Inc. (Tokyo, Japan). Hexane, ethyl acetate and deuterium oxide were 

purchased from Sigma Aldrich Japan Co. LLC (Tokyo, Japan). N-methyl-2-pyrrolidone 

(NMP) and D-PBS(-) were purchased from FUJIFILM Wako Pure Chemical Co. (Tokyo, 

Japan). 1,5-diaminopentane (DAP) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC/HCl) were purchased from Tokyo Chemical Industry Co. Ltd. 
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(Tokyo, Japan). NMP and DAP were distilled over CaH2 prior to use. Sulfo-cyanine 5 

succinimidyl ester (sulfo-cy5-NHS ester) was purchased from Lumiprobe Co. (Hunt 

Valley, MD, USA). Dimethyl sulfoxide (DMSO) was purchased from Nacalai Tesque Inc. 

(Kyoto, Japan). Passive lysis buffer was purchased from Promega Co. (Madison, WI, 

USA). Isoflurane was purchased fron Abbott Japan Co. Ltd., Tokyo, Japan). eFuor450-

conjugated CD31 (PECAM-1) monoclonal antibody was purchased from Thermo 

Scientific (Waltham, MA, USA). Balb/c mice (female; 5 weeks old) were purchased from 

Charles River Laboratories Japan (Kanagawa, Japan). All the animal experiments were 

performed according to the Guidelines for the Care and Use of Laboratory Animals, as 

stated by The University of Tokyo (Tokyo, Japan) and iCONM (Innovation Center of 

NanoMedicine, Kawasaki, Japan). 

 

2. 2. 2. Polymer characterization 

The degree of polymerization (DP) was determined by proton nuclear magnetic 

resonance (1H-NMR) spectroscopy using JEOL ECS400 (JEOL Ltd., Tokyo, Japan). The 

molecular weight distribution of block copolymers was verified gel permeation 

chromatography (GPC) using a high performance liquid chromatography (HPLC) system 

(JASCO, Tokyo, Japan) connected with a Superdex 200-10/300GL column (GE 

Healthcare, Chicago, IL, USA). 

 

2. 2. 3. Synthesis of poly(ethylene glycol)-b-poly(β-benzyl-L-aspartate) 

Poly(ethylene glycol)-poly(β-benzyl-L-aspartate) (PEG-PBLA) was 

polymerized by ring-opening polymerization of β-benzyl-L-aspartate N-carboxyl-

anhydride (BLA-NCA) using the terminal primary amine group of α-methoxy-ω-amino 
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poly(ethylene glycol) (MeO-PEG-NH2) (Mn = 2,000) as the initiator (Scheme 2-1.). 

Lyophilized MeO-PEG-NH2 was dissolved in DCM firstly. BLA-NCA was dissolved in 

DMF and then mixed with DCM. The solution of MeO-PEG-NH2 was subsequentially 

added to BLA-NCA solution. The reaction solution was stirred at 35 ℃ under an argon 

atmosphere for more than 3 days. After the completion of the reaction, the reaction 

mixture was reprecipitated with mixed solvent of hexane and ethyl acetate (3:2 v/v), 

followed by a filtration with 0.22 μm PVDF filter under reduced pressure.  

The DP of BLA units was calculated to be 80 from the 1H-NMR measurement by 

comparing the peak area ratio using the methylene protons of PEG as the reference peak. 

 

2. 2. 4. Synthesis of poly(ethylene glycol)-b-poly(α, β- aspartic acid) 

Poly(ethylene glycol)-b-poly(α, β- aspartic acid) (MeO-PEG-PAsp) was 

synthesized by deprotection of the benzyl ester groups of PEG-PBLA (Scheme 2-2.). 

PEG-PBLA was dissolved in 0.25 M NaOH (5 molar equivalent to benzyl group) and 

stirred at room temperature for 2 hours to hydrolyze the benzyl ester moiety. The reaction 

mixture was dialyzed against deionized water using a Specra/Por 1 dialysis membrane 

(Repligen, Waltham, MA, USA) [MWCO: 6,000 – 8,000 Da] for 2 days, and then 

lyophilized subsequently. 

The DP of poly(aspartic acid) unit was calculated to be 80 from the 1H-NMR 

measurement by comparing the peak area ratio using the methylene protons of PEG as 

the reference peak (Figure 2-1.). The GPC trace of the obtained MeO-PEG-PAsp was 

unimodal (Figure 2-2.). 

 

2. 2. 5. Synthesis of poly(ethylene glycol)-b-poly([5-aminopenthyl]-α, β-aspartamide) 
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Poly(ethylene glycol)-b-poly([5-aminopenthyl]- α, β-aspartamide) (MeO-PEG-

P(Asp-AP) was synthesized by the deprotection of the benzyl ester groups of MeO-PEG-

PBLA by ester-amide exchange reaction (Scheme 2-3.). Firstly, lyophilized MeO-PEG-

PBLA was dissolved in NMP. A mixture of NMP and DAP (100 molar equivalent to BLA 

moiety) was added to the solution, and then stirred at 12 ℃ for 1 hour respectively. The 

reaction solution was neutralized with 1 M HCl in ice bath. The resulting solution was 

dialyzed against 10 mM HCl for 1 day and subsequently against deionized water for 2 

days using a Specra/Por 1 dialysis membrane [MWCO: 6,000 – 8,000 Da]. MeO-PEG-

P(Asp-AP) was given as a chloride salt after the lyophilization. 

The DP of P(Asp-AP) unit was calculated to be 76 from the 1H-NMR 

measurement by comparing the peak area ratio using the methylene protons of PEG as 

the reference peak (Figure 2-3.). The GPC trace of the obtained MeO-PEG-P(Asp-AP) 

was nearly unimodal (Figure 2-4.). 

 

2. 2. 6. Preparation of cy5-labeled block copolymer 

MeO-PEG-P(Asp-AP) labeled with cy5 (MeO-PEG-P(Asp-AP)-cy5) was 

prepared by labeling the ω-terminal end of PEG-PBLA-NH2 with sulfo-cy5-NHS ester 

and subsequent ester-amido exchanging of the benzyl ester moiety. Firstly, PEG-PBLA 

was dissolved in DMSO. The DMSO solution of sulfo-cy5-NHS ester (1 molar equivalent 

to PEG-PBLA) was added to the PEG-PBLA solution, followed by stirring at room 

temperature overnight. The resulting solution was reprecipitated with mixed solvent of 

hexane and ethyl acetate (3:2 v/v), followed by a filtration with 0.22 μm PVDF filter 

under reduced pressure. The obtained polymer was reacted according to the scheme 

described in the section 2. 2. 5.  
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Scheme 2-1. Synthesis of MeO-PEG-PBLA 

 

 

Scheme 2-2. Synthesis of MeO-PEG-PAsp 
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Figure 2-1. 1H-NMR spectrum of MeO-PEG-PAsp (solvent: D2O, temperature: 80 ℃) 

 

 

Figure 2-2. GPC chromatogram of MeO-PEG-PAsp (eluent: 10 mM PB (pH 7.4), 150 

mM NaCl, detector: UV) 
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Scheme 2-3. Synthesis of MeO-PEG-P(Asp-AP) 

 

 

Figure 2-3. 1H-NMR spectrum of MeO-PEG-P(Asp-AP) (solvent: D2O, temperature: 

25 ℃) 
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Figure 2-4. GPC chromatogram of MeO-PEG-P(Asp-AP) (eluent: 10 mM Acetic acid, 

500 mM NaCl, detector: UV) 

 

2. 2. 7. Preparation of polyion complex (PIC) micelle 

MeO-PEG-PAsp, MeO-PEG-P(Asp-AP) (and MeO-PEG-P(Asp-AP)-cy5 for the 

preparation of cy5-labeled micelle) were dissolved in 10 mM phosphate buffer (PB, pH 

7.4, 0 mM NaCl) separately to prepare a 1 mg/mL polymer solution and passed through 

a 0.22 μm membrane filter to remove dust particulates. These aniomer and catiomer 

solution were subjected to vortex-mixing at a residual molar ratio of amino groups to 

carboxyl groups in the side chains of each ionome with a range of 0.85 ≦ 

[carboxyl]/[amine] (C/A) ≦ 1.15. The mixed solution was vortexed (2,000 rpm, 2 

minutes) to form polyion complex (PIC) micelle. The solution of EDC/HCl (10 molar 

equivalent to carboxyl units of MeO-PEG-PAsp) with a concentration of 10 mg/mL in 10 

mM PB (pH 7.4, 0 mM NaCl) was added and subsequently reacted at room temperature 

overnight for cross-linking the PIC core. The residual EDC and block copolymers were 



  38 

removed by the purification via ultrafiltration with VIVA SPIN 6 (Satrious stedium 

Biotech GmbH, Goettingen, Germany) [MWCO: 100,000 Da] (Scheme 2-4.). During the 

purification process, the solvent was replaced with deionized water (for transmission 

electron microscopy observation and static light scattering measurement), 10 mM PB (pH 

7.4, 0 mM NaCl, for dynamic light scattering measurement and small angle X-ray 

scattering measurement), 10 mM deuterium PB (pD 7.0, 0 mM NaCl, for nuclear 

magnetic resonance measurement and Fourier transform infrared spectroscopy 

measurement) or D-PBS (-) (for animal experiment samples). 

 

2. 2. 8. Dynamic light scattering measurement 

The hydrodynamic diameter and corresponding of PIC micelles were 

investigated by conducting dynamic light scattering (DLS) measurement in 10 mM PB 

(pH 7.4, 0 mM NaCl) at 25 ℃ using a Zatasizer Nano ZS90 (Marvern Instruments Ltd., 

Worcestershire, UK) with a diode-pumped solid state laser (wavelength = 532 nm). The 

intensity averaged hydrodynamic diameter and polydispersity index (PdI) were derived 

from the cumulant method as described4. 

 

2. 2. 9. Electrophoretic light scattering measurement 

The surface zeta potential of PIC micelles was evaluated by conducting 

electrophoretic light scattering (ELS) measurement using a Zatasizer Nano ZS90 

equipped with a diope-pumped laser (532 nm) at room temperature. PIC micelle samples 

were prepared in 10 mM PB (pH 7.4, 0 mM NaCl) and 10 mM acetic acid buffer (pH 4.0, 

0 mM NaCl), and then cross-linked and purified by ultrafiltration as described in the 

section 2. 2. 7.  
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2. 2. 10. Static light scattering measurement 

 The static light scattering (SLS) measurement was done using a DLS-8000 

instrument (Otsuka Electronics, Osaka, Japan). Vertically polarized light with a 

wavelength of 633 nm from a He-Ne laser was used as the incident beam. All 

measurements were conducted at 25 ℃. The light scattered by a diluted polymer solution 

was expressed by the equation follows 

 

𝐾𝑐
∆𝑅(𝜃) =

1
𝑀!

,1 +
1
3
〈𝑅"#〉𝑞# +⋯3 + 2𝐴#𝑐 + ⋯ 

 

where C is the concentration of polymer, ΔR(θ) is the difference between the Rayleigh 

ratio of the solution and that of the solvent, Mw is the apparent weight-average molecular 

weight, <Rg2> is the mean square radius of gyration, A2 is the second viral coefficient, 

and 	𝐾 = $%!&!((& ()⁄ )!

,"-#
$   (NA is Avogadro’s number). The known Rayleigh ratio of 

toluene was used as a standard for the calibration. The Zimm plots were made from the 

dependence of ΔR(θ) on detection angle (13 angles from 30 to 150° with intervals of 10°) 

and a series of concentrations (0.125, 0.25, 0.5, 1 and 2 mg/mL). The increments of 

refractive index, dn/dc, of the sample solutions were obtained using a DRM-3000 double 

beam differential refractometer (Otsuka Electronics, Osaka, Japan). 

 

2. 2. 11. Transmission electron microscopy observation 

 The structural morphology of PIC micelles was evaluated using transmission 

electron microscopy (TEM) observation. Firstly, the copper grid surface with 400 mesh 
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was exposed to hydrophilic treatment by plasma irradiation under the condition of 

vacuum. Then, 2 μL of the sample solution prepared in deionized water was applied onto 

the surface of grid, subsequently visualized by dropping 2 μL of 2 wt% uranyl acetate in 

50 v/v% ethanol solution, followed by drying at room temperature. TEM observations 

were conducted with a transmission electron microscope JEM-1400 (JEOL, Tokyo, 

Japan) operating at 120 kV acceleration voltage. 

 

2. 2. 12. Size exclusion chromatography measurement 

 The size exclusion chromatography measurement was conducted for the purpose 

of evaluate the excess amount of block copolymers after PIC micelle formation and cross-

linking by EDC coupling. The molecular weight distribution was verified gel permeation 

chromatography (GPC) using a high performance liquid chromatography (HPLC) system 

(JASCO, Tokyo, Japan) equipped with a Superdex 200-10/300GL column (GE 

Healthcare, Chicago, IL, USA). The column was eluted with 10 mM phosphate buffer 

(PB, pH 7.4) containing 500 mM NaCl at a flow rate of 0.75 mL/min at room temperature. 

PIC micelle samples were administrated to the system after cross-linked, before purified 

by ultrafiltration. 

 

2. 2. 13. Proton nuclear magnetic resonance spectroscopy 

 PIC micelles were prepared in 10 mM deuterated phosphate buffer (PB, pD 7.0), 

and then 1H-NMR measurement was conducted using JEOL ECS400 (JEOL Ltd., Tokyo, 

Japan) at room temperature. It has been reported that the peak intensity of poly(amino 

acid) protons appears lower than expected from the structure of building block 
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copolymers due to the restrained mobility of atoms by assembled into the core of micelles 

5-7 . 

 

2. 2. 14. Fourier transform infrared spectroscopy 

 Cross-linking degree of PIC micelles was quantified by fourier transform 

infrared spectroscopy (FT-IR) measurement as previously described 8. PIC micelles were 

prepared in 10 mM deuterated phosphate buffer (PB, pD 7.0) and concentrated to 5 

mg/mL polymer concentration by ultrafiltration. FT-IR measurement was conducted 

using FT/IR-6300 (JASCO, Tokyo, Japan) connected to PS-4000 (JASCO). FT-IR 

spectra were obtained with 4 cm-1 spectral resolution and 64 scans. Resulting spectra were 

analyzed using Igor Pro 8 (Wave Metrics, Portland, OR, USA). Cross-linking degree was 

determined by calculating consumption of carboxyl groups by ratio of the PEG peak 

(1460 cm-1, from scissoring and bending of C-H groups) to the carboxylic acid peak (1600 

cm-1, from anti-summetric stretching of -COO- groups) using the spectra of MeO-PEG-

PAsp polymer as a reference of non-cross-linked material. 

 

2. 2. 15. Small angle X-ray scattering measurement 

 To get further investigation about the structure of PIC micelle, small angle X-

ray scattering (SAXS) measurement was carried out with 2 mg/mL micelle samples in 10 

mM phosphate buffer (PB, pH 7.4, 0 mM NaCl). The measurement was performed using 

FR-X/BioSAXS-1000 (Rigaku, Tokyo, Japan) with a Cu Kα incident beam (λ = 1.54187 

Å). The scattering vector (q) vs intensity (I(q)) curves (SAXS) profiles of 10 mM PB was 

subtracted from the SAXS profiles of PIC micelles. Obtained SAXS profile was linearly 

extrapolated to zero-angle scattering by the conventional Guinier approximation method. 
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The intersection at the regressed zero-angle scattering derives the radius of Gyration (Rg) 

according to the linearized equation: 

ln 𝐼(𝑞) = ln 𝐼(𝑞) −
𝑅"#

3 ∙ 𝑞# 

 

2. 2. 14. Biodistribution of PIC micelles 

 Balb/c mice (n = 3, female, 7 weeks old) were injected with 200 μL of 1 mg/mL 

cy5-labeled PIC micelles in D-PBS(-) from tail vein. And then, the mice were sacrificed 

1, 6 and 24 hours after sample administration and the remaining blood was washed by 

perfusion with D-PBS(-). Blood was collected from the interior vena cava, heparinized 

and centrifuged to obtain plasma. The liver, kidneys, spleen, heart, lung and femoral 

muscle were excised, washed with D-PBS(-) and homogenized with cell lysis buffer using 

Multi Beads Shocker MBX (Yasui Kikai, Osaka, Japan). The accumulation rate of PIC 

micelle was evaluated by fluorescence intensity measurement using an Infinite M2000 

Pro spectrophotometer (Tecan, Mannedorf, Switzerland). 

 

2. 2. 16. Intravital real time laser scanning confocal microscopy observation 

 All the intravital observation were conducted using A1R confocal laser scanning 

microscope (Nikon Co., Tokyo, Japan) equipped with an upright Eclipse FN1 (Nikon 

Co.). The 200 μL of cy5-labeled PIC micelle in D-PBS(-) was administrated to mice 

(Balb/c, female, 7 weeks old) from tail vein under the anesthetized with 2.5 % isoflurane 

using a NARCOBIT-E Univentor 400 Anesthesia Unit (Natsume Seisakusho Co. Ltd., 

Tokyo, Japan), and then real-time observation was conducted continuously. The 

anesthetized mice were placed onto Thermoplate (Tokai Hit Co. Ltd., Shizuoka, Japan) 

with the temperature set 37 ℃. Cy5 was excited with a 640-nm laser and detected using 
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700-50-nm bandpass emission filter. A 20× objective lens was used for earlobe 

observation and 40× objective lens was used for liver observation. Obtained images were 

analyzed using NIS-Elements software (Nikon Co.). 

 The blood circulation profile of cy5-labeled PIC micelles was evaluated by 

quantifying the fluorescent intensity inside of the blood vessels in the earlobe for 30 

minutes continuously after the intravenous administration of samples to the mice as 

previously described 9. The fluorescent intensity in the region of interest (ROI) in the vein 

was measured, followed by the subtraction of the background fluorescent intensity in ROI 

before the sample administration. The intensity value was standardized with the 

maximum fluorescent intensity in ROI during the observation. 

 For the liver imaging, 10 μg of eFluor 450-comjugated PECAM-1 was 

intravenously injected to the mice 30 minutes before the PIC micelle administration in 

order to visualize sinusoidal walls by exciting eFuor 450 using a 405 nm laser and 

detecting 450/50-nm emission filter. Liver imaging was conducted for 2 hours after the 

intravenous sample injection. 

 

2. 3. Results and discussion 

2. 3. 1. Characterization of PIC micelle 

 PIC polymeric micelles were prepared by combination of block copolymer 

solutions in 10 mM phosphate buffer (0 mM NaCl, pH 7.4) with a concentration of 1 

mg/mL, and then the characteristic features were identified by dynamic light scattering 

(DLS) measurement. Samples with mixing mol ratios of [carboxylate]/[amine] 

([mol]/[mol], C/A) in the range from 0.85 to 1.15 resulted in narrow distributed micelles 

with 30-50 diameter (Figure 2-5.). The carboxylate and amine units of the charged 
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segments were cross-linked by 1-ehtyl-3-(3-dimethylamino-propyl) carbodiimide (EDC), 

followed by ultrafiltration to remove the excess EDC and free polymers. The surface Z-

potential of each micelle was determined by electrophoretic light scattering (ELS) 

measurement. It has been reported that the surface potential of nanoparticles is attenuated 

after PEGylation due to steric effects of PEG chains10-11. In our case, the PIC micelles 

with excess amount of anionic-charged block copolymers showed decreasing Z-potential 

depending on the amount of additional carboxylate units regardless of PEGylation. On 

the other hand, the PIC micelles with excess cationic-charged block copolymers did not 

change the Z-potential so much (Figure 2-6.). This result is suggested to be independent 

from the ionization ratio of carboxylates and amines in buffer as the trend of Z-potential 

was similar in 10 mM acetate buffer (0 mM NaCl, pH 4.0). Thus, we hypothesized that 

the excess of carboxylate or amine units may have an effect to the structure of PIC 

micelles. Hence, the amount of block copolymers that do not participate in the micellar 

formation was quantified using size exclusion chromatography (SEC) before purification 

of micelles. As shown in Figure 1ef, PIC micelles were detected at 8.8 mL regardless of 

C/A in a range from 0.85 to 1.15, whereas the block copolymers that were not integrated 

in the micelles were only detected for C/A = 1.10 and C/A = 1.15 at elution volume of 

15.2 mL (Figure 2-7.). Additionally, the ratio of the integration of the peak of block 

copolymers to that of PIC micelles was found to be larger for C/A = 1.15 than for C/A = 

1.10. Thus, while the extra anionic-charged block copolymers were excluded from 

micelle formation, the excess cationic-charged block copolymers can participate in the 

formation of PIC micelles against unfavorable charge mismatching. These results propose 

the asymmetric micelle formation of anionic charged block copolymers and cationic 

charged ones. Note that MeO-PEG-P(Asp-AP) has the longer side chain in its cationic 



  45 

charged segment comparing to the side chain in anionic charged segment of MeO-PEG-

PAsp. Previously, it was reported that the polyion complex formation with the 

combination of PEG-polyanion (block aniomer) and homo-polycation (homo catiomer) 

was affected not only by the weight fraction of PEG but also the length of aliphatic side 

chain of the homo-polycation. The favorable PIC formation caused by the hydrophobic 

characteristic of long aliphatic side chain of homo-polycation was suggested12. Based on 

their findings, one plausible explanation of asymmetric micellar formation of oppositely 

charged block copolymers may be due to the higher hydrophobicity of the longer aliphatic 

side chain of MeO-PEG-P(Asp-AP) compared to MeO-PEG-PAsp. 

 To further understand the formation of the PIC micelles, we evaluated how C/A 

affected other structural characteristics. Thus, we first look into the association number 

of each PIC micelle was quantified by identifying molecular weight through static light 

scattering (SLS) to get more insight on their architecture. The association number of PIC 

micelles with stoichiometric charge balance (C/A = 1.0) was found to be 400 polymers, 

which is 4-fold higher than that of PIC micelles with C/A = 0.90, i.e. 97 polymers, and 

about twice higher than that of PIC micelles with C/A = 1.10, i.e. 177 polymers (Figure 

2-8.). These results suggest that the PIC micelles may be forming different core-shell 

structures depending on C/A though the size distribution evaluated by DLS and 

morphology observed by TEM (Figure 2-9. and Table 2-1.) were comparable. Therefore, 

detailed structural features of the charged core of PIC micelles were investigated by 1H-

NMR and SAXS. 

 



  46 

 

Scheme 2-4. Preparation of PIC/m consisted with the combination of oppositely 

charged block copolymers 
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Figure 2-5. Structural characteristics of PIC micelles evaluated by DLS (a) cumulant 

diameter, (b) PdI and (c) derived count rate (1 mg/mL polymer concentration in 10 mM 

PB (pH 7.4, 0 mM NaCl), at room temperature) 
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Figure 2-6. Surface zeta potential of PIC micelles measured by electrophoretic light 

scattering measurement at room temperature 

 

 

Figure 2-7. GPC spectra of PIC micelles before ultrafiltration (eluent: 10 mM PB (pH 

7.4), 500 mM NaCl) 
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Figure 2-8. Micellar association number of PIC micelles quantified by SLS 

measurement and surface area per PEG chain calculated from the size of hydrophobic 

core observed by TEM imaging 

 

 

Figure 2-9. TEM observation of PIC micelle with [carboxyl]/[amine] = 0.90 (a), 1.00 

(b) and 1.10 (c) (scale bar: 100 nm) 
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Table 2-1. Diameter of PIC hydrophobic core of PIC micelles observed by TEM 

(Analyzed using ImageJ FIJI, n = 250, means ± SD) 

[carboxyl]/[amine] 0.90 1.00 1.10 

Diameter / nm 16.3 ± 3.5 15.1 ± 2.7 13.4 ± 1.4 

 

2. 3. 2. Investigation of structure of PIC micelle 

 PIC micelles are considered to be composed of a core (represented by the 

assembled charged part of the polymer) and a hydrophilic shell (represented by 

hydrophilic part of the polymer and surrounding water). Thus, the formation of micelles 

is expected to weaken the 1H-NMR signals from protons located within the micellar core 

due to the restricted internal molecular motion. In fact, it has been reported that the peaks 

from protons of molecules encapsulated into the core of micelles showed significant 

decreased intensity5-7. Here, 1H-NMR measurements were done with PIC micelles 

prepared in 10 mM deuterium phosphate buffer (0 mM NaCl, pD = 7.0). Cross-linking of 

the micelle core with EDC, and micelle purification were conducted as abovementioned. 

The peaks of protons in charged segment were detected from 1.0 to 1.9, from 2.4 to 3.2 

and from 4.3 to 4.6 ppm. The intensities of these peaks were normalized with that of the 

peaks of protons in poly(ethylene glycol) segment appearing from 3.4 to 3.7 ppm (Figure 

2-10.). The normalized intensities of peaks attributed to the charged segments decreased 

when C/A increased from 0.85 to 1.15 (Figure 2-11.). Note that this result is consistent 

with FT-IR measurement result, which suggests that consumption rate of carboxyl groups 

increases depending on the increased C/A. Cross-linking rate could not be calculated by 

the obtained FT-IR spectra because the peak shift of amine groups and carboxyl groups 

and overlapping with PEG peaks and amide peaks were observed. These peak shifts 
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indicated the changing of molecular states by encapsulating inside the core. (Figure 2-12, 

Table 2-2.). Hence, while PIC micelles having C/A above 1.0 may present 

compartmentalized core-shell structure with low integration values, the PIC micelles with 

excess cationic-charged block copolymers may lose the well-separated phases, as the 

protons in charged segment maintain the inter-molecular mobility. 

 Based on the 1H-NMR observations, we hypothesized that the core-shell 

structure was not obtained when the PIC micelles formed against stoichiometric charge 

matching. To demonstrate this point, the micelles were investigated by small angle X-ray 

scattering (SAXS) measurement, which provides structural information at nanometer 

resolution by evaluating the distribution of electrons in micelles and the surrounding 

medium. The structures of the PIC micelles were calculated from the scattering pattern 

based on the difference of scattering length densities of the core, the shell and the media. 

The radius of gyration (Rg) of the PIC micelle was obtained from SAXS data fitted by the 

Guinier approximation (Figure 2-13.). The ratio of Rg and Rh (hydrodynamic radius 

obtained from DLS measurement) provides insights about the particle compactness and 

shape. The calculated ratio of Rg to Rh (Rg/Rh) suggested spherical conformation for PIC 

micelles prepared with C/A from 0.90 to 1.05 (Table 2-2.). It is worth noting that the 

calculated Rg of PIC micelles with larger carboxylate molar ratio to amine (C/A = 1.10) 

was 1.00, corresponding to a uniform phase sphere13. This result is consistent with the 

SEC analysis of the micelles, which indicate that the PIC core cannot include excess 

anionic-charged segments, leading to uniform micelle assembly. 
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Figure 2-10. 1H-NMR spectra of PIC micelle ([carboxyl]/[amine] = 0.85 and 1.15) 

 

 

Figure 2-11. Detected proton (c and d in Figure 2-10.) ratio of PIC micelles to building 

block copolymers 
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Figure 2-12. FT-IR spectra of PIC/m with varying C/A. crosslinking degrees of 

samples were determined by calculating consumption of -COO- groups by the ratio of 

the PEG peak (1460 cm–1, from scissoring and bending of C-H groups) to the carboxylic 

acid peak (1600 cm–1, from anti-symmetric stretching of -COO- groups) 

 

Table 2-2. Calculated peak area ratio of FT-IR spectra. Peaks were compared to the 

peak of PEG peak (1460 cm-1 of Figure 2-12.) as a reference. 

C/A -COO– -CONH- -NH2D+ 

0.90 0.25 0.82 0.033 

0.95 0.13 0.97 0.068 

1.00 0.045 0.65 - 

1.05 0.020 0.78 - 
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Figure 2-13. Scattering vector (q) vs intensity (I(q)) SAXS profiles of PIC micelles 

 

Table 2-3. Radius of Gyration (Rg) evaluated from SAXS measurement, hydrophilic 

radius (Rh) quantified with DLS and calculated Rg/Rh 

C/A 0.90 0.95 1.00 1.05 1.10 

Rg / nm 9.0 9.7 12 15 16 

Rh / nm 16 20 25 22 16 

Rg/Rh 0.58 0.50 0.51 0.69 1.0 
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Table 2-4. Density of PEG chains and ions in the core of PIC micelles at a different 

C/A calculated from the micellar association number measured by SLS and Rg 

measured by SAXS 

C/A 0.90 0.95 1.00 1.05 

PEG / nm-2 0.095 0.24 0.22 0.065 

carboxyl / nm-3 1.2 2.8 2.2 0.52 

amine / nm-3 1.3 3.0 2.2 0.50 

total ions / nm-3 2.5 5.8 4.4 1.0 

 

 

2. 3. 3. Biodistribution of PIC micelle 

 Finally, we evaluated the stability of PIC micelles in the bloodstream, and their 

distribution in the organs of mice, which are significant features for applying PIC micelles 

as nanocarriers. Cy5-labeled PIC micelles were prepared by conjugating fluorescent 

molecules to the ω-end of cationic-charged block copolymers. The Cy5-labeled PIC 

micelles were intravenously injected to mice, and the fluorescent intensity in the vein was 

continuously monitored by intravital real-time confocal laser scanning microscopy 

(IVRT-CLSM). PIC micelles with C/A ≦ 1.00 disappeared from the bloodstream almost 

immediately after the administration, and only 10 % of the injected dose was detectable 

1 h after administration. On the other hand, 90 % of injected PIC micelle circulated in the 

bloodstream stably when C/A was 1.05 and 1.10 (Figure 2-13.). These results confirmed 

that the excess amount of amine unit in the core of PIC micelle decreases the blood 

circulation of nanoparticles. The organ distribution of the PIC micelles was evaluated at 

1-, 6- and 24-h after intravenous injection by quantifying the fluorescent intensity of each 
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collected organ after homogenization (Figure 2-14. and Figure 2-15.). PIC micelles 

remaining in the bloodstream were removed by perfusing with D-PBS (-) from hepatic 

portal vein before collecting organs. Liver accumulation rate of PIC micelle at a C/A ≤ 

1.05 was correlated with the ion density in the core of micelles not PEG chain density 

(Table 2-4.). It is suggested that the lower ion density in the core of PIC micelle induces 

higher liver accumulation of it. Note that the PIC micelle at a C/A of 1.10 shows less than 

10 % of liver accumulation while more than 50 % of PIC micelle at a C/A of ≤ 1.05 

accumulates to the liver. The negatively charged surface potential of PIC at a C/A of 1.10 

reduces the organ accumulation and prolongs the blood circulation. Furthermore, Rg 

quantified by SAXS measurement indicates deficient phase separation of between PEG 

segments and oppositely charged segments because Rg/Rh calculated to be 1.0. For these 

results, more extended distribution of charged segments in PIC micelle at a C/A of 1.10 

compared to PIC micelle at a C/A ≤ 1.05 could be inferred. 

 

 

Figure 2-13. Blood circulation profiles of PIC micelle observed using IVRT-CLSM 
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Figure 2-14. Biodistribution of PIC micelles 24 hours after the intravenous 

administration (n = 3, means ± SE) 

 

 

Figure 2-15. Time course of PIC micelle accumulation to (a) liver and (b) kidney (n = 

3, means ± SE) 
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2. 3. 4. Observation of PIC micelles accumulated to the liver 

 As PIC/m with C/A from 0.90 to 1.00 showed highest accumulation in liver, the 

microdistribution of Cy5-PIC/m in liver was examined in real-time by intravital 

microscopy. For direct observation, the liver was surgically exposed and glued directly 

to the cover glass using a drop of oil 14. Endothelial cells (the liver sinusoidal wall) were 

stained by i.v. injection of eFluor450-PECAM-1 at 30 min before starting IVRT-CLSM 

observation. PIC/m with C/A of 1.10 showed high fluorescence signal derived from 

PIC/m in intravascular lumen during the observation period (Figure 2-16. (c) and (f)), 

whereas PIC/m with C/A of 0.90 and 1.00 were observed binding along the vessel wall 

and rapidly clearing from the bloodstream, with PIC/m having a C/A of 0.90 being cleared 

most rapidly (Figure 2-16. (a) and (d), (b) and (e)). From our 1H-NMR observations, it 

is reasonable to assume that the PIC/m with C/A of 0.90 and 1.00 may be exposing the 

extra cationic units in the PIC core. Thus, the binding of PIC/m with C/A of 0.90 and 1.00 

to the liver sinusoidal wall could be attributed to the abundant anionic proteoglycans 

presenting on the sinusoidal extracellular matrix, which enable capturing oligo-cations 15, 

as well as to the highly expressed scavenger receptors, which can recognize cationic 

charged macromolecules, on the surface of sinusoidal cells 15. 
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Figure 2-16. Cy5-PIC/m at a C/A of 0.90, 1.00 and 1.10 accumulated to liver sinusoidal 

wall. IVRT-CLSM images after injection of cy5-PIC/m (red) with C/A of (a) 0.90, (b) 

1.00 and (c) 1.10. Liver sinusoidal wall (endothelial cells) was stained by eFluor405-

PECAM-1 (blue). Intensity profiles of cy5 (red) and eFluor405 (blue) in the white 

arrows (a-c) are in (d-f), respectively: (d) 0.90, (e) 1.00 and (f) 1.10. 

 

2. 4. Conclusion 

 Monodispersed PIC/m with diameter around 30-50 nm in a wide C/A area across 

the stoichiometry condition were effectively assembles. Although the sizes of these 

PIC/m are comparable, they present quite different physical properties, such as Z-

potential and micellar association number. Further investigation of the core structure by 

1H-NMR showed that micelles bearing extra cationic units may exposed them from the 

PIC cores with low C/A. Evaluating the influence of these structural variations on the 
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biological performance of PIC/m gave contrasting results. Thus, PIC/m prepared with 

high C/A showed long blood-circulation, whereas PIC/m with low C/A were rapidly 

cleared from the bloodstream and accumulated mainly in the liver. Microscopic studies 

by direct liver observation with IVRT-CLSM suggested that PIC/m with low C/A may 

bind to the liver sinusoidal wall, which express abundant anionic proteoglycans. These 

findings provide valuable knowledge for precise formation of PIC-based nanocarriers 

with desired performance in vivo. 
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Chapter 3. 
Effect of ligand molecules amount and length 

of PEG chains on target recognition 
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3. 1. Introduction 

 Recently, we have succeeded to use the GLUT1 on BCECs for effectively 

overcoming the BBB by developing nanocarriers decorated with glucose molecules 1. 

This system benefited from the accelerated translocation of GLUT1 from the apical side 

to the basal side after a period of fasting followed by administration of free glucose, which 

simultaneously transfers the glucosylated nanocarrier bound to the GLUT1 to the brain 

parenchyma. These findings indicate that the binding/dissociation balance of glucosylated 

nanocarriers to/from GLUT1 is important in the serial process of binding-translocation-

release at the BBB. In this regard, the balance between binding and dissociation of 

glucosylated nanocarriers is necessarily managed by controlling the density of glucose 

ligands on the nanocarrier surface for tuning the multivalent interactions, by which the 

whole affinity is determined as the integration of the weak affinity between each 

component, i.e. glucose and GLUT12. Thus, the crucial parameters involved in 

multivalent interactions are (i) the number of ligand molecules on each nanocarrier and 

(ii) the accessibility to GLUT1 for the glucose molecules on the surface of nanocarriers.  

 This study is devoted to clarify the effects of glucose ligand density and the 

spacer on GLUT1-mediated interaction between cells and glucose-conjugated 

nanocarriers. First, the effect of ligand density and the spacer effect was evaluated 

quantitatively by surface plasmon resonance (SPR). Because the isolation GLUT1 with 

preserved biological activity is difficult 3, this analysis was done by using the glucose-

binding lectin concanavalin A (ConA) as a model molecule, which has moderate binding 

to glucose molecules comparable to GLUT1 and is an appropriate protein for the 

investigation of multivalent binding effect. Subsequently, we evaluated the roles of ligand 

density and spacer effect on the transporter-mediated delivery based the following in vitro 
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and in vivo experiments: (i) the uptake of the series of glucose-decorated nanocarriers 

into cells highly expressing GLUT1 was examined and contrasted with the SPR results; 

(ii) the ability of the glucosylated nanocarriers to reach brain parenchyma by targeting 

GLUT1 on BCECs coordinated with glycemic control was studied in vivo by quantifying 

their accumulation in brain tissues. Finally, we revealed the key structural features for 

glucosylated nanocarriers actively targeting GLUT1 through optimized molecular 

interaction between ligands and transporters. 

 

3. 2. Experimental section 

3. 2. 1. Materials 

1, 2: 3, 4-di-O-isopropulidene-α-D-glucofuranoside (DIG) was purchased from 

Tokyo Chemistry Industry (Tokyo, Japan). Ethylene oxide (EO) and α-methoxy-ω-amino 

poly(ethylene glycol) (MeO-PEG-NH2) (Mn = 2,000, 5,000 and 12,000; Mw/Mn = 1.05) 

were purchased from Nippon Oil and Fats Co. Ltd. (Tokyo, Japan). Tetrahydrofuran 

(THF) and dimethyl ether were purchased from Kanto Chemical Co. Inc. (Tokyo, Japan). 

Methanol (MeOH), triethylamine (TEA), collagenase, dispase, DNase type I, trypsin, 

puromycin and endothelial cell growth supplement were purchased from Sigma Aldrich 

Japan Co. LLC (Tokyo, Japan). Methanesulfonyl chloride (MsCl), trifluoroacetic acid 

(TFA), concanavalin A (ConA), RPMI-1640, DMEM, Ham’s F12 medium, Hanks' 

Balanced Salt Solution (HBSS) and phloretin were purchased from FUJIFILM Wako Pure 

Chemical Co. (Tokyo, Japan). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC/HCl) were purchased from Tokyo Chemical Industry Co. Ltd. 

(Tokyo, Japan).  Endothelial cell growth medium MV2 kit was purchased from 

Promocell GmbH (Heidelberg, Germany). CM5 sensor chip and EDC coupling kit 
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(including N-ethyl-N’-(3-demethylaminopropyl carbodiimide (EDC), N-

hydroxysuccineimide (NHS) and ethanolamine) were purchased from Cytiva 

(Marborough, MA, USA). Cytochalasin B was purchased form Cayman Chemical Co. 

(Ann Arbor, MI, USA). Balb/c mice (female; 5 weeks old) and SD rats (female; 7 weeks) 

were purchased from Charles River Laboratories Japan (Kanagawa, Japan). All the 

animal experiments were performed according to the Guidelines for the Care and Use of 

Laboratory Animals, as stated by The University of Tokyo (Tokyo, Japan) and iCONM 

(Innovation Center of NanoMedicine, Kawasaki, Japan). 

 

3. 2. 2. Polymer characterization 

The degree of polymerization (DP) was determined by proton nuclear magnetic 

resonance (1H-NMR) spectroscopy using JEOL ECS400 (JEOL Ltd., Tokyo, Japan). The 

molecular weight distribution of block copolymers was verified gel permeation 

chromatography (GPC) using a high performance liquid chromatography (HPLC) system 

(JASCO, Tokyo, Japan) connected to a Superdex 200-10/300GL column (GE Healthcare, 

Chicago, IL, USA). 

 

3. 2. 3. Synthesis of glucose-decorated poly(ethylene glycol)-b-poly(α, β- aspartic acid) 

Poly(ethylene glycol)-b-poly(α, β- aspartic acid) with glucose conjugated to the 

α-end of the PEG segment via a bond with the C6-O moiety (Gluc-PEG-PAsp) was 

synthesized as previously described (Scheme 3-1.)1. Firstly, DIG was sublimed in a 

vacuum at 70 ℃ and then dissolved in THF. Then, EO (45, 114 and 273 molar equivalent 

to DIG) was added to DIG solution in argon atmosphere after the addition of 0.3 M 

potassium naphthalene solution in THF (1 molar equivalent to DIG). The reaction 



  68 

solution was stirred at room temperature for 48 hours, and then 1 mL of MeOH was added. 

DIG-PEG-OH (Mn of PEG = 2,000, 5,000 and 12,000) was obtained as a white powder 

after the reprecipitation in ice-cold diethyl ether.  

The ω-hydroxyl group of DIG-PEG-OH was converted to ω-amino group by the 

following terminus amination method. DIG-PEG-OH was dissolved in THF and added to 

a THF solution of MsCl (5 molar equivalent to DIG-PEG-OH) with TEA (6 molar 

equivalent to DIG-PEG-OH) in ice. The reaction mixture was stirred at room temperature 

for 6 hours, and then precipitated as DIG-PEG-OMs into ice-cold diethyl ether. After 

drying under a vacuum, obtained white powder was dissolved in 25 % aqueous ammonia 

solution and stirred at room temperature for 2 days. The reaction solution was dialyzed 

against diluted ammonia solution, and then deionized water using a Spectra/Por 6 dialysis 

membrane (Repligen, Waltham, MA, USA) [MWCO: 1,000 Da] after evaporating. After 

the lyophilization, non-aminated PEG fraction was removed by ion-exchange 

chromatography using Sephadex C-25 (GE Healthcare, Chicago, IL, USA) and DIG-

PEG-NH2 was obtained.  

DIG-PEG-PBLA was polymerized by ring-opening polymerization of BLA-

NCA using the terminal primary amine group of DIG-PEG-NH2 according to the scheme 

described in the section 2. 2. 3. The benzyl ester groups of DIG-PEG-PBLA were 

deprotected with the same method as described in the section 2. 2. 4. and then DIG-PEG-

PAsp was obtained. Protective groups of DIG moiety of DIG-PEG-PAsp were removed 

by dissolved in TFA/water (9:1, v/v) mixture and stirred at room temperature for 1 hour. 

The resulting solution was sequentially dialyzed against 10 mM NaOH for 1 day and 

deionized water for 1 day using a Spectra/Por 1 dialysis membrane [MWCO: 6,000 – 

8,000 Da] and then lyophilized.  
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The DP of PAsp unit was calculated as shown in table 3-1 from the 1H-NMR 

measurement by comparing the peak area ratio using the methylene protons of PEG as 

the reference peak. The GPC spectra of obtained Gluc-PEG-PAsp was nearly unimodal. 

 

3. 2. 4. Synthesis of block copolymers for preparing polymeric micelle 

Poly(ethylene glycol)-poly(β-benzyl-L-aspartate) (MeO-PEG-PBLA) was 

polymerized by ring-opening polymerization of β-benzyl-L-aspartate N-carboxyl-

anhydride (BLA-NCA) using the terminal primary amine group of α-methoxy-ω-amino 

poly(ethylene glycol) (MeO-PEG-NH2) (Mn = 2,000, 5,000 and 12,000) as the initiator 

according to the scheme described in the section 2. 2. 3. Subsequently, Poly(ethylene 

glycol)-b-poly(α, β- aspartic acid) (MeO-PEG-PAsp, Mn of PEG = 2,000, 5,000 and 

12,000), poly(ethylene glycol)-b-poly([5-aminopenthyl]- α, β-aspartamide) (MeO-PEG-

P(Asp-AP), Mn of PEG = 2,000, 5,000 and 12,000) and cy5-labeled MeO-PEG-P(Asp-

AP) polymers were synthesized according to the scheme described in the section 2. 2. 4., 

2. 2. 5. and 2. 2. 6. 

The DP of PAsp unit or P(Asp-AP) unit was calculated as shown in table 3-1 

from the 1H-NMR measurement by comparing the peak area ratio using the methylene 

protons of PEG as the reference peak. The GPC spectra of obtained polymers were nearly 

unimodal. 
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Scheme 3-1. Synthetic route for Gluc-PEG-PAsp block copolymer1 
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Table 3-1. Characterization of block copolymers for preparing G-PM 

 Mn of PEG [Da] 
DP of poly(amino acid) 

unit 

Gluc-PEG-PAsp 

12,000 76 

5,000 74 

2,000 70 

MeO-PEG-PAsp 

12,000 80 

5,000 72 

2,000 67 

MeO-PEG-P(PAsp-AP) 

12,000 67 

5,000 73 

2,000 69 

MeO-PEG-P(Asp-AP)-cy5 

12,000 80 

5,000 75 

2,000 68 

 

3. 2. 5. Preparation of glucose-decorated polymeric micelle 

Solution of block copolymers (Gluc-PEG-PAsp, MeO-PEG-PAsp, MeO-

PEGP(Asp-AP) (and MeO-PEG-P(Asp-AP) for the preparation of cy5-labeled samples)) 

were prepared at a concentration of 1 mg/mL in 10 mM phosphate buffer (PB, pH 7.4, 0 

mM NaCl) and passed through a 0.22 μm membrane filter to remove dust particulates. 

Gluc-PEG-PAsp solution and MeO-PEG-PAsp solution were mixed at varying residual 

molar ratio of carboxyl groups to obtain a series of block aniomer solutions, and then 

block aniomer and catiomer were subjected to vortex-mixing at 1.05 molar ratio of 



  72 

carboxyl groups to amine groups to form glucose-decorated polymeric micelle (G-PM). 

For the purpose of preparing G-PM with varying chain length of PEG strands in the shell 

layer, block copolymers which contains PEG chains with the same chain length (Mn = 

2,000, 5,000 and 12,000 for each) were combined into a micelle. Obtained G-PMs were 

named G-YPM with Y represents the chain length of PEG. All these G-PMs were cross 

linked by adding 10 mg/mL EDC/HCl in 10 mM PB at 10 molar equivalent amounts to 

carboxyl groups of block aniomer, and maintained overnight at room temperature 

followed by the purification via ultrafiltration with VIVASPIN 6 (Satrius stedium Biotech 

GmbH, Goettingen, Germany) [MWCO: 100,000 Da]. During the purification process, 

the solvent was replaced with deionized water (for static light scattering measurement), 

10 mM PB (pH 7.4, 150 mM NaCl) (for surface plasmon resonance measurement) or D-

PBS (-) (for cellular experiment and animal experiment). 

 

3. 2. 6. Characterization of glucose-decorated polymeric micelle 

The size and corresponding distribution of G-PM was evaluated by conducting 

dynamic slight scattering (DLS) measurement using a Zatasizer Nano ZS90 (Marvern 

Instruments Ltd., Worcestershire, UK) equipped with a diode-pumped solid state laser 

(532 nm) same as described in the section 2. 2. 8.  

The molecular weight of G-PMs was verified by static light scattering (SLS) 

measurement using a DLS-8000 instrument (Otsuka Electronics, Osaka, Japan) as 

described in the section 2. 2. 10. And then, the micellar association number of G-PMs 

was calculated from the obtained result (molecular weight of G-PM) and molecular 

weight of building block copolymers.  

The morphology of G-PMs was observed by transmission electron microscopy 
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(TEM) using JEM-1400 (JEOL, Tokyo, Japan) as described in the section 2. 2. 11. 

  

3. 2. 7. Quantification of G-PM associated with GLUT-1 expressing cancer cells 

 MDA-MB-231 cells were cultured in RPMI-1640 medium (with 10 % FBS and 

1 % penicillin streptomycin) at 37 ℃, 5 % CO2. Cells were plated on 96 well black plate 

with a cell density of 10000 cells/well and then incubated for 24 h. These cells were 

subsequently treated with 20 μg/mL cy5-labeled G-PM containing medium for 1 h. Cells 

were thoroughly washed with HBSS(+) before fluorescence analysis with an Infinite 

M2000 Pro spectrophotometer (Tecan, Mannedorf, Switzerland). For the GLUT-1 

inhibition assays, cells were preliminary incubated with a series of concentrations of 

GLUT inhibition reagent, phloretin and cytochalasin B, for 1 h, and then incubated with 

G-PM in the presence of inhibition reagent. 

 

3. 2. 8. Primary brain endothelial cells isolation and culturing 

 Primary rat brain endothelial cells were extracted and isolated as previously 

described. SD rat (female, 8 weeks) was sacrificed, and then the brain was extracted and 

washed with cold HBSS buffer containing 1 % BSA and 2 % Pen/Strp. The brain cortex 

was cut out in the cold HBSS with 1 % BSA and 2 % Pen/Strp, sequentially the meninges 

and visible blood vessels on the surface was removed by rolling over the filter paper. The 

isolated cortex was incubated at 37 °C in the mixture of DMEM and Ham’s F12 medium 

with DNase, collagenase and trypsin after homogenized. The medium solution containing 

digested brain cortex was centrifuged in 25 % BSA in HBSS several times, and the micro 

vasculatures were isolated as a small pellet. Following the 1 hour incubation in the 

mixture of DMEM and Ham’s F12 medium with DNase, collagenase and trypsin at 37 °C, 
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obtained microvasculature cells were plated in on the cell culture flask coated with 

collagen and fibronectin. Cells were maintained in supplemented endothelial cell growth 

medium MV2 with 5 % Pen/Strep and 4 μg/mL puromycin.  After culturing for several 

days, the concentration of puromycin was decreased to 1 μg/mL, and then 0 μg/mL. By 

sufficient cellular growth until reaching to the confluent, cells formed vasculature like 

morphology. For the experiments, cells were collected with trypsin/EDTA, seeded on 

black 96-well plate coated with collagen and fibronectin, and then cultured again until 

reaching to confluent. 

 

3. 2. 9. Quantification of G-PM associated with rat primary brain endothelial cells 

 Primary rat brain endothelial cell monolayers plated to black 96-well plates were 

treated with cy5-labeled G-PM in supplemented MV2 medium without VEGF. After 1 h 

incubation with G-PM, cells were thoroughly washed with HBSS three times, fixed with 

4 % PFA and stained with Hoechst to evaluate the number of cells. G-PM associated with 

endothelial cells and cell number in each well were quantified using Infinite M2000 Pro 

spectrophotometer (Tecan, Mannedorf, Switzerland). 

 

3. 2. 10. Surface plasmon resonance measurement 

 Surface plasmon resonance (SPR) measurements were done using a BIACORE 

T200 (Cytica, Marlborough, MA, USA). Concanavalin A (conA) was bound to the 

carboxymethyl dextran gel on the surface of CM5 chip by amine coupling. A freshly 

prepared mixture of 0.2 M EDC and 0.05 M NHS in deionized water was injected, 

chemically activating the surface carboxymethyl groups of the gel. Then, 98 μL of 100 

μg/mL conA solution in 10 mM PB (pH 7.4, 150 mM NaCl) was injected for the purpose 
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of immobilizing the activated surface of dextran gel until the response unit reached to 

2000 RU (22 nm2 for each conA molecule). Finally, the injection of 128 μL of 1M 

ethanolamine/HCl (pH 8.5) ensured the deactivation of non-reacted carboxymethyl ends 

on the surface of dextran gel. A similar procedure was done over a reference channel, for 

which the ligand injection was a blank injection of 10 mM PB (pH 7.4, 150 mM NaCl). 

Internal reference subtraction was then used to establish all data. G-PM sample solutions 

in 10 mM PB (pH 7.4, 150 mM NaCl) were injected with a series of different 

concentration with a contact time of 120 seconds and flow rate of 30 μL per minute. All 

experiments were conducted flowing 10 mM PB (pH 7.4, 150 mM NaCl) as a mobile 

phase at a room temperature. 

 

3. 2. 11. Biodistribution of G-PM 

 To evauate the brain accumulation of G-PM in vivo, G-PM administrated to 

Balb/c under glycemic control as previously described. Balb/c mice (n = 5, female, 7 

weeks old) were reared without food for 24 h. Then, these mice were intravenously 

injected with 200 μL of 1 mg/mL cy5-labeled G-PM in D-PBS(-). After 30 min, they 

were intraperitoneally injected with 200 μL of 20 wt% glucose solution in D-PBS(-). The 

mice were sacrificed 60 min after glucose injection and the excess blood was washed by 

perfusion with D-PBS(-). Blood was collected from the interior vena cava, heparinized 

and centrifuged to obtain plasma. The brain, liver, kidneys, spleen, heart, lung and 

femoral muscle were excised, washed with D-PBS(-), weighed after removing excess 

fluid and homogenized with cell lysis buffer using Multi Beads Shocker MBX (Yasui 

Kikai, Osaka, Japan). The accumulated amount of G-PM was quantified by measuring 
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fluorescent intensities using an Infinite M2000 Pro spectrophotometer (Tecan, Mannedorf, 

Switzerland). 

 

3. 3. Results and discussion 

3. 3. 1. Characterization of G-PM with varying length of PEG blocks 

This research purposes on clarifying the effects of (i) the number and the density of 

glucose ligands and (ii) the spacer length of conjugated glucose on nanoparticulate 

carriers on their efficiency of GLUT1-mediated intra-/trans-cellular transport. For this 

purpose, core-crosslinked polyion complex micelles (PMs) with poly(ethylene glycol) 

(PEG) shell was selected as a model nanoparticulate carriers [17], since the number and 

the density as well as the spacer length of ligands can be independently and precisely 

controlled by managing the a-end functionality and the length of each PEG strands 

forming the shell layer of PMs. Furthermore, the association number of PMs is variable 

depending on the chain length balance between the hydrophilic segment, i.e., PEG, and 

the ionically charged segment 4.  

Glucose-conjugated PM (G-PM) was prepared by mixing the solutions of MeO-PEG-

PAsp(AP), MeO-PEG-PAsp and Gluc(6)-PEG-PAsp at a stoichiometric residual molar 

ratio of amino groups to carboxyl groups. The number of glucose ligands on the PM was 

controlled by varying the mixing molar ratio of MeO-PEG-PAsp and Gluc(6)-PEG-PAsp 

in the solution. G-PMs were then crosslinked by adding 10 mg/mL EDC in 10 mM PB at 

10 equivalent molar of the amount of residual carboxyl groups in the block copolymers, 

followed by the purification process as described in detail in Experimental Section. A 

series of G-PMs with different length of shell-forming PEG strands was prepared from 

the block copolymers with varying Mw of PEG segments as 2,000 (=2k), 5,000 (=5k) and 
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12,000 (=12k), respectively. G-PMs thus prepared are abbreviated as G-XkPM, where X 

stands for the Mw/1,000.  

Then, the size, the polydispersity index (PDI), the association number, and the 

morphology of G-PM were characterized. Dynamic light scattering measurement 

revealed that the diameter of G-XkPMs was in the rage of 30-35 nm with narrow 

distribution (PDI<0.1) regardless of the length of PEG (Table 3-1.). Spherical 

morphology of G-XkPMs were confirmed in TEM images (Figure 3-1.). The apparent 

molecular weight of G-XkPMs was determined from Zimm plots obtained by static light 

scattering (SLS) measurements, and the micellar association number was calculated from 

the micellar molecular weight assuming the charge stoichiometric composition of G-

XkPMs. Obviously, the micellar association number decreased with an increase in the 

PEG length (Table 1.), presumably due to the higher steric repulsion of the longer PEG 

chains in the shell layer5. As molar ratio of MeO-PEG-PAsp(AP) and (MeO-PEG-PAsp 

+ Gluc(6)-PEG-PAsp) in each of the G-XkPM should be unity at charge stoichiometric 

condition, maximum number of glucose ligands on a single G-XkPM is calculated to be 

the half the number of the micellar association number as summarized in Table 1. 

Accordingly, the number of glucose ligands on each of the G-XkPM can be readily tuned 

from zero to the half of the association number just by changing the mixing ratio of MeO-

PEG-PAsp and Gluc(6)-PEG-PAsp in the preparation step.  
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Scheme 3-2. Preparation of G-PM with varying length of PEG segment (chain length of 

PEG: 2,000, 5,000, and 12,000 Da) 

 

 

Figure 3-1. Transmission electron microscopic images of (a) G-2kPM, (b) G-5kPM and 

(c) G-12kPM 

 

Table 3-2. Characterization of G-PM with different length of PEG chains 

MW of 
PEG 
[Da] 

Diametera) 
[nm] PdIb) 

MW of 
micellesc) 

[×106 Da] 

Micellar 
association 

numberd) 

Maximum 
glucose 
numberd) 

2000 30.1 ± 0.67 0.041 2.62 131 66 

5000 30.5 ± 0.24 0.058 2.01 87 44 

12000 34.4 ± 0.43 0.077 1.12 44 22 

a)Determined by DLS (n = 3, means ± SD); b)Polydispersity index of nanoparticles 

determined by DLS (n = 3); c)Determined by SLS; d)Calculated from MW of micelle 
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3. 3. 2. Effect of PEG chain length and ligand density on the interaction between G-

PM and GLUT-1 highly expressing cancer cells 

The binding affinity of glucose to GLUT-1 is rather weak with KD of 3 x 10-3 M6, and is 

much lower than other biospecific interactions often used in ligand-mediated targeting, 

such as antibody-antigen (KD ≥  10-8 M)7 and integrin-peptides (KD ≥  10-9 M) 

interactions8. Thus, the multivalent interaction between multiple GLUT-1 molecules 

expressed on the targeted cellular surface and multiple glucose ligands conjugated on a 

nanoparticle plays a crucial role in maximizing the recognition process, as multivalency 

enables higher binding affinity based on the integration of weak molecular interactions2. 

Thus, we intensively examined here the mutivalency effect on the GLUT-1 mediated 

uptake of Cy5-lablled G-XkPM (G-XkPM-Cy5) into human breast adenocarcinoma 

(MDA-MB-231) cells known to overexpressing GLUT-19-11. 

The number of glucose ligands on G-XkPM was tuned by varying the mixing molar ratio 

of MeO-PEG-PAsp and Gluc(6)-PEG-PAsp in the preparation step, and thus prepared 

micelle sample was abbreviated as GY-XkPM, where Y stands the number of glucose 

ligands on each of the micelle calculated from the data given in Table 1. It should be 

noted that the size of GY-XkPM is almost constant (~30 nm) regardless of PEG length. 

Therefore, if the micelle samples are set up to have the equal number of glucose ligands 

per micelle, their glucose ligand density on the surface can be regarded as same. Notably, 

as seen in Figure 3-2, there was observed a clear threshold in cellular uptake of G-2kPM 

with increasing number of glucose ligands, and obviously, the uptake abruptly increased 

for those with more than 33 ligands. To check whether this boosted cellular uptake indeed 

occurred via GLUT-1 dependent pathway, inhibition assay was conducted using GLUT 
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inhibitors, i.e., phloretin and cytochalasin B. As seen in Figure 3-3, G33-2kPM uptake 

into MDA-MB-231 cells significantly and dose dependently decreased in the presence of 

phloretin and cytochalasin B, indicating that the uptake is mediated by the interaction of 

GLUT-1 molecules with glucose ligands on the micelles. This result suggests that a 

critical multivalent ligand effect may be achieved when the density of glucose ligands on 

the surface of PM reaches to the critical value to allow a substantial multivalent 

interaction with GLUT-1 molecules expressed on the cell surface. In addition, cellular 

association of G-2kPM to rat primary endothelial cells showed similar ligand number 

dependency as shown in Figure 3-4. As the diameter of G-2kPM is 30.1 ± 0.67 nm (Table 

3-2), the footprint of a glucose molecule on the surface of G33-2kPM is calculated to be 

86 nm2. Thus, a distance between two glucose ligands on G33-2kPM is estimated to be 

9.9 nm. Worth noting in this regard is that GLUT-1 molecule with a size of 4.6 nm12 is 

known to form dimer and tetramer on the cellular surface13. It may be reasonable to 

assume that the density of glucose ligands on G33-2kPM may become high enough to 

induce multivalent interaction with GLUT-1 dimer and tetramer on the cellular membrane 

surface. 

In a sharp contrast with G-2kPM series, no drastic increase in ligand density-dependent 

cellular uptake was observed for G-5kPM series, and the G44-5kPM uptake into the cells 

was just slightly higher than G0-5kPM. In this regard, it is important to note the glucose 

molecules conjugated to the a-end of longer PEG chain are less likely to be exposed 

compared to glucose molecules installed on shorter PEG chains, assuming a random-

coiled conformation of tethered polymer strands. Furthermore, the steric repulsion 

between neighboring PEG chains may be increased for longer PEG chains14, and this 

might also be a factor to impair the approach of glucose-ligand to the recognition site in 
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GLUT-1 channel locating in a recessed position with low accessibility. These factors are 

assumed to be the reason for the restrained cellular uptake of G-5kPM compared to G-

2kPM, having the same number of glucose ligands. All the samples in G-12kPM series 

revealed no increase in cellular uptake even elevating the number of glucose ligands per 

micelle. Unfortunately, the maximum number of glucose ligands per micelle in G-12kPM 

series was limited to lower than the range expecting to observe multi-valency effect due 

to the decreased association number of the micelle, yet it may be reasonable to assume 

the less favorable multivalent interaction with GLUT-1 compared to G-2kPM and G-

5kPM serieses due to lowered ligand-exposure and higher steric repulsive effects of 

longer PEG strands. 

 The in vitro evaluation of GLUT-1 recognition of G-PMs does not fully reflect 

the in vivo situation, particularly monolayer cultured cells are not affected by blood flow 

and interaction with other brain cells regulating the direction of brain parenchyma and 

brain vasculature. Moreover, while several sophisticated in vitro BBB models are under 

investigation, they still do not completely reflect in vivo conditions. Thus, it is necessary 

to investigate BBB penetration ability of G-PM in vivo to determine optimized structural 

parameters. 
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Figure 3-2. Cellular of internalization G-PM with GLUT-1 highly expressing cancer 

cells (MDA-MB-231) (n = 10, means ±SE, t-test with G-0PM, *; p < 0.05, **; p < 

0.01) 

 

Figure 3-3. G33-2kPM and G0-2kPM internalization with MDA-MB-231 cells 

inhibited by phloretin and cytochalasin B (n = 10, means ±SE, t-test with 0 μM, **; p < 

0.01) 
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Figure 3-4. Internalization of G-2kPM and G-5kPM with rat primary BCECs (n = 5, 

means ± SE, t-test with G0-PM, **; p < 0.01) 

 

3. 3. 3. Quantitative analysis of interaction between G-PM and sugar binding lectins 

The binding affinity of G-PM with PEG chains having different length to the 

targeted protein was quantified using surface plasmon resonance (SPR) to clarify how the 

ligand density affects target recognition of G-PM. In this study, we conjugated the lectin 

ConA, which recognizes glucose, on the surface of sensor chips and quantified the 

binding affinity by flowing G-PM in the channel and tracing their dissociation after 

flowing buffer. The dissociation constant (KD) of each G-PM from ConA is shown in 

Table 3-3. G66-2kPM presented double-digit smaller dissociation constant compared to 

G33-2kPM, which means that G66-2kPM has much stronger binding affinity to conA 

than G33-2kPM. It is important to note that all the glucose molecules on G-PMs binding 
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to ConA are required to dissociate for the detaching G-PM from the ConA-installed 

sensorchip. In other words, G-PM binding to the ConA molecules on the surface by 

multivalent interactions are less likely to dissociate from the chip. Thus, the strong 

binding affinity of G66-2kPM to ConA suggests that a high ligand density on the surface 

of nanoparticles contributes to obtaining multivalency, intensifying the binding affinity 

of G-PM to ConA. As 1 ConA molecule on the sensor chip occupies 22 nm2, which is 

calculated from increasing of response with 2000 RU after ConA immobilization (1 RU 

= 1 pg/mm2 protein), the distance between each ConA molecule is 5 nm. Because the 

distances between each glucose molecule on the surface of G-PMs are 9.9 nm for G33-

2kPM and 7 nm for G66-2kPM, it is consistent that multivalent binding between ConA 

and G-PM was obtained.  

Based on our findings showing that the length of PEG chains determines 

maximum ligand density of G-PM through the association number, it is important to also 

study the formulations with longer PEG chains. Thus, the binding of G-5kPM was found 

to be stronger as the ligand density increased. However, the binding affinity of G-5kPM 

to ConA was weaker than that of G-2kPM having the same ligand density. Moreover, G-

12kPM binding to ConA cannot be quantified as the SPR signal was quite low. Generally, 

ligand molecules conjugated to a-end of longer PEG chains are less likely to be expose 

on the surface, as well as restrained by the surrounding steric repulsion of PEG. Hence, 

the accessibility of ligand molecules to targeted proteins is determined by the length of 

PEG chains, that is, longer PEG chains restrict the target recognition of ligands. 

Consequently, the effective number of ligand molecules on one nanoparticle that are 

available for ConA binding decreases when the ligands are conjugated to longer PEG 

chains. 
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Table 3-3. Dissociation constant of G-PMs from glucose-binding lectin (concanavalin 

A) evaluated by surface plasmon resonance measurements 

 G66-2kPM G33-2kPM G44-5kPM G22-5kPM 

KD 7.40 × 10-8 2.26 × 10-6 1.88 × 10-4 3.78 × 10-4 

 

 

 
Figure 3-5. SPR sensorgram of (a) G66-2kPM and (b) G33-2kPM binding to 

concanavalin A 
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3. 3. 4. Brain accumulation efficacy of systemically-administrated G-PM with varying 

length of PEG chains 

The results of the preceding section revealed that the glucose ligands on the G-

PMs were able to be recognized by GLUT-1 molecules expressed on cellular surfaces, 

facilitating the cellular uptake of G-PM depending on the PEG length and the glucose 

density per micelle. Here, we applied these GLUT-1 recognizable G-PMs to in vivo study, 

examining their capability of systemically targeting the brain through the multivalent 

interaction with GLUT-1 molecules overexpressing on the brain capillary endothelial 

cells (BCECs). According to our previous report1, the experiments were done with 24hr 

fasting mice receiving i.p. injection of glucose 30 min after systemic administration of G-

PM to facilitate GLUT-1 translocation from apical to basal sides of the BBB. It should be 

noted, as summarized in Table 3-4, all the series of G-PM has appreciable longevity in 

blood circulation with >80% of initial dose remaining in plasma even 90 min after the 

injection, indicating that the brain accumulation behavior of these G-PMs can be 

compared without considering the difference in the blood circulation profile. As seen in 

Figure 3-6, there is a clear trend of increasing brain accumulation with decreasing the 

PEG length of the micelle shell. Comparing at the sample having the same number 

(density) of glucose ligands per micelle, the G-2kPM series always attained higher brain 

accumulation than the G-5kPM and G-12kPM serieses. There is also a trend that the 
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accumulation increased with an increase in the number of glucose ligands, except for the 

G-2kPM with highest number of glucose (G66-2kPM). Apparently, as discussed in the 

preceding section addressing GLUT-1 mediated uptake of G-PMs into MDA-MB-231 

cells, these trends of increasing brain accumulation with decreasing PEG length and 

increasing the number of glucose ligands is consistent with the view of facilitated 

multivalent interaction of glucose ligands on the micelle with GLUI-1 molecules due to 

the synergistic contribution of increased ligand density, lowered steric repulsion, and 

higher probability of ligand exposure. Note that highest brain accumulation of 6% of 

dose/g-brain achieved here by G33-2kPM is comparable with our previous result obtained 

by the micelle with the same composition1. This value is much more efficient than 

previously developed brain targeting nanoparticulate systems such as transferrin-

conjugated liposome (≈  0.1 %ID)15 and angiopep-2 decorated polymeric micelle 

(≈0.4 %ID/g)16.   

Worth noting in the results shown in Figure 3-6 is that the further increase in the 

density of glucose ligands over G33-2kPM resulted in the significant decrease in brain 

accumulation, even though more effective multivalent interaction with GLUT-1 

molecules is expected. Actually, the presence of optimal glucose density on the micelle 

surface to maximize brain accumulation has already been observed in our previous study 
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[20], and the present examination faithfully reconfirmed this observation. The 

phenomenon might be explained by assuming the restricted release of the micelles with 

high density of glucose ligands from GLUT-1 molecules on BCEC at the basal side due 

to lowered dissociation constant derived from strong and effective multivalent glucose-

GLUT-1 interaction (Figure 3-7.).  

 

Table 3-4. Stability of G-PM in the blood stream 90 min after intravenous 
administration to mice (n = 5, means ± SE) 

 % of dose in 
plasma 

G0-2kPM 90.2 ± 11 

G11-2kPM 91.9 ± 8.8 

G33-2kPM 104 ± 12 

G66-2kPM 84.9 ± 11 

G0-5kPM 97.6 ± 9.9 

G11-5kPM 103 ± 6.0 

G22-5kPM 85.8 ± 3.9 

G44-5kPM 92.9 ± 5.8 

G0-12kPM 81.9 ± 11 

G11-12kPM 94.3 ± 3.1 

G22-12kPM 90.4 ± 2.7 
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Figure 3-6. Brain accumulation ratio of G-PM (n = 5, means ± SE, t-test with G0-PM, 

**; p < 0.01) 
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Figure 3-7. Immunohistochemical analysis of the of mice after the administration of G-

2kPMs. Brain sections extracted 48 h after the administration of G0-2kPM (Null/m), 

G11-2kPM (10%Gluc(6)/m), G33-2kPM(25%Gluc(6)/m) and G66-2kPM 

(50%Gluc(6)/m) labeled with cy5 (red). BCECs (a), neurons (b), microglial cells (c) and 

astrocytes (d) are labeled and visualized with anti-PECAM1, anti-Tuj1, anti-Iba1 and 

anti-GFAP antibodies, respectively (green). Nuclei are labeled with DAPI (blue). The 

scale bar indicates 20 μm (10 μm in insets) (Previously published data1) 

 

3. 4. Conclusion 

  G-PM has outstanding BBB penetration efficiency, with brain accumulation 
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levels that are orders of magnitude higher than other DDS targeting the brain. We found 

that the length of PEG chains dramatically affects to the association number of G-PMs, 

which decreased as the length of PEG chains, resulting in a lower number of ligands per 

micelle. Such structural alterations limit the multivalency between the glucose ligands on 

the micelles and GLUT-1 on cells that is necessary for transporter-mediated DDS using 

small molecules as ligands. Notably, there was a ligand density threshold for increasing 

the binding affinity of G-PM to GLUT-1 on cultured cells in vitro, indicating that the 

multivalent effect is critical for G-PM association to GLUT-1. For successful brain 

accumulation of G-PM in vivo, we clarified that the ligand density affects the targeting 

efficiency and the PEG length drastically changes the interaction of ligand molecules to 

the target protein due to the steric repulsion with neighboring PEG chains. 
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4. 1. Introduction 

 Despite the fact that glucose-decorated micelles with short length PEG strands 

with a molecular weight of 2 kDa can be recognized by GLUT-1 and observed 

accumulating in brain, micelles with long length PEG strands with a molecular weight of 

12 kDa cannot recognize GLUT-1. For the purpose of increasing stability of micelles and 

loading various drugs, the development of ligand-loaded micelles with high molecular 

weight PEG chains which maintains the ligand accessibility to the target membrane 

proteins is highly required. Previous research hypothesized that the ligand accessibility is 

reduced by the neighboring PEG chains and the target receptor recognition of ligands is 

restrained when longer ligand-installed PEG chains attached to nanoparticles1.  

 In this chapter, for the purpose of overcoming this PEG dilemma, the novel 

polymeric micelle design consisting of long PEG chains conjugated with the glucose 

ligand molecules and short PEG chains was developed. This technique is called cocktail 

PEGylation, and mixing short PEG strands is expected to improve the target recognition 

of ligand molecules2-4. The interaction between GLUT-1 and cocktail PEGylated G-PM 

was investigated both in vitro and in vivo. The brain accumulation of G-PM baring long 

PEG chains was drastically increased by cocktail PEGylation. 

 

4. 2. Experimental section 

4. 2. 1. Materials 

 Gluc(6)-PEG-PAsp (Mn of PEG = 12,000, DP of PAsp = 70), MeO-

PEG-PAsp ( Mn of PEG = 12,000, DP of PAsp = 67), MeO-PEG-PAsp (Mn of PEG = 

2,000, DP of PAsp = 80), MeO-PEG-P(Asp-AP) (Mn = 12,000, DP of P(Asp-AP) = 69) 

and MeO-PEG-P(Asp-AP) (Mn of PEG = 2,000, DP of P(Asp-AP) = 67) were synthesize 
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as described in the section 3. 2. 3. and 3. 2. 4. Collagenase, dispase, DNase type I, trypsin, 

puromycin and endothelial cell growth supplement were purchased from Sigma Aldrich 

Japan Co. LLC (Tokyo, Japan). Concanavalin A (ConA), RPMI-1640, DMEM, Ham’s 

F12 medium, Hanks' Balanced Salt Solution (HBSS) phloretin and anti Iba-1 antibody 

were purchased from FUJIFILM Wako Pure Chemical Co. (Tokyo, Japan). 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC/HCl) were purchased from 

Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).  Endothelial cell growth medium 

MV2 kit was purchased from Promocell GmbH (Heidelberg, Germany). CM5 sensor chip 

and EDC coupling kit (including N-ethyl-N’-(3-demethylaminopropyl carbodiimide 

(EDC), N-hydroxysuccineimide (NHS) and ethanolamine) were purchased from Cytiva 

(Marborough, MA, USA). Cytochalasin B was purchased form Cayman Chemical Co. 

(Ann Arbor, MI, USA). Passive lysis buffer was purchased from Promega Corporation 

(Madison, WI, USA). Anti PECAM-1 antibody was purchased from Santa Cruz 

Biotechnology (Dallas, TX, USA). Anti TUj-1 antibody was purchased from Covance Inc. 

(Princeton, NJ, USA). Anti GFAP antibody was purchased from Merc Millipore 

(Burlington, MA, USA). Goat anti-rat IgG (H+L) cross-adsorbed secondary antibody, 

Alexa Fluor 488, goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, Alexa 

Fluor 488 and Prolong gold with DAPI were purchased from Thermo Scientific (Waltham, 

MA, USA). Balb/c mice (female; 5 weeks old) and Sprague-Dawley rats (female; 7 weeks 

old) were purchased from Charles River Laboratories Japan (Kanagawa, Japan). All the 

animal experiments were performed according to the Guidelines for the Care and Use of 

Laboratory Animals, as stated by The University of Tokyo (Tokyo, Japan) and iCONM 

(Innovation Center of NanoMedicine, Kawasaki, Japan). 
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4. 2. 2. Preparation of cocktail PEGylated glucose-decorated polymeric micelle 

Cocktail PEGylated G-PM (cG-PM) was prepared with Gluc(6)-PEG-PAsp (Mn 

of PEG = 12,000, DP of PAsp = 70), MeO-PEG-PAsp ( Mn of PEG = 12,000, DP of PAsp 

= 67), MeO-PEG-PAsp (Mn of PEG = 2,000, DP of PAsp = 80), MeO-PEG-P(Asp-AP) 

(Mn = 12,000, DP of P(Asp-AP) = 69) and MeO-PEG-P(Asp-AP) (Mn of PEG = 2,000, 

DP of P(Asp-AP) = 67). Solution of block copolymers were prepared at a concentration 

of 1 mg/mL in 10 mM phosphate buffer (PB, pH 7.5, 0 mM NaCl) and passed through a 

0.22 μm membrane filter to remove dust particulates. These block aniomer and catiomer 

solutions were subjected to vortex mixing at 1.05 molar ratio of carboxyl groups to amine 

groups to form cG-PM with varing fraction of shorter PEG strands and glucose-decorated 

longer PEG strands in PEG shell layer (Scheme 4-1.). All these cG-PMs were cross linked 

by adding 10 mg/mL EDC/HCl in 10 mM PB at 10 molar equivalent amounts to carboxyl 

groups of block aniomer, and maintained overnight at room temperature followed by the 

purification via ultrafiltration with VIVASPIN 6 (Satrius stedium Biotech GmbH, 

Goettingen, Germany) [MWCO: 100,000 Da]. During the purification process, the 

solvent was replaced with deionized water (for static light scattering measurement and 

analytical ultracentrifugation measurement) or D-PBS (-) (for surface plasmon resonance 

measurement, cellular experiment and animal experiment). 

 

4. 2. 3. Characterization of cG-PM 

The size and corresponding distribution of G-PM was investigated by conducting 

dynamic slight scattering (DLS) measurement using a Zatasizer Nano ZS90 (Marvern 

Instruments Ltd., Worcestershire, UK) connected to a diode-pumped solid state laser 
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(wavelength = 532 nm) same as described in the section 2. 2. 8.  

The molecular weight of G-PMs was verified by static light scattering (SLS) 

measurement using a DLS-8000 instrument (Otsuka Electronics, Osaka, Japan) as 

described in the section 2. 2. 10. And then, the micellar association number of G-PMs 

was calculated from the obtained result (molecular weight of G-PM) and molecular 

weight of building block copolymers.  

The morphology of G-PMs was observed using transmission electron 

microscopy (TEM) using JEM-1400 (JEOL, Tokyo, Japan) as described in the section 2. 

2. 11. 

 

4. 2. 4. Analytical ultracentrifugation measurement 

 Analytical ultracentrifugation (AUC) measurement was performed using an 

analytical ultracentrifuge Optima XL-1 (Beckman Coulter, Brea, CA, USA) equipped 

with AnTi60 rotor cells that were able to hold three sets of 1.2 mm two channels Epon 

filled centerpieces. The measurement was carried by the setting the detection of 

absorbance at 220 nm and the rotation speed to 150,000 rpm at room temperature. Radial 

absorbance data was collected in continuously scanning mode at 0.002 cm intervals and 

3 minutes increments for a total of 120 scans. Obtained sedimentation boundaries were 

fitted based on the equation by the continuous sedimentation coefficient model in the 

SEDFIT software (Beckman Coulter) to acquire the sedimentation coefficient 

disttribution. The parameters were set to as follows; resolution: 100, smin: 100, smax: 150, 

friction: 1.2, μ (buffer density): 1.02 g/cm3, viscosity: 0.01002 poise and partial specific 

volume: 0.73 cm3/g. Sedimentation coefficient was converted to molecular mass (M) by 

the Svedberg equation: 
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𝑀 = 𝑅𝑇𝑠 A(1 − 𝜈𝜌)𝐷E⁄  

where R is the gas constant, T is the absolute temperature, s is the sedimentation 

coefficient, 𝜈  is the partial specific volume, 𝜌  is the solution density and D is the 

diffusion coefficient. D is calculated from the Einstein-stokes equation with the DLS 

diameter. 

 

4. 2. 5. Surface plasmon resonance measurement 

 The interaction between glucose binding lectins and cG-PM was quantified using 

a BIACORE T200 (Cytica, Marlborough, MA, USA) as previously described in the 

section 3. 2. 10. 

 

4. 2. 6. Cellular experiments 

 The cellular association of cG-PMs and G-12kPM to GLUT-1 highly expressing 

cancer cells (MDA-MB-231) and rat primary brain endothelial cells was evaluated for the 

purpose of certificate that cocktail PEGylation demonstrates the imroved accessibility of 

ligand molecules conjugated to long PEG chains to targeted membrane transporters 

GLUT-1 on the surface of culturing cells in vitro. These experiments were conducted as 

previously described in the section 3. 2. 7, 3. 2. 8, and 3. 2. 9. 

 

4. 2. 7. Biodistribution of cG-PM 

 To investigate the effect of cocktail PEGylation on the target recognition ability 

of ligand molecules tethered to longer PEG chains in vivo, biodistribution of cy5-labeled 

cG14-2k50%PM, cG15-2k60%PM and cG16-2k70%PM were evaluated following the 

same procedure described in the section 3. 2. 11. 
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4. 2. 8. IVRT-CLSM observation of cG-PM penetrating BBB 

 To directly observe the BBB crossing of cG-PMs, Balb/c mice (female, 7 weeks) 

were fasted for 24 hours, and then anesthetized with 2.5 % isoflurane. The mouse was 

subjected on a Thermoplate (Tokai Hit, Tokyo, Japan) after the skull of mouse was 

partially exposed. The surface of brain was attached with a coverslip (Muto Pure 

Chemicals, Tokyo, Japan) under a proper pressure. Then the mouse was intravenously 

administrated with 200 μL of cy5-labeled cG-PM samples (1 mg/mL in D-PBS(-)), and 

30 minutes after, the mouse was administrated with 200 μL of glucose solution at a 

concentration of 20 wt% in D-PBS(-) intraperitoneally. The fluorescence signal of cy5-

labeled cG-PMs in the brain parenchyma were acquired using an A1R confocal laser 

scanning microscopy system (Nikon Co., Tokyo, Japan) connected to an upright Eclipse 

EN1 (Nikon Co.). Fluorescent intensity was recorded at several region of interest (ROI) 

points covering parenchymal tissue. Obtained images were processed using NIS-

Elements software (Nikon Co.). 

 

4. 2. 9. Immunohistochemical analysis of mice brain section 

 Mice were reared without food for 24 hours, and then intravenously injected with 

the solution of cy5-labeledcG2k50, 60 and 70%PM, followed by an intraperitoneal 

injection of glucose solution at a concentration of 20 wt% in PBS. 48 h after micelle 

administration, mice were euthanized, and perfused with PBS and 4% PFA. The mice 

brains were fixed overnight in 4% paraformaldehyde at 4 °C and sequentially immersed 

in 20 wt% overnight and subsequently 30 wt% sucrose solution at 4 ℃. The fixed brains 
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were frozen in cooled hexane (-100 ℃) and sliced into 14 μm thickness sections using a 

CM1950 cryostat (Leica Microsystems, Wetzler, Germany). The sliced sections were 

immunolabeled with antibodies against PECAM-1 (1:300) to visualize BCECs. Next, the 

sections were incubated with an Alexa Fluor 488-conjugated secondary antibody. The 

cell nuclei were stained with DAPI during mounting the section. All images were 

acquired with LSM880 laser scanning microscope (Carl Zeiss, Zurich, Switzerland) and 

processed using ImageJ FIJI. 

 

4. 3. Results and discussion 

4. 3. 1. Characterization of cG-PM 

For these results, we confirmed that longer PEG chains restrain GLUT1 

recognition of glucose ligands conjugated to G-PM, even if the number of glucose 

molecules on the surface of G-PM is the same, and decreases brain targeting efficacy of 

the micelles. The installation of glucose molecules to the end of longer PEG chains is 

estimated to decrease their affinity to target membrane protein, while the number of 

accessible ligands per nanoparticle declined. Since steric repulsion with neighboring PEG 

chains increases by increasing of chain length, the probability that the ligand attached to 

long PEG exposes on the surface of nanoparticle decreases. G-PM with long PEG chains 

showed less target recognition because of less effective number of ligands per micelle 

due to high steric repulsion with neighboring PEG chains. To get further understanding 

on the effect of PEG chains on G-PM recognition to GLUT-1, we focused on the 

technique called cocktail PEGylation, which allows increasing the accessibility of ligand 

molecules by mixing relatively shorter PEG chains with longer PEG chains conjugated 

with ligands. The improved ligand recognition by cocktail PEGylation has been revealed 
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in vitro [ref]. Here, we focused on G-12kPM, which showed lower brain accumulation 

rate compared to G-5kPM and G-2kPM, to develop cocktail PEGylated G-PM (cG-PM). 

Thus, a series of cocktail PEGylated micelles were prepared by mixing polyanion 

solutions containing Gluc-PEG(12k)-PAsp, MeO-PEG(12k)-PAsp and MeO-PEG(2k)-

PAsp with polycation solutions of MeO-PEG(2k)-P(Asp-AP). We referred to these 

micelles as cGX-2kY%PM, where X is the glucose number in a PM and Y is the weight 

ratio of block copolymer having 2k PEG to all block copolymers (Scheme 4-1.). All cG-

PMs presented unimodal diameter of 40 nm regardless of the ligand density and mixing 

ratio of short PEG chains (Y) from 50 to 70% (Table 4-1.). The spherical morphology of 

each cG-PM was confirmed by TEM (Figure 4-1.). In addition, the molecular weight of 

cG-PMs was measured by SLS, and the association number was calculated to be from 52 

polymers for cG14-2k50%PM to 63 polymers for cG16-2k70%PM, which are larger than 

that of G-12kPM, i.e. 44 polymers. Unimodal distribution of cG-2k50%PM was observed 

by the analytical ultracentrifugation (Figure 4-2.). It is confirmed that the separation of 

micellar association number population does not occur due to cocktail PEGylation. 
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Scheme 4-1. Preparation of cG-PM from building block copolymers the chain length of 

PEG segment of which are 12,000 Da or 2,000 Da 

 

 

Table 4-1. Characterization of cG-PMs 

MW of 
PEG; 

12000 Da : 
2000 Da 

Diametera) 
[nm] PdIb) 

MW of 
micellesc) 

[×106 Da] 

Micellar 
association 

numberd) 

50:50 41.8 ± 0.47 0.061 1.31 52 

40:60 38.9 ± 0.29 0.020 1.43 60 

30:70 39.7 ± 0.37 0.025 1.44 63 

a)Determined by DLS (n = 3, means ± SD); b)Polydispersity index of nanoparticles 

determined by DLS (n = 3); c)Determined by SLS 

 

 

Figure 4-1. Transmission electron microscopic images of (a) cG-2k50%PM, (b) cG-

2k60%PM and (c) cG-2kP70%M 
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Figure 4-2. Molar mass distribution of cG-PMs analyzed by ultracentrifugation (blue: 

cG-2k60%PM, orange: cG-2k60%PM and gray: cG-2k70%PM) 

 

4. 3. 2. Effect of shorter PEG ratio on the interaction between cG-PM and GLUT-1 

highly expressing cells 

The binding affinity of G-cocktail PM to GLUT-1 expressing on cultured cells 

was evaluated by quantifying Cy5-labeled G-cocktail PM associated with MDA-MB-231 

cells. The amount of G-cocktail PM associated with the cells highly expressing GLUT-1 

significantly increased compared to that of cG0-PM, which has no glucose ligand (Figure 

4-3.). The cellular association of cG-PM was inhibited by GLUT inhibitors, phloretin and 

cytochalasin B, indicating that the interaction is mediated by glucose ligands and GLUT-

1(Figure 2(b)). The results confirmed that cocktail PEGylation provide target recognition 

to GLUT-1 to the glucose molecules conjugated to long PEG (MW = 12 kDa). Notably, 

a larger ratio of short PEG increased the GLUT-1 recognition of the micelles, and cG16-

2k70%PM with the highest ratio of 2 kDa PEG showed the highest binding to MDA-MB-
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231 cells. This result is consistent with the result of cellular association of cG-PM with 

rat primary endothelial cells (Figure 4-5.) and dissociation constant from glucose binding 

lectins quantified by SPR measurement (Table 4-2.). 

 

 

Figure 4-3. Cellular internalization of cG-PM with GLUT-1 highly expressing cancer 

cells (MDA-MB-231) (n = 10, means ± SEM, t-test with cG0-PM with same amount of 

short PEG chains, **; p < 0.01) 
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Figure 4-4. cG16-2k70%PM and cG0-2k70%PM internalization with MDA-MB-231 

cells inhibited by phloretin and cytochalasin B (n = 10, means ± SEM, t-test with 0 μM, 

*; p < 0.05, **; p < 0.01) 

 

Figure 4-5. cG-PM internalization with rat primary endothelial cells (n = 5, means± SEM, 

t-test with cG-0PMs with same ratio of short PEG chains, * p< 0.01) 
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Table 4-2. Dissociation constant of G-PMs from glucose-binding lectin (concanavalin 

A) evaluated by surface plasmon resonance 

 cG14-2k50%PM cG15-2k60%PM cG16-2k70%PM 

KD 6.58 × 10-5 4.04 × 10-5 1.68 × 10-5 

 

4. 3. 3. Cocktail PEGylation effect on the brain accumulation of G-PM 

Motivated by the enhanced in vitro binding of cG-PM to GLUT-1 on cells, the 

ability of the cocktailed micelles to reach brain tissues was evaluated in vivo. Here, we 

studied the brain accumulation of cG14-2k50, cG15-2k60%PM and cG16-2k70%PM, 

which showed improved target recognition in the in vitro experiment, with the purpose of 

investigating the effect of cocktail PEGylation on in vivo GLUT-1 recognition of glucose 

ligands conjugated to long PEG chains. Importantly, the blood circulation of cG-PM was 

not affected by the mixing ratio of short PEG from 50 % to 70 %, and all micelles showed 

comparable long circulation, which allow us to exclude the pharmacokinetics effects on 

the distribution to brain tissues (Table 4-3.). As a result, cG-PMs showed much higher 

brain accumulation ratio compared to G-12kPM. The brain accumulation results of cG-

PM showed that the ratio of short PEG for cocktail PEGylation controlled the access into 

the organ, with cG15-2k60%PM achieving 4.0 % of dose/g of brain tissue, which was 

more than twice the amount of cG14-2k50%PM and cG16-2k70%PM (Figure 4-6.). In 

addition, the BBB penetration of cG15-2k60%PM was successfully observed by direct 

brain surface observation using IVRT-CLSM (Figure 4-7.). Thus, while the larger amount 

of short PEG contributes to the improvement of target recognition of glucose ligands 

attached to long PEG chains, excess binding affinity to GLUT-1 prevents the dissociation 

of cG-PM from GLUT-1 and cG-PMs remains in the vascular wall, so that the penetration 



  109 

of nanocarriers into the brain parenchyma is reduced. As demonstrated in our earlier 

studies, the BBB penetration of glucosylated nanocarrier consists on three independent 

processes; i) binding to GLUT-1 on brain endothelial cells; ii) transcytosis to brain 

parenchyma; and iii) dissociating from GLUT-1 on endothelial cells to reach the 

parenchyma side. Failure in these process limits the accessibility of the nanocarriers into 

brain. We investigated the accumulation of G-cocktail PM to brain endothelial cells by 

immunohistochemical analysis of brain sections (Figure 4-8.). The colocalization rate of 

cG16-2k70%PM with endothelial cells of brain capillaries was significantly higher than 

that of cG14-2k50%PM and cG15-2k60%PM (Figure 4-9.). This result was consistent 

with the result of in vitro cellular experiment, which indicated that a higher mixing ratio 

of short PEG increases the binding affinity of cG-PM to GLUT-1. Thus, we would like to 

point out that there is an optimal ratio of short PEG to increase the brain targeting efficacy 

of G-PM by cocktail PEGylation. cG-PMs accumulated in the brain were internalized 

microglia as well as neurons, not astrocytes (Figure 4-10.) after the penetration of BBB 

same as G-2kPMs5. 

 

Table 4-3. Stability of cG-PM in the blood stream 90 min after intravenous 

administration to mice (n = 5, means ± SEM) 

 % of dose in 
plasma 

G22-12kPM 90.4 ± 2.7 

cG14-2k50%PM 98.5 ± 3.7 

cG15-2k60%PM 84.2 ± 11 

cG16-2k70%PM 88.2 ± 14 
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Figure 4-6. Brain accumulation ratio of cG-PM (n = 5, means ± SEM, t-test with G22-

12kPM, **; p < 0.01) 
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Figure 4-7. cy5-labeled cG15-2k60%PM in the brain observed using IVRT-CLSM (a) 

ROIs in the brain tissue and (b) averaged relative fluorescent intensity at each ROI 
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Figure 4-8. Immunohistochemical analysis of mice brain endothelial cells 48 hours 

after intravenous administration of cG-PM (green: PECAM-1, blue: DAPI, red: cy5-

labeled cG-PM, scale bar: 20 μm) 

 
Figure 4-9. Pearson’s correlation efficient of cG-PMs colocalized with brain endothelial 

cells (n > 100 cells were analyzed for each cG-PM, means ± SEM, *; p < 0.05, **; p < 

0.01) 
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Figure 4-10. Immunohistochemical analysis of mice brain parenchymal cells 
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4. 4. Conclusion 

 In this research, cocktail PEGylated Gluc/m was successfully developed and the 

interaction between glucose ligand molecules and GLUT was evaluated both in vitro and 

in vivo. Interaction between GLUT1 on the surface of MDA-MB-231 and glucose ligands 

of cocktail PEGylated Gluc/m was demonstrated. It is confirmed that BBB penetration 

ability of Gluc/m was increased by cocktail PEGylation. It is suggested that there is an 

optimal condition for utilizing cocktail PEGylated Gluc/m. 
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5. 1. Conclusions 

 The present study focused on universal structural parameters of polymeric 

micelle as drug delivery carrier targeting blood-brain barrier (BBB) via glucose ligand 

molecule interact with glucose transporter-1 (GLUT-1) for central nervous disorders 

therapy. 

 In chapter 2, structural characteristics of polyion complex micelle (PIC/m) with 

varying charge mixing ratio in core-forming oppositely charged segments were evaluated, 

and then the performance of these PIC/m in the biological condition as a DDS carrier was 

investigated. PIC/m formation was performed with a wide range of charge mixing ratio 

([carboxylate]/[amine], C/A) across a stoichiometry with a diameter of 30 to 50 nm, 

narrow size distribution and spherical morphology. The decreasing of surface charge 

potential with from neutral to carboxylate rich PIC/m was observed by electrophoretic 

light scattering measurement and remaining polyanion block copolymers were detected 

after micellar formation by size exclusion chromatography when C/A ≥ 1.10. Proton 

nuclear magnetic resonance (1H-NMR) and small angle X-ray scattering (SAXS) 

measurement provided further detailed structural information of core of PIC/m. The 

decreased mobility of atoms in core-forming segment depending on increasing of C/A 

was observed by 1H-NMR. In addition, it was suggested that PIC/m did not maintain the 

phase separated core-shell structure with C/A = 1.10 from SAXS result while PIC/m with 

C/A from 0.90 to 1.05 successfully obtained core-shell structure nanoparticle. Thus, these 

structural parameters confirmed to determine the in vivo performance of PIC/m as a DDS 

carrier represented by the stability in the bloodstream, biodistribution, as well as the 

uptake by sinusoidal walls in the liver vasculature. 

 In chapter 3, the effect of hydrophilic shell-forming segment on the efficiency 
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of transporter-mediated ligand-installed DDS carrier targeting the brain was investigated, 

utilizing PIC/m with C/A = 1.05 which performed reduced non-specific distribution to 

organs maintaining core-shell structure. Glucose-decorated polymeric micelle (G-PM) 

targeting glucose transporter-1 (GLUT-1) on the blood-brain barrier (BBB) with varying 

chain length of poly(ethylene glycol) (PEG) was successfully fabricated with a diameter 

of around 30 nm and narrow size distribution regardless of PEG chain length. Note that 

significantly restrained micellar association number depending on increasing of PEG 

chain length was confirmed by static light scattering (SLS) measurement, resulted in 

restrained ligand number per micelle, which means same as ligand density for 

nanoparticles with the same size. The association of G-PM to GLUT-1 expressing 

cultured cells (MDA-MB-231 cells and rat primary endothelial cells) significantly 

determined by two parameters; 1) number of ligands and 2) length of PEG chains. These 

results were consistent with the dissociation constant of G-PM from sugar binding lectin 

quantified by surface plasmon resonance (SPR) measurement. The brain accumulation of 

G-PM was more significantly affected by these parameters except for the deceasing of 

the brain accumulation of G-PM with the shortest PEG and larger number of ligands on 

the surface of it. This result was consistent with the previous research which suggests the 

reduced brain accumulation of G-PM with excess binding affinity to GLUT-1 comparing 

with appropriate value followed by stacking in brain endothelial cells. Moreover, it is 

worth noting that multivalent interaction is necessary for ligand molecules achieving low 

binding affinity with 1 to 1 interaction, e. g., sugars represented by glucose. For this 

reason, ligand number of G-PM was the crucial parameter to delivered to the brain 

efficiently. 

 In chapter 4, the effect of cocktail PEGylation on the target recognition of ligand 



  119 

glucose molecules conjugated to long PEG chain tethered with G-PM was investigated. 

In chapter 3, it is conformed that the interaction of ligand molecules with target proteins 

restrained by long neighboring PEG chains, resulted in decreased targeting efficiency of 

G-PM with longer PEG chains. Cocktail PEGylation is the technique improves the 

accessibility of ligand molecules attached to longer PEG by mixing shorter PEG chains. 

In this study, cocktail PEGylated G-PM (cG-PM) were successfully fabricated with the 

similar structural property to G-PM. It was confirmed that cocktail PEGylation 

significantly improved the interaction between G-PM and GLUT-1 both of in vitro and in 

vivo with a range of short PEG mixing ratio from 50 to 70 %. Note that cG-2k70%PM 

demonstrated decreased brain accumulation ratio and promoted accumulation to brain 

endothelial cells comparing with cG-2k60PM even the ligand number was almost same. 

It was suggested that the fine tuning of binding/dissociation balance between G-PM and 

GLUT-1 should be considered for the fabrication of cG-PM with efficient delivery to the 

brain. 

 

5. 2. Future perspectives 

 These findings about the structural parameters of PIC/m improve current 

knowledge on the formation of PIC based nanoparticulated materials, which could allow 

PIC/m-based carriers with structural and functional characteristics for controlling in vivo 

action. Moreover, investigated universal structural parameters of G-PM to emphasize the 

accumulation to the brain rationalize the structural design of DDS carrier based on G-PM 

as a carrier of varying types of drugs, such as nucleic acid drugs and antibody drugs for 

the CNS disorders therapy. 
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S1. Preparation of PICm with the presence of NaCl as free counter ions 

 

 

Figure S1-1. Diameter of PIC micelles prepared with MeO-PEG-PAsp (Moleculae 

weight (MW) of PEG = 2.2 kDa, degree of polymerization (DP) of PAsp unit = 80) and 

MeO-PEG-P(Asp-AP) (MW = 2.2k, DP of P(Asp-AP) unit = 76) in 10 mM phosphate 

buffer (PB) with and without the presence of NaCl (0, 15 and 150 mM) measured by 

dynamic light scattering same as described in the section 2. 2. 8. 
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Figure S1-2. Molecular association number of PIC micelles formed with and without the 

presence of free counter ions in 10 mM PB (pH 7.4, 0 or 150 mM NaCl) calculated from 

molecular weight of PICm determined by static light scattering measurement same as 

described in the section 2. 2. 9. 
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Figure S1-3. Size exclusion chromatography spectra of PIC micelles formed in 10 mM 

PB (pH 7.4, 150 mM NaCl) collected same as described in the section 2. 2. 12. 

 

 

Figure S1-4. Detected proton (c and d in Figure 2-10.) ratio of PIC micelles formed in 

10 mM PB prepared with D2O (pD 7.0, 150 mM NaCl) 
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S2. Cocktail PEGylated glucose-decorated micelles (cG-PM) with less than 50 % of 

short PEG chains 

 

Table S2-1. Characterization of cG-PMs 

MW of 
PEG; 

12000 Da : 
2000 Da 

Diametera) 
[nm] PdIb) 

MW of 
micellesc) 

[×106 Da] 

Micellar 
association 

numberd) 

60:40 42 0.074 1.39 57 

70:30 41 0.054 1.24 53 

a)Determined by DLS; b)Polydispersity index of nanoparticles determined by DLS (n = 

3); c)Determined by SLS; d)Calculated from MW of micelle 

 

 
Figure S2-1. Cellular internalization of cG-PM with GLUT-1 highly expressing cancer 

cells (MDA-MB-231) (n = 8, means ± SE, t-test with cG0-PM with same amount of short 
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PEG chains, **; p < 0.01) investigated same as described in the section 3. 2. 7. 
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