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中性子捕捉療法への応用） 

 

申 請 者 西川 正浩 

 

論文要旨  

ナノダイヤモンド（ND）は、高い生体適合性、表面官能基への化学修飾可能性、色中心

含有NDにおける蛍光特性などから、バイオ・医療分野への応用に関する研究が多く行われて

いる。一方、種々ナノ粒子を生理的条件下で安定に分散させるために、ポリグリセロール（PG）

による修飾が用いられている。PG修飾は、豊富に存在する水酸基により高い親水性をナノ粒

子に付与し、また更なる化学修飾を可能にするほか、ナノ粒子の体内での免疫応答を回避さ

せることが知られている。本研究では爆轟法ND（DND）を中心に、PG修飾ND（ND-PG, DND-

PG）の構造解析とPG修飾反応の定量的制御に関して検討し、またDND-PGへのホウ素源担持

によるホウ素中性子捕捉療法（BNCT）薬剤の合成とその評価を行った。 

本論文は6つの章より構成される。第1章は序論であり、ND, PG修飾およびBNCTに関す

る一般的知識を開示する。第2章ではグリシドールの開環重合を安全に行うために溶媒を用

いるPG修飾反応条件を示し、またPG修飾量が反応条件およびND粒子の性状により理論的に

制御可能であることを明らかにした。ND-PGのNMR分析からは、PG鎖中での置換様式が異

なるモノマー単位の存在比と1級水酸基の量を求めた。更に動的光散乱（DLS）分析からPG

鎖の長さを求め、特にDND-PGにおいてPG鎖は柔軟でありPG層内部に多くの水を含むこと

が可能であると推定した。第3章ではニトロキシルラジカル触媒によりND-PGの1級水酸基を

カルボキシ基（COOH）に変換する方法について述べる。酸化剤の使用量に対する反応挙動

を検討し、COOH含量が約1 mmol/g以下の範囲では酸化剤の量に対してほぼ定量的にCOOH

が生成することがわかった。第4章ではDND-PGにフェニルボロン酸（PBA）を担持したBNCT

薬剤の合成とマウスによる評価を行った。DND-PGのOH基をアミノ基に変換し、PBAのアル

デヒド体との還元アミノ化によりPBAを導入、血液中で分散させるためにアミノ基の保護を

行った。ナノ薬剤は、担がんマウスへの投与において腫瘍に蓄積され、また中性子照射によ

り腫瘍の増大を有意に抑制することを確認した。第5章ではホウ素-10クラスターを担持した

ナノ薬剤を合成した。第3章で示したCOOH変換体から出発し、ホウ素-10クラスターをクリッ

ク反応で導入し、COOH基には能動的ターゲティング部位としてPBAまたはRGDペプチドを

結合した。細胞毒性試験、BNCT評価および透過型電子顕微鏡（TEM）による細胞導入の観
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察を行い、ホウ素-10クラスター担持ナノ薬剤は細胞内に導入され、中性子照射によりBNCT

効果を示すことを確認した。能動的ターゲティング部位の有無による差異はわずかであり、

負電荷を持つホウ素-10クラスターの細胞導入への関与が示唆された。第6章は結語であり、

本論文におけるND-PGに関する詳細かつ定量的な検討が、バイオ・医療分野でのND-PGの応

用に対して、ラボスケールから臨床・工業化段階にわたり重要な知見を与えると期待される

こと、またDND-PGによるBNCT薬剤が、今後の薬剤開発でのリード物質となり得ると結論し

た。 



1 

 

Table of contents 

Chapter 1: General introduction ................................................................................ 4 

 1-1. Nanodiamonds............................................................................................................ 4 

 1-2. Poly(glycerol) (PG) functionalization ....................................................................... 12 

 1-3. Boron neutron capture therapy (BNCT) .................................................................... 17 

 1-4. Scope of the thesis ..................................................................................................... 20 

 

Chapter 2: Thorough elucidation of synthesis and structure of poly(glycerol) 

functionalized nanodiamonds .................................................................................... 22 

 2-1. Introduction ............................................................................................................... 22 

 2-2. Results and discussion ............................................................................................... 22 

  2-2-1. Elucidation of the scalable and controllable synthesis of ND-PG ................. 22 

  2-2-2. Structural elucidation of ND-PG by 13C NMR analyses ................................ 50 

  2-2-3. Structural elucidation of ND-PG by DLS measurements .............................. 67 

 2-3. Conclusion ................................................................................................................ 83 

 2-4. Experimental ............................................................................................................. 84 

 Appendix I to Chapter 2 ................................................................................................... 89 

 

Chapter 3: Poly(glycerol-co-glyceric acid) functionalized nanodiamonds by 

nitroxyl radical-catalyzed oxidation of primary alcohols in poly(glycerol) as 

scaffolds for further conjugation ............................................................................... 94 

 3-1. Introduction ............................................................................................................... 94 

 3-2. Results and discussion ............................................................................................... 96 

 3-3. Conclusion ............................................................................................................... 118 



2 

 

 3-4. Experimental ............................................................................................................ 118 

 

Chapter 4: Conjugation of phenylboronic acid moiety through multistep organic 

transformations on nanodiamond surface for an anticancer nanodrug of boron 

neutron capture therapy ........................................................................................... 123 

 4-1. Introduction .............................................................................................................. 123 

 4-2. Results and discussion .............................................................................................. 123 

  4-2-1. Material design .............................................................................................. 123 

  4-2-2. Preparation of amino functionalized DND-PG ............................................. 125 

  4-2-3. Introduction of PBA moiety and further modification .................................. 134 

  4-2-4. In vitro cytotoxicity of the nanodrug ............................................................. 142 

  4-2-5. Pharmacokinetic study .................................................................................. 143  

  4-2-6. BNCT study .................................................................................................. 145 

 4-3. Conclusion and outlook ............................................................................................ 147 

 4-4. Experimental ............................................................................................................ 147 

 Appendix II to Chapter 4 ................................................................................................. 156 

 

Chapter 5: Rational design, multistep synthesis and in vitro evaluation of 

poly(glycerol) functionalized nanodiamond conjugated with boron-10 cluster and 

active targeting moiety for boron neutron capture therapy .................................. 166 

 5-1. Introduction .............................................................................................................. 166 

 5-2. Results and discussion .............................................................................................. 167 

  5-2-1. Synthesis and characterization of BNCT nanodrugs from DND-PG .............. 167 

  5-2-2. In vitro evaluation of BNCT nanodrugs by cell viability assay ....................... 177 

  5-2-3. In vitro evaluation of BNCT nanodrugs by colony forming assay .................. 180 



3 

 

  5-2-4. TEM analysis of cells after incubation with nanodrugs ................................... 185 

 5-3. Conclusion ............................................................................................................... 200 

 5-4. Experimental ............................................................................................................ 202 

 Appendix III to Chapter 5 ................................................................................................ 210 

 

Chapter 6: Conclusion ............................................................................................... 222 

References ................................................................................................................... 225 

List of abbreviations .................................................................................................. 251 

List of publications .................................................................................................... 253 

List of presentations  ................................................................................................ 258 

List of patents ............................................................................................................. 260 

Acknowledgements .................................................................................................... 261 

  



4 

 

Chapter 1: General introduction 

 

1-1. Nanodiamonds 

Nanodiamonds (NDs) are nanometer-sized (< 100 nm) diamond particles which have 

attracted great attention for two decades or more. They are expected to have superior physical and 

chemical properties of bulk diamond with the features of nanoparticles like dispersibility in 

various media or versatility of surface chemistry brought by the large surface area and abundant 

surface functional groups. At present, the following four practical (industrial) synthetic methods 

of diamond or NDs are known; i) high-pressure high-temperature (HPHT), ii) shock-wave 

compaction, iii) chemical vapor deposition (CVD) and iv) detonation methods as shown in Table 

1-1 [1, 2]. Different method gives NDs of different characteristics especially in size and shape, 

and also chemical composition or impurity and defect contents. Break-down and classification 

processes are established in i), ii) and iii) to obtain nanometer-sized particles. 

NDs from detonation synthesis designated as detonation NDs (DNDs) are produced by the 

“detonation” of oxygen-deficient explosives such as the mixture of 2,4,6-trinitrotoluene (TNT) 

and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) in a closed chamber (Figure 1-1) [2‒5]. TNT 

is thought to serve as carbon source while RDX is to provide energy to make high temperature 

and pressure (3000 K, 20 GPa) for diamond synthesis. Upon the ignition, the explosive charge 

burns at the combustion speed of ~ 8000 m/s, depending on the type of explosive material, to 

generate the shock-wave. Diamond structure is formed just behind the shock-wave front at the 

time-scale of ≤ 1 μs for its formation and growth. Accordingly, the primary particle size of DNDs 

is uniform in 4‒6 nm with spherical or truncated shape, which is the smallest among NDs from 

the above methods (Figure 1-2).
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Table 1-1. Four major synthetic methods of artificial (nano)diamonds. 

Synthetic method 

(Discovery) 
Raw materials 

Shape and size of 

ND particles 
Description of method 

Hydrostatic high-pressure 

high-temperature (HPHT) 

(GE, 1955) 

Graphite + ferrous 

metal (Fe, Co, Ni) 

Single crystalline particle 

of truncated shape, 

50 μm ~ mm 

Graphite is dissolved in melted metal catalyst 

at high pressure and high temperature (5 GPa, 

1500 °C), from which diamond particles are 

deposited. 

Shock-wave compaction 

(DuPont method) 

(DeCarli-Jamieson, 1961) 

Graphite + Cu powder 

+ explosive (TNT) 

Polycrystalline particle, 

50 μm 

Graphite powder is charged in a sealed metal 

tube and set in an explosive chamber. 

Explosion initiates the phase transition to 

diamond structure at high pressure and high 

temperature. 

Chemical vapor deposition 

(CVD) 

(Eversole, 1950) 

Methane (CH4) + 

hydrogen (H2) 

Polycrystalline film, 

in the order of μm 

Plasma (radical) is generated from raw 

materials by the microwave or hot filament. 

Diamond is deposited and grown on the 

substrate at ~ 800 °C under the pressure of < 

27 kPa. 

Detonation 

(Danilenko-Volkov-Elin, 

1963) 

Explosive (TNT + 

RDX) 

Single crystalline 

nanoparticles, 

4‒6 nm 

Oxygen-deficient explosives are detonated in 

a closed chamber. Carbons in explosive 

molecules come into the plasma state, and 

then condensed to give diamond at high 

pressure and high temperature.  
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Resulting detonation product (soot) is collected from the chamber and purified through 

oxidation by the mixture of H2SO4 and HNO3 to remove sp2 amorphous and graphitic carbons. As 

the purified DNDs are usually aggregation form (cluster DNDs), mechanical or chemical 

disintegration process is conducted to prepare appropriate dispersion in various media (Figure 1- 

1) [6, 7]. As necessary, prior to the disintegration, surface chemistry is homogenized by the gas 

phase reactions with hydrogen, and oxygen or ozone for ζ(zeta)-positive and negative DNDs, 

respectively, liquid phase treatment at higher temperature or longer time with H2SO4/HNO3 or  

supercritical condition with HNO3 for ζ-negative DNDs, or hydrogen plasma treatment for ζ-

positive DNDs and so on (Figure 1-1).  

 

 

Figure 1-1. Manufacturing process of DNDs. 
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Figure 1-2. Transmission electron microscopy (TEM) image of DNDs (cluster diamond). 

(Courtesy of Prof. T. Hayashi, Shinshu University) 

 

 

DNDs were discovered in 1963 in the former USSR. Since its existence came to be known 

worldwide after the end of the Cold War in the 1990s, a lot of developmental works have been 

conducted in various application fields to expect improvement in mechanical strength, thermal 

conductivity, optical properties, frictional properties of matrices and so on. Among various fields 

explored so far, biomedical application has been most intensely investigated due to the following 

advantages [2, 8, 9]. Firstly, DNDs are chemically and biologically inert to exhibit low toxicity 

or high biocompatibility as with bulk diamond [10‒13]. Secondly, DNDs do not interfere the 

function of biomolecules because the size of 4‒6 nm is comparable to the size of typical 

biomolecules like proteins [14‒16]. Thirdly, the physicochemical properties or functionalities are 

controllable through surface chemical modifications covalently or non-covalently [14, 17, 18]. 

Based on these features, a lot of investigations have been made for drug delivery system (DDS) 

with DNDs, in which active pharmaceutical ingredients such as anticancer drug, DNA, siRNA, 

and antibiotics are adsorbed on the surface of bare (unmodified), surface-modified and polymer 

coated DNDs by π-stacking or electrostatic interaction as illustrated in Figure 1-3 [19–25]. In 

most of the works, the resulting complex particles form aggregates (“supraparticle” by “self-
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assembly”) having 50–100 nm-size appropriate for efficient delivery to cancer tissues known as 

EPR (enhanced permeability and retention) effect. Although a number of profits can be expected 

by this approach for active pharmaceutical ingredients (APIs) of small molecule, there may be 

some limitations due to the non-covalent formulation; uniformity or stability of particulate 

assembly may be largely dependent on the process especially in large scale preparation. In 

addition, the composition of complex particles may sometimes be intricate with additional 

component to ensure the appropriate dispersibility especially with insoluble API. 

 

 

 

 

a) 

b) 
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Figure 1-3. DDS applications of DNDs. a) Concept of the approach by the non-covalent complex 

particle formation, b) Fabrication of supraparticle (SP) from DNDs via surface modification and 

aggregation (self-assembly) with (anticancer)drug [21] (adapted with permission from ACS Appl. 

Mater. Interfaces 2019, 11, 18978–18987. Copyright 2019 American Chemical Society), c) 

Complexation with DNA (plasmid) on polymer coated DNDs for DNA delivery agent [25] 

(adapted with permission from ACS Nano 2009, 3, 2609–2616. Copyright 2009 American 

Chemical Society). 

 

 

Besides the use for drug-carriers in chemotherapies mentioned above, DND itself exerts 

remarkable functions in advanced applications. For example, DNDs may work as API for radio- 

and photo-sensitizers in radiation and photodynamic therapies, respectively (Figure 1-4) [26–28]. 

In addition, DNDs are also expected to serve as imaging or sensing agent working in a 

microenvironment like inside of a cell. The fluorescence from color centers such as nitrogen 

c) 
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vacancy (NV) [15, 29–34], silicon vacancy (SiV) and germanium vacancy (GeV) centers (Figure 

1-5) [35–38] is applied to diagnostic and “theranostic” purposes. NV center in DNDs has been 

investigated for long time since DNDs intrinsically contain nitrogen atoms (~ 2%) originated from 

nitro groups (‒NO2) in the explosives (Figure 1-1). In recent years, SiV or GeV containing DNDs 

were successfully produced by the detonation of explosive charge with Si or Ge-containing 

organic compound [36, 38].  

 

 

 

 

 

Figure 1-4. DNDs as a) radio- and b) photo-sensitizers. c) Example of radio-sensitizer with 

fluorescent dye for photodynamic and photothermal therapies [26] (adapted with permission from 

ACS Appl. Bio Mater. 2019, 2, 3693–3705. Copyright 2019 American Chemical Society). 

c) 
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Figure 1-5. Diamond color centers.  
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1-2. Poly(glycerol) (PG) functionalization 

For practical use of nanoparticles (NPs) like in vivo applications, the dispersibility of NPs in 

an aqueous environment such as a physiological one is essential. Bare (unmodified) DNDs are 

dispersed in water up to 10–2 M of ionic strength by electrostatic repulsion between the electric 

double layers surrounding the surface, known as DLVO theory [39–41]. The potentials of ζ-

positive and negative DNDs in pure water are higher and lower than about 35 mV and –35 mV, 

respectively, and the energy barrier exists where the potential energy of electrostatic repulsion is 

larger than van der Waals attraction. However, when the ionic strength increases, the energy 

barrier and the thickness of electrical double layer (Debye length) become lower, and DNDs are 

getting aggregated and precipitated [39–41]. In addition, electrostatic interaction with proteins or 

other materials with electric charges would induce aggregation and/or adsorption of DND 

particles. 

Poly (glycerol) (PG) functionalization is one of the most promising solutions to both of above 

problems for a variety of NPs as hydrophilic polymer coating (Figure 1-6) [42]. The PG coating 

proceeds through the ring-opening polymerization of glycidol (GD) initiated from the surface of 

NPs directly, or sometimes the precoated linker molecules [43‒45]. Especially, the direct 

“grafting-from” process without any precoating, under neutral conditions without any additive 

nor catalyst makes the reaction process simpler and gives denser PG layer than other conditions 

[46]. While this process is found to apply to various NPs such as superparamagnetic iron oxide 

(SPION), boron carbide (B4C) and titanium oxide (TiO2) NPs [47‒49], NDs including DNDs and 

HPHT-ND have been investigated most intensively for their in vivo applications for sensing, 

imaging [14, 50‒60], and treatment [61‒63]. Actually, several reviews including PG 

functionalized NDs (ND-PG) have been published for the recent years [64‒70].  
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Figure 1-6. a) Synthetic scheme and structure formula representing hyperbranched structure [42]. 

b) Structure formula of poly(ethylene glycol) (PEG) functionalized NDs (ND-PEG). c) Structure 

representing various substructures of glycerol unit as discussed in Chapters 2 and 3. d) Simplified 

structure of ND-PG used in Chapters 4 and 5, although the PG is not complete dendritic structure, 

as described in Chapter 3 in detail. 

  

 

For the bifunctionality of glycidol, the resulting PG layer has a hyperbranched structure with 

numerous hydroxy (‒OH) groups. One ‒OH group is derived from each GD molecule, giving 

advantageous features to NPs; the high aqueous dispersibility by steric repulsion of hydrophilic 

polymer layer with higher energy barrier than the electrostatic repulsion [39] and high 

extensibility for further functionalization through ‒OH groups as scaffolds [64]. In addition, the 

PG coating evades the immune response like macrophage uptake by preventing the adsorption of 

serum proteins, or protein corona formation. The effect of the PG coating is greater than 

poly(ethylene glycol) (PEG) coated NPs (Figure 1-6b and 1-7a) [71, 72]. This, so-called “stealth 

effect”, would help NPs reach target organ or cells more efficiently for in vivo applications [56, 

a) 

c) d) 

b) 



 

14 

 

63, 64, 72]. As well, PG functionalization is also applied for in vitro application to eliminate non-

specific adsorption of NPs to the device (Figure 1-7b) [50].  

 

 

 

 

 

Figure 1-7. Avoiding the immune response and unspecific adsorption of NDs. a) ND-PG prevents 

protein adsorption on the surface and avoid the macrophage uptake while ND-PEG particles are 

taken up by the macrophage after the protein adsorption [72] (adapted with permission from ACS 

Nano 2020, 14, 7216–7226. Copyright 2020 American Chemical Society). b) Fluorescent NDs 

are functionalized with PG to avoid nonspecific adsorption to the lateral flow slip in the device. 

On PG layer, antibody is attached to interact with the target [50] (adapted with permission from 

B. S. Miller et al, Spin-enhanced nanodiamond biosensing for ultrasensitive diagnostics, Nature 

2020, 587, 588–593. Copyright 2020 Springer Nature). 

 

a) 

b) 



 

15 

 

Further functionalization with biologically active component, active targeting moiety etc. 

can be achieved via various reactions as exemplified in Figure 1-8. Introduction of another 

common functional group in the PG layer is meaningful a scaffold to conjugate another 

functionality [64]. Among the functional groups, amino (‒NH2, DND-PG-NH2) and carboxylic 

ones (‒COOH, DND-PG-COOH) are useful to covalently bind various functional moieties such 

as peptides, proteins including antibodies and small molecules like anticancer drugs [53, 60, 61, 

63, 71, 73]. Amino group can be introduced via the reduction of azide group (‒N3) by 

triphenylphosphine (Staudinger reaction). Carboxy groups have been introduced by the reaction 

of –OH with succinic anhydride in pyridine (Figure 1-8). Azide group is used for the click reaction 

which also can be a common intermediate [47, 62, 74, 75]. 

To perform these reactions, it should be important to know the configuration and 

environment of –OH groups in PG layer. For example, the reactivities of leaving groups from 

primary and secondary alcohols in substitution (SN2) reaction are different, and other reactions 

may also be influenced by the steric hindrance. Information about the proportion between primary 

and secondary –OH groups is useful especially for quantitative control in the further 

functionalization. Precise control of the amount of PG layer should also be meaningful. The 

thickness of PG layer would affect the amounts of attached functional moieties per particle which 

correlate with dispersibility and performance of the resulting materials. 
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Figure 1-8. Further transformations of DND-PG by various conventional reactions. 
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1-3. Boron neutron capture therapy (BNCT) 

Boron neutron capture therapy (BNCT) is an advanced cancer therapy based on the nuclear 

fission reaction of 10B(n,α,γ)7Li, in which 10B is advantageous because of its large neutron capture 

cross-section [76‒79]. As the generated α particle (4He) and 7Li nuclei can travel several microns 

within the cell dimensions, they can selectively kill cancer cells by the selective boron 

accumulation (Figure 1-9). BNCT is attracting much more attentions in recent years since the 

accelerator-based cancer treatment has obtained regulatory approval for head and neck cancer in 

Japan [80–82]. 

 

 

Figure 1-9. Principle of boron neutron capture therapy (BNCT). 

 

 

 As a boron drug, 4-10B-borono-L-phenylalanine (L-BPA) is clinically approved and used at 

present (Figure 1-10) [83]. It is revealed that L-BPA is selectively internalized by cancer cells 

through the L-amino acid transporter (LAT1) which is expressed on the cancer cell membrane 

[84]. L-BPA has an additional advantage that the positron-emission tomography (PET) with 18F-

labelled L-BPA (L-FBPA) enables to visualize where L-BPA will be distributed [85]. However, 
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since the penetration of L-BPA through the cell membrane via LAT1 is reversible, L-BPA 

concentration outside the cell should be high to keep the proper concentration in the cancer cells 

during neutron irradiation, meaning that the dosage of L-BPA needs to be very high. The 10B 

concentration in cancer cell is required to be ≥ 25 ppm, which is much higher than anticancer 

agent in usual chemotherapies. Improvement of the retentivity of 10B drug along with the selective 

delivery is desired. 

On the other hand, 10B-enriched sodium borocaptate, or mercaptoundecahydro-closo-

dodecaborate (10BSH) (Figure 1-10), a compound of icosahedral boron cluster containing 12 

boron atoms, is another compound which has also been used in BNCT clinical study since early 

times especially for brain cancer [86, 87]. Although 10BSH has high density of boron atoms and 

hydrophilicity due to the dianion form, the selectivity and retentivity in the tumor are low due to 

its small molecular size.  

 

 

 

 

Figure 1-10. Structures of L-BPA, L-FBPA and 10BSH. 
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To solve these intrinsic problems of L-BPA and 10BSH, nanomaterial-based drugs 

(nanodrugs) including nanoparticles, polymers (as well as oligomers), biopolymers, and micelles 

have been investigated to improve the retentivity and the selectivity of 10B drugs in and to the 

tumor tissues and cells [88–91 for review articles]. Conjugation of L-BPA [92], 10BSH [93–101], 

and other boron containing molecules such as phenylboronic acid with above materials are 

explored [102, 103]. In addition, a few kinds of boron-containing inorganic NPs such as elemental 

boron, boron nitride or boron carbide have been reported [49, 104–106]. Combination of BNCT 

agents with fluorescent or magnetic resonance imaging property would be preferable to establish 

“theranostic” system as an ultimate goal.   
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1-4. Scope of the thesis 

Final goal of the research regarding this thesis is to demonstrate and discuss the possibility 

of biomedical application of DNDs to BNCT as one of the promising examples through chemical 

modification on PG functionalized DNDs (DND-PG). For that, precise and quantitative structural 

elucidation of DND-PG was explored along with the development of the process enabling precise 

control of the PG functionalization ratio (PG/DND ratio). Based on these results, BNCT agents 

(nanodrugs) was designed, prepared by the conjugation of 10B containing moiety, and 

characterized quantitatively. BNCT efficacies of the nanodrugs were evaluated in vivo and in vitro 

by the thermal neutron irradiation experiments. 

In the first project described in Chapter 2, precise control of PG content (PG/ND ratio) in 

ND-PG, including DND and HPHT NDs, was investigated by controlling the amount of GD and 

solvent (ethylene glycol). The relationship of the PG content to the surface functional group 

content and particle size was also discussed. In addition, thorough structural elucidation in terms 

of the proportion in the substructures of glycidol unit and the size of PG layer was analyzed by 

13C nuclear magnetic resonance spectroscopy (NMR) and dynamic light scattering (DLS), 

respectively. In the second project (Chapter 3), conversion of primary alcohol in PG layer into ‒

COOH group via the oxidation using nitroxyl radical catalyst and quantitative analysis of the 

reaction were conducted. The resulting ‒COOH containing DND-PG (DND-PG-COOH) can 

serve for further modification. In the third project (Chapter 4), BNCT agent with 10B enriched 

phenylboronic acid (PBA) was designed and prepared via amino (‒NH2) group containing DND-

PG (DND-PG-NH2). The pharmacokinetics study and in vivo BNCT efficacy evaluation were 

performed to observe significant difference with and without 10B nanodrug on thermal neutron 

irradiation. In the fourth project (Chapter 5) using DND-PG-COOH, another BNCT nanodrugs 

were designed by the conjugation of 10B enriched boron cluster (10B12H11
2–) and active targeting 

moiety such as PBA and RGD peptide. Resulting nanodrugs exhibited high BNCT efficacy by in 
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vitro thermal neutron irradiation although targeting efficiency by PBA and RGD peptide was not 

significant. Behaviors in cellular uptake were observed and discussed by transmission electron 

microscopy (TEM) analysis.



 

22 

 

Chapter 2: Thorough elucidation of synthesis and structure of 

poly(glycerol) functionalized nanodiamonds 

 

2-1. Introduction 

Despite the wide-spread use of the simple process, the “grafting from” methodology to obtain 

ND-PG has not been extended to be scalable and controllable. In addition, the detailed molecular 

structure of PG on the ND surface is elusive, though the polymer structure and polymerization 

mechanism were reported for the PG without any core materials, namely free PG [107‒110]. The 

recent investigation on the colloidal stability of DND-PG also motivated us to elucidate the 

chemical structure of PG on the surface of NDs [39]. 

In this work, we developed a PG functionalization process through dropwise addition of GD 

to ND suspension in ethylene glycol (EG), making the process safer and scalable by keeping the 

concentration of GD much lower than the previous conditions without solvent during the reaction. 

The thorough elucidation of the reactions enabled us to control the PG amount for NDs 

theoretically by the properties of ND (diameter and oxygen content) and the reaction conditions 

(weights of GD, ND and EG). The chemical structures of these ND-PG were elucidated by 13C 

NMR measurements using inverse gated decoupling and dynamic light scattering (DLS) 

measurements in various media with different ionic strength. These elucidations should give us 

an insight for structural design of PG functionalized NPs (NP-PGs) for advanced applications and 

fundamental understanding of various phenomena of NP-PGs. 

 

2-2. Results and discussion 

2-2-1. Elucidation of the scalable and controllable synthesis of ND-PG 

PG functionalization was employed for four kinds of NDs; DNDs of 4 ‒ 6 nm in their primary 
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particle sizes with positive and negative ζ-potentials (DND(+) and DND(–), respectively), and 

HPHT-ND of 50 nm-size (ND50) with and without acid treatment (ND50(A) and ND50(N), 

respectively). DND(+) and DND(–) were prepared by annealing of DND with hydrogen and 

oxygen, respectively (see details in 2-4. Experimental) [28, 111]. ND50(A) and ND50(N) were 

prepared from as-received ND50 by treating with a mixture of H2SO4 and HNO3 and by drying 

to remove adsorbed moisture, respectively. The oxygen contents in these NDs (OND) were 

determined by elemental analysis to estimate the number of oxygen-containing functional groups 

on the surface (Table 2-1). 

In the case of free PG without ND core, it is known that the degree of polymerization is 

controlled by the ratio between GD and a substrate (alcohol, acid or alkoxide) under homogeneous 

conditions [107‒110]. Although the PG/ND ratio is reported to be controlled in the PG 

functionalization of ND by the reaction temperature and time [71], the reaction should not be 

controlled appropriately, as the scale increases, due to the large heat generation by GD (92 – 109 

kJ/mol for a similar epoxy compound [112]). To make the reaction much safer, more scalable and 

more controllable, we added GD dropwise into DND suspension in EG [113]. EG was used as a 

solvent because of the high boiling point (197 °C) above the reaction temperature of the PG 

functionalization and high polarity to dissolve GD and disperse ND-PG (Figure 2-1), though the 

starting materials, DND and ND50, were not fully dispersed. 

Under the conditions to add GD dropwise to the ND suspension in EG, the PG content was 

controlled by changing the amounts of GD and EG, and the reaction temperatures to give ten 

kinds of ND-PG in addition to DND(+) with extra-high PG content (DND(+)-PG(xh)) prepared 

under the previous conditions without solvent [62]; DND(+)-PG(xl), -PG(l), -PG(m), -PG(h), 

DND(–)-PG(l), -PG(m), -PG(h), ND50(N)-PG(l), -PG(m), and ND50(A)-PG where xl, l, m and 

h denote the extra-low, low, medium and high PG contents, respectively (Table 2-1). For DND-

PGs, the amount of EG (WEG) as a solvent was determined so that the final concentration of DND 
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is 1.6 ‒ 2 wt%. The final weight of GD over ND weight (WGD/WND) was adjusted according to the 

PG content from 0.324 (xl) to 0.833 (xh). The PG/ND weight ratios (WPG/WND) and PG contents 

(WPG/(WPG+WND)) were determined by thermogravimetric analysis (TGA) shown in Table 2-1 and 

2-2, and Figures 2-2 and 2-3. The PG contents are also calculated based on the results of elemental 

analysis shown in Tables 2-3 and 2-4, giving consistent results with those determined by TGA. 

 

 

 

 

 

Figure 2-1. Appearance of dispersions in water and ethylene glycol (EG) of (a) DND(+)-PG(m), 

and (b) ND50(N)-PG(m). Concentration of all dispersions is 0.5 wt% as ND core. 

a) 

b) 
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Table 2-1. Summary of ND property, reaction conditions and results in PG functionalization of NDs. See Table 2-2 for detailed TGA results. 

  
DND(+)-

PG(xl) 

DND(+)-

PG(l) 

DND(+)-

PG(m) 

DND(+)-

PG(h) 

DND(+)-

PG(xh) 

DND(‒)-

PG(l) 

DND(‒)-

PG(m) 

DND(‒)-

PG(h) 

ND (raw material)         

Oxygen content (OND, × 10‒2) * 5.14  5.14 4.84 4.84 4.84 9.51 9.51 9.51 

Reaction condition               

Ethylene glycol (EG) (WEG/WND) 30.0 30.0 15.0 7.50 --- 30.0 30.0 15.0 

Glycidol (GD) (WGD/WND) 22.4 30.0 45.0 52.7 65.7 22.5 30.0 45.0 

Temperature (°C) 100 100 100 100 140 100 100 100 

Results               

PG/ND ratio by TGA (WPG/WND) 0.48 0.99 2.29 2.80 4.99 1.43 1.84 3.62 

PG content (WPG/(WPG+WND)) 0.324 0.498 0.696 0.737 0.833 0.588 0.648 0.784 

Consumption of GD (WPG/WGD) 0.0214 0.0330 0.0509 0.0531 0.0760 0.0635 0.0613 0.0804 
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 Table 2-1 (continued). 

  ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

ND (raw material)    

Oxygen content (OND, × 10‒2) * 2.69 2.69 2.92 

Reaction condition    

Ethylene glycol (EG) (WEG/WND) 6.50 6.50 6.84 

Glycidol (GD) (WGD/WND) 80 108 107 

Temperature (°C) 140 140 140 

Results    

PG/ND ratio by TGA (WPG/WND) 0.69 0.85 1.19 

PG content (WPG/(WPG+WND)) 0.408 0.458 0.542 

Consumption of GD (WPG/WGD) 0.00861 0.00787 0.0111 

* Determined by elemental analysis. 
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Figure 2-2. TGA results of DND-PGs and ND50-PGs. All measurements were done in air at 

20 °C/min of temperature increasing rate. In each profile, the weight loss at the lower and higher 

temperatures is assigned to the modified PG layer and the ND core. The values of TG% indicated 

in the charts are subsequently normalized so that the difference between 50 °C and 700 °C is 

100.0% to determine PG/ND (Table 2-2).  
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Figure 2-3. Overwriting of all data of TGA results. 
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Table 2-2. Summary of TGA results. 

 
DND(+)-

PG(xl) 

DND(+)-

PG(l) 

DND(+)-

PG(m) 

DND(+)-

PG(h) 

DND(+)-

PG(xh) 

ND(‒)-

PG(l) 

ND(‒)-

PG(m) 

ND(‒)-

PG(h) 

 

PG (%) 32.4 49.8 69.6 73.7 83.3 58.8 64.8 78.4  

ND (%) 67.6 50.2 30.4 26.3 16.7 41.2 35.2 21.6  

PG/ND (WPG/WND) 0.48 0.99 2.29 2.80 4.99 1.43 1.84 3.62  

 

 ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG  

PG (%) 40.8 45.8 54.2  

ND (%) 59.2 54.2 45.8  

PG/ND (WPG/WND) 0.69 0.85 1.19  

 

  



 

 

 

3
3

 

Table 2-3. Results of elemental analysis. 

 Elemental analysis results (%) 

 H C N O 

DND(+)-1 * 1.37 89.67 2.26 5.14 

DND(+)-2 ** 1.29 87.61 2.20 4.84 

DND(‒) 1.00 81.70 2.14 9.51 

ND50(A) 0.20 95.97 0.00 2.92 

ND50(N) 0.15 95.61 0.07 2.69 

DND(+)-PG(xl) * 3.32 76.87 1.51 16.59 

DND(+)-PG(l) * 4.19 71.40 1.21 21.78 

DND(+)-PG(m) ** 5.93 60.53 0.70 31.84 

DND(+)-PG(h) ** 6.52 57.39 0.61 35.24 

DND(+)-PG(xh) ** 7.05 54.81 0.48 37.60 

DND(‒)-PG(l) 4.82 64.55 1.11 29.23 

DND(‒)-PG(m) 5.42 60.46 0.81 28.55 

DND(‒)-PG(h) 6.53 55.65 0.51 36.48 

ND50(N)-PG(l) 3.65 75.73 0.09 25.01 

ND50(N)-PG(m) 4.05 71.60 0.00 24.42 

ND50(A)-PG 4.69 67.05 0.00 24.76 

     * DND(+)-1 was used for DND(+)-PG(xl) and DND(+)-PG(l). 

     ** DND(+)-2 was used for DND(+)-PG(m), DND(+)-PG(h) and DND(+)-PG(xh).   



 

 

 

3
4

 

 

 

Table 2-4. PG content calculated by the results of elemental analysis. 

 
DND(+)-

PG(xl) 

DND(+)-

PG(l) 

DND(+)-

PG(m) 

ND(+)-

PG(h) 

DND(+)-

PG(xh) 

DND(‒)-

PG(l) 

DND(‒)-

PG(m) 

DND(‒)-

PG(h) 

CND (%) 89.67 89.67 87.61 87.61 87.61 81.70 81.70 81.70 

CND-PG (%) 76.87 71.40 60.53 57.39 54.81 64.55 60.46 55.65 

CGD (%) 48.64 48.64 48.64 48.64 48.64 48.64 48.64 48.64 

PG content by C (%) 31.20 44.54 69.49 77.55 84.18 51.88 64.25 78.81 

NND (%) 2.26 2.26 2.20 2.20 2.20 2.14 2.14 2.14 

NND-PG (%) 1.51 1.21 0.70 0.61 0.48 1.11 0.81 0.51 

NGD (%) 0 0 0 0 0 0 0 0 

PG content by N (%) 33.19 46.68 68.11 72.21 78.36 48.01 62.30 76.35 

OND (%) 5.14 5.14 4.84 4.84 4.84 9.51 9.51 9.51 

OND-PG (%) 16.59 21.78 31.84 35.24 37.60 29.23 28.55 36.48 

OGD (%) 43.19 43.19 43.19 43.19 43.19 43.19 43.19 43.19 

PG content by O (%) 30.10 43.73 70.39 79.27 85.41 58.55 56.52 80.08 
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Table 2-4 (continued). 

 ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

CND (%) 95.61 95.61 95.97 

CND-PG (%) 75.73 71.60 67.06 

CGD (%) 48.64 48.64 48.64 

PG content by C (%) 42.80 51.11 61.09 

NND (%) --- --- --- 

NND-PG (%) --- --- --- 

NGD (%) --- --- --- 

PG content by N (%) --- --- --- 

OND (%) 2.69 2.69 2.92 

OND-PG (%) 25.01 24.42 24.76 

OGD (%) 43.19 43.19 43.19 

PG content by O (%) 55.11 53.65 54.24 

PG content in ND-PG can be calculated by the following equations: 

𝑃𝐺 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑏𝑦 𝐶(%) =
𝐶ND-PG − 𝐶ND

𝐶GD − 𝐶ND

× 100 

𝑃𝐺 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑏𝑦 𝑁(%) =
𝑁ND-PG − 𝑁ND

𝑁GD − 𝑁ND

× 100 

𝑃𝐺 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑏𝑦 𝑂(%) =
𝑂ND-PG − 𝑂ND

𝑂GD − 𝑂ND

× 100 

 

Where: 

𝐶, 𝑁, 𝑂ND-PG: C, N or O content in ND-PG by elemental analysis. 

𝐶, 𝑁, 𝑂ND: C, N or O content on ND core (raw material) by elemental analysis. 

𝐶, 𝑁, 𝑂GD: C, N or O content in glycidol (calculated value). 
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As shown in Figure 2-4, WPG/WGD corresponding to the weight of GD immobilized on the 

ND surface (WPG) against total amount of GD (WGD) is found to be proportional to WGD against 

the weight of DND(+) (WDND(+)), namely WGD/WDND(+). The larger PG content is obtained in 

DND(+)-PG(xh) under the previously reported conditions, which are different from those in the 

reactions for the other DND(+)-PGs. That is, a suspension of DND(+) in GD without EG was 

reacted at higher temperature, instead of dropwise addition of GD to DND(+) suspension in EG 

(see the details in 2-4 Experimental). Surprisingly, the result of DND(+)-PG(xh) is placed on the 

linear plots drawn by those of the other DND(+)-PGs (blue squares with blue dotted line in Figure 

2-4). The following eq. (1) is derived from Figure 2-4 and Table 2-1. 

 

𝑊PG 𝑊GD⁄ = 0.00110 × 𝑊GD 𝑊DND(+)⁄   eq. (1) 

𝑊PG = 0.00110 × 𝑊GD
2 𝑊DND(+)⁄    eq. (2) 

 

 

Figure 2-4. Relationships of the experimental results (WPG/WGD) with the calculated values from 

the eq. (1) based on the reaction conditions (WGD and WND). 
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The eq. (2) derived from eq. (1) indicates that WPG is proportionate to the square of WGD. 

This can be interpreted by the reaction mechanism; one GD molecule reacted with PG chain 

generates two hydroxy groups in either cationic or anionic mechanism (Figure 2-5), which can 

react with two GD molecules to increase WPG quadratically. The eq. (2) also shows that WPG can 

be determined solely by WGD and WDND(+), not by the concentrations of DND(+) and GD 

(WDND(+)/WEG and WGD/WEG, respectively) nor by the reaction temperature. These phenomena 

indicate that the reactions of GD with EG and GD are much slower than those of GD with PG in 

ND-PG and/or free PG in the reaction mixture. In other words, the hydroxy groups in EG and GD 

are much less reactive than those in PG. It may be connected to the differences in pKa of EG 

(15.1) and GD (14.6) to PG (or glycerol, 13.5~14.4). To confirm this experimentally, the reactions 

under more diluted conditions were conducted in 3, 5 and 6 times larger WEG/WDND(+), 

corresponding to DND(+)-PG(m)-d1, -d2 and -d3 in Table 2-5 respectively, than that in DND(+)-

PG(m) in Table 2-1.  
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Figure 2-5. a) Cationic and b) anionic mechanisms in ring-opening polymerization of GD on ND surface. The red letters stand for the substructures shown 

in Figure 2-12. 
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Table 2-5. Summary of ND property, reaction conditions and results in PG functionalization of NDs under diluted conditions. 

  DND(+)-PG(m)-d1 DND(+)-PG(m)-d2 DND(+)-PG(m)-d3 

ND (raw material)    

Oxygen content (OND, × 10‒2) * 5.14 4.84 4.84 

Reaction condition    

Ethylene glycol (EG) (WEG/WND) 90.0 75.0 45.0 

Glycidol (GD) (WGD/WND) 45.0 45.0 45.0 

Temperature (°C) 100 100 100 

Results    

PG/ND ratio by TGA (WPG/WND) 0.66 0.99 1.52 

PG content (WPG/(WPG+WND)) 0.396 0.497 0.603 

* Determined by elemental analysis. 
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Figure 2-6. TGA results of DND(+)-PG(m) (WGD/WND = 45) with different WEG/WND in the 

reaction (DND(+)-PG(m)-d1 ‒ d3).  
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Table 2-6. Summary of TGA results. 

 DND(+)-PG(m)-d1 DND(+)-PG(m)-d2 DND(+)-PG(m)-d3 

PG (%) 39.6 49.7 60.3 

ND (%) 60.4 50.3 39.7 

PG/ND (WPG/WND) 0.66 0.99 1.52 

 

 

Table 2-7. Results of elemental analysis. 

 Elemental analysis results (%) 

 H C N O 

DND(+)-PG(m)-d1 3.81 73.56 1.45 19.28 

DND(+)-PG(m)-d2 4.68 68.62 1.18 23.73 

DND(+)-PG(m)-d3 5.41 64.22 0.94 32.76 

* DND(+)-1 was used for DND(+)-PG(m)-d1. 

** DND(+)-2 was used for DND(+)-PG(m)-d2 and -d3. 

  

 

Table 2-8. PG content calculated by the results of elemental analysis. 

 DND(+)-PG(m)-d1 DND(+)-PG(m)-d2 DND(+)-PG(m)-d3 

CND (%) 89.67 87.61 87.61 

CND-PG (%) 73.56 68.62 64.22 

CGD (%) 48.64 48.64 48.64 

PG content by C (%) 39.26 48.74 60.02 

NND (%) 2.26 2.20 2.20 

NND-PG (%) 1.45 1.18 0.94 

NGD (%) 0 0 0 

PG content by N (%) 35.84 46.47 57.18 

OND (%) 5.14 4.84 4.84 

OND-PG (%) 19.28 23.73 32.76 

OGD (%) 43.19 43.19 43.19 

PG content by O (%) 37.16 49.26 72.81 

PG content in ND-PG can be calculated by the equations in Table 2-4. 
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Based on the PG contents determined by TGA (Tables 2-5 and 2-6, and Figure 2-6 (Results 

from elemental analysis are shown in Tables 2-7 and 2-8), WPG/WGD is found to have a negative 

exponential relationship with WEG/WDND(+) as shown in Figure 2-7 and eq. (3). The coefficient 

(y-intercept) corresponds to an extrapolated WPG/WGD, when WEG/WDND(+) is zero (0). 

 

𝑊PG 𝑊GD⁄ = 0.0671/𝑒0.0160×𝑊EG 𝑊DND(+)⁄
 eq. (3) 

 

 

Figure 2-7. Relationships of the experimental results (WPG/WGD) based on the reaction conditions 

(WEG and WDND(+)). 

 

 

In eq. (3), the more diluted conditions with increase of WEG/WDND(+) reduces WPG/WGD, 

meaning that more GD reacts with EG rather than DND(+) under the conditions with the same 

WGD/WDND(+) (45.0 in Table 2-5). When WPG/WGD becomes half of the y-intercept (WEG/WDND(+) = 

0), WEG/WDND(+) is 43.3 (ln 2 0.0160⁄ ), which corresponds to > 430 in the ratio of the oxygen 

contents between EG (OEG = 52 wt%) and DND(+) (ODND(+) = ~5 wt% in Table 2-1) in the reaction 
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mixture. This indicates that the reactivity of EG towards GD is much lower than that of DND(+), 

because ratio of the oxygen contents is assumed as that of the number of oxygen containing 

functional groups which are the potential reaction sites for GD. Although DND(+) was prepared 

by heating as-synthesized DND under hydrogen atmosphere followed by bead milling (see 2-4 

Experimental), it still shows the IR absorptions at 1717 and 3109 cm–1 corresponding to carbonyl 

and hydroxy groups, respectively (Figure 2-8b) as well as ~5 wt% ODND(+) (Tables 2-1 and 2-4).  

 

 

 

 

 

 

 

 

a) DND(+) Before the bead-milling 

b) DND(+) After the bead-milling 

c) DND(‒) Before the bead-milling 
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Figure 2-8. FT-IR spectra of nanodiamond raw materials for PG functionalization. The samples 

were dried at 150 °C under vacuum in the DRIFT chamber to remove adsorbed water. All spectra 

were measured under this condition (150 °C under vacuum). 

 

 

Therefore, a number of oxygen-containing functional groups including hydroxy and carboxy 

groups may exist and the ring-opening polymerization of GD may be facilitated by the protons at 

carboxy groups on DND(+) surface through cationic mechanism (Figure 2-5a). The influence of 

EG, or concentration of DND(+) in EG (WEG/WDND(+)), to WPG/WGD shown in Figure 2-7 and eq. 

(3) is incorporated into the linear relationship between WPG/WGD and WGD/WDND(+) as shown in 

d) DND(‒) After the bead-milling 

e) ND50(N) As-received 

f) ND50(N) Acid treatment 
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Figure 2-4 (blue dotted line) and eq. (1) to give Figure 2-9 (blue squares and dotted line) and eq. 

(4). The eq. (4) consists of the relationship between WGD/WDND(+) and WPG/WGD in the former part, 

and the influence by EG in the latter part. Two coefficients, 0.00119 and 0.0111, in eq. (4) are 

determined by a least-square method to give good correlations with the experimental results (the 

blue squares and the dotted line in Figure 2-9). 

 

𝑊PG 𝑊GD⁄ = 0.00119 × (𝑊GD 𝑊DND(+)⁄ )/𝑒0.0111×(𝑊EG 𝑊DND(+)⁄ ) eq. (4) 

 

 

Figure 2-9. Relationships of the experimental results (WPG/WGD) with the calculated values from 

the eq. (4) based on the reaction conditions (WGD, WEG and WND). 

 

 

When the ζ-potential of DND turned into negative, WPG/WGD in DND(–)-PG(l), -PG(m) and 

-PG(h) are 3.0, 1.9 and 1.6 times as large as WPG/WGD in DND(+)-PG(xl), -PG(l) and -PG(m) 

prepared under the same conditions, respectively (Table 2-1). This can be attributed to the 
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difference in the oxygen contents (ODND) of DND(+) and DND(–); 5.14 × 10‒2 and 4.84 × 10‒2 in 

ODND(+), and 9.51 × 10‒2 in ODND(–) (Table 2-1), because the ring-opening polymerization of GD 

on the surface of DND is initiated and/or facilitated by the oxygen containing functional groups 

corresponding to ODND. Although not all the oxygen atoms in DND are involved in the reaction, 

ODND is incorporated into the former part of eq. (4) as a multiplier. Meanwhile, it is added as a 

divisor in the exponential part, because the influence of EG relatively decreases as ODND increases. 

The coefficients 0.0238 and 0.000512 in eq. (5) are determined by a least-square method to give 

Figure 2-10 (blue squares and red rhombi with dotted line), indicating that WPG in DND-PGs can 

be controlled by ODND, WGD, WEG and WDND irrespective of the ζ-potential of DNDs. 

 

𝑊PG 𝑊GD⁄ = 0.0238 × (𝑊GD 𝑊DND)⁄ × 𝑂DND/𝑒0.000512×(𝑊EG 𝑊DND⁄ ) 𝑂DND⁄  eq. (5) 

 

 

 

Figure 2-10. Relationships of the experimental results (WPG/WGD) with the calculated values from 

the eq. (5) based on the reaction conditions (WGD, WEG and WND) and the ND properties (OND). 
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Since the diameters of ND50 and DND are determined to be 43.35 and 4.96 ‒ 5.15 nm which 

will be mentioned below, specific surface area of DNDs is calculated to be 8.4 ‒ 8.7 times larger 

than that of ND50. Since the specific surface area should influence the WPG/WGD in the same 

direction as the oxygen content, the diameters (DND), which is inversely proportional to the 

specific surface area, are incorporated into eq. (5) as a divisor of OND for both former and 

exponential parts as shown in eq. (6). The coefficients 0.122 and 0.0000990 are determined in 

similar manners to those of eq. (4) and eq. (5). Since all the results of DND(+)-PG (blue squares), 

DND(–)-PG (red rhombi) and ND50-PG (green triangles) are almost on the dotted line as shown 

in Figure 2-11, it is concluded that WPG in the PG functionalization for any NDs is determined by 

the properties of ND (diameter and oxygen content) and reaction conditions (weights of GD, ND 

and EG). 

 

𝑊PG 𝑊GD⁄ = 0.122 × (𝑊GD 𝑊ND)⁄ × (𝑂ND/𝐷ND)/𝑒0.0000990×(𝑊EG 𝑊ND⁄ ) (𝑂ND⁄ /𝐷ND)

 eq. (6) 
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Figure 2-11. Relationships of the experimental results (WPG/WGD) with the calculated values from 

the eq. (6) based on the reaction conditions (WGD, WEG and WND) and the ND properties (OND and 

DND). The inset shows the magnification of the area of ND50-PGs. 
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2-2-2. Structural elucidation of ND-PG by 13C NMR analyses 

The PG chain consists of several substructures of glycerol as shown in Figure 2-12. On the 

ring-opening polymerization, 2- and 3-positions of GD (CH and CH2 in oxirane ring of 2,3-epoxy-

1-propanol, respectively) are subject to nucleophilic attack, giving various structural isomers via 

two possible reaction mechanisms, cationic and anionic ones shown in Figure 2-5a and 2-5b, 

respectively. There are dendritic (D and D′), linear (L13, L13′ and L14) and terminal (T and T′) 

glycerol units having three, two and one ether linkage(s), respectively (Figure 2-12). They are 

also divided into two patterns having ether linkage with the preceding unit at the primary carbon 

(D, L13, L14 and T) and secondary one (D′, L13′ and T′). The linear structures including three and 

two carbons between the ether linkages are L14 unit, and L13 and L13′ units, respectively. Hereafter, 

L13 includes L13′ unless otherwise specified, since these two substructures are indistinguishable 

each other in 13C NMR. 

 

 

Figure 2-12. Substructures in PG chain on ND surface. 
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To elucidate the structures in PG on ND quantitatively, solution phase 13C NMR (Figure 2-

13) was measured by inverse gated decoupling experiment with repetition time of 8 s which is 

more than 10 times as long as the T1 relaxation time shown in S2-1 in Appendix I. As shown in 

our previous papers, a broad signal from diamond core is detected and set at 36.3 ppm as a 

reference [42, 114]. The signals of PG chain were assigned by DEPT, HMQC and HMBC spectra 

described in detail in S2-2 in Appendix I and by previously reported 13C NMR spectra of free PG 

[107‒110]. The signal assignments and relative integration values are shown in Table 2-9 and 

Figure 2-14. Since the separation of two signals at 73.0 and 72.7 ppm, and 71.4 and 71.1 ppm are 

not enough, they are treated as one peak. 
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Figure 2-13. 13C NMR spectra of ND-PGs in D2O. Chemical shift of the peak top of diamond 

core is adjusted to 36.3 ppm as a reference. 
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Figure 2-14. Expanding spectra of the region of carbon from PG chain. 



 

 

 

5
5

 

 

 

 

Table 2-9. Signal assignments of 13C NMR of ND-PG and relative integration values of each peak by inverse gated decoupling experiments. 

Chemical 

shifts (ppm) * 
Assignments 

Relative integration values of PG chain signals 

DND(+)-

PG(xl) 

DND(+)-

PG(l) 

DND(+)-

PG(m) 

DND(+)-

PG(h) 

DND(+)-

PG(xh) 

DND(‒)-

PG(l) 

DND(‒)-

PG(m) 

DND(‒)-

PG(h) 

83.4 T′ 1.47 2.05 1.61 1.03 1.05 1.17 1.26 1.35 

81.7 L13 ** 5.46 5.52 5.01 4.77 4.64 4.67 4.68 4.73 

80.2 D (D′) 5.62 6.05 4.89 4.87 5.94 5.79 6.79 7.15 

74.4 L14, T 23.15 23.53 24.47 24.58 25.52 23.43 22.71 22.68 

73.0, 72.7 T, D, L14 31.21 30.22 30.63 30.61 30.79 32.39 32.06 31.96 

71.4, 71.1 L13 **, L14 14.75 14.14 15.51 16.59 16.34 14.63 14.88 15.39 

64.9 T 9.13 9.74 9.94 9.60 8.51 9.80 9.67 9.02 

63.6 T′ 2.12 2.05 1.61 1.89 1.62 2.21 1.93 1.77 

63.1 L13 ** 7.09 6.69 6.33 6.07 5.59 5.92 6.03 5.93 

36.3 DND core *** 278.0 148.7 58.16 38.91 21.16 80.74 62.23 28.76 

(WPG/WDND)NMR 0.65 1.21 3.17 4.74 8.71 2.08 2.70 5.84 
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Table 2-9 (continued). 

Chemical shifts (ppm) * Assignments 
Relative integration values of PG chain signals 

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

83.4 T′ 1.66 3.79 3.25 

81.7 L13 ** 4.14 5.56 5.33 

80.2 D (D′) 6.08 10.61 9.86 

74.4 L14, T 23.76 15.15 15.27 

73.0, 72.7 T, D, L14 32.60 28.28 30.26 

71.4, 71.1 L13 **, L14 12.16 13.89 13.82 

64.9 T 11.19 7.58 7.77 

63.6 T′ 2.35 5.56 5.06 

63.1 L13 ** 6.08 9.60 9.49 

36.3 ND50 core *** 186.74 112.88 61.97 

(WPG/WND50)NMR 1.05 1.73 3.15 

* Chemical shift at peak-top of each signal. 

** L13 includes L13′. 

*** The value when the sum of the values of PG carbon is 100. 
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First, the integral ratio between PG and ND (IPG/IND) leads to their weight ratio (WPG/WND) 

by dividing them with their carbon contents, CPG and CND, according to the eq. (7). 

 

𝑊PG/𝑊ND = (𝐼PG/𝐶PG)/(𝐼ND/𝐶ND) eq. (7) 

 

The WPG/WDND determined by 13C NMR (Table 2-9), namely (WPG/WDND)NMR, exhibits a 

linear relationship with that determined by TGA (Table 2-1), namely (WPG/WND)TGA, as shown in 

Figure 2-15a and eq. (8). 

 

 (𝑊PG 𝑊DND⁄ )NMR = 1.808 × (𝑊PG 𝑊DND⁄ )TGA − 0.529 eq. (8) 

 

The slope of 1.808 implies that approximately 55% of the carbon atoms in the DND core 

(DND carbons) in DND-PGs are detected by 13C NMR, because it should be 1.0 when all the 

DND carbons are detected. The undetected DND carbons (approximately 45%) may be included 

in disordered carbon layer near the surface and/or deep inside the core [115, 116]. The negative 

y-intercept shown in Figure 2-15a indicates that some of the carbon atoms in PG layer (PG 

carbons) are not detected by 13C NMR probably due to the motility inhibition of these PG carbons 

near the DND surface. The undetected PG carbons are calculated to be 29 wt% at (WPG/WDND)TGA 

from the x-intercept at (WPG/WDND)NMR = 0.0 in Figure 2-15a and eq. (8). The excellent linearity 

(R2 > 0.99) means that the PG carbons detected by 13C NMR in weight or number are strictly 

proportional to the PG content determined by TGA regardless of the electrical potential of DND. 

Hereafter, the detailed structures of DND-PGs will be discussed quantitatively based on the 

integration values of the carbon atoms detected by inverse gated decoupling measurement.  

A similar relationship is observed in ND50-PGs as shown in Figure 2-15b and eq. (9), where 

ND50-PG shows the larger slope and larger negative y-intercept than DND-PG. They indicate 
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that only about 24 wt% of the ND50 carbons are detected by 13C NMR due to much larger 

diameter than DND, and that 44 wt% of the PG carbons are undetected probably due to larger PG 

carbon content near the ND50 surface. 

 

(𝑊PG 𝑊ND50⁄ )NMR = 4.210 × (𝑊PG 𝑊ND50⁄ )TGA − 1.854 eq. (9) 

 

 

Figure 2-15. Relationship in a) PG/DND and b) PG/ND50 weight ratios between TGA 

((WPG/WND)TGA) and 13C NMR integration values ((WPG/WND)NMR). DND and ND50 include a) 

DND(+) and DND(‒), and b) ND50(N) and ND50 (A), respectively. 
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Next, the contents of the substructures in PG chain are discussed based on their relative 

abundance determined by the formulas shown in Table 2-10. As the signals in lower magnetic 

field (85‒80 ppm) are split with low signal/noise (S/N) ratio, the integration values in this region 

are not used. The results are shown in Table 2-11. The degree of branching (DB) is determined by 

eq. (10), representing the reactivity of hydroxy groups in the ring-opening polymerization. 

 

𝐷𝐵 = 2𝐷/(2𝐷 + 𝐿13 + 𝐿14) eq. (10) 

 

 

Table 2-10. Formulas to obtain the amount of substructures. 

Substructure Calculation formula for each substructure * 

T 𝐼64.9 × 3 

T′ 𝐼63.6 × 3/2 

L13 𝐼63.1 × 3 

L14 (𝐼71.4 𝑎𝑛𝑑 71.1 − 𝐼63.1) × 3 

D {𝐼73.0 𝑎𝑛𝑑 72.7 + 𝐼74.4 − 2 × (𝐼71.4 𝑎𝑛𝑑 71.1 − 𝐼63.1) − 2 × 𝐼64.9} × 3/2 

* 𝐼𝑥: Integration value of peak at x ppm.  
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Table 2-11. Relative abundance of substructures in PG chain* and degree of branching (DB)**. 

Substructure 

Relative abundances (%) and DB 

DND(+)-

PG(xl) 

DND(+)-

PG(l) 

DND(+)-

PG(m) 

DND(+)-

PG(h) 

DND(+)-

PG(xh) 

DND(‒)-

PG(l) 

DND(‒)-

PG(m) 

DND(‒)-

PG(h) 

T 25.8  28.2  28.7  27.7  24.6  28.0  28.1  26.5  

T′ 3.0  3.0  2.3  2.7  2.3  3.2  2.8  2.6  

L13 20.1  19.3  18.2  17.5  16.2  16.9  17.5  17.4  

L14 21.7  21.5  26.5  30.4  31.1  24.9  25.8  27.7  

D 29.4  28.0  24.3  21.6  25.7  26.9  25.8  25.9  

DB 0.58 0.58 0.52 0.47 0.52 0.56 0.54 0.53 

 

Substructure 
Relative abundances (%) and DB 

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

T 31.6  22.2  22.3  

T′ 3.3  8.1  7.3  

L13 17.2  28.1  27.3  

L14 17.2  12.6  12.5  

D 30.8  28.9  30.6  

DB 0.64 0.59 0.61 

* Total amount of all the substructures in each ND-PG is 100. 

** DB is calculated by eq. (10) 
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DB should be between 0.0 for linear structure and 1.0 for complete dendritic structure. It 

would be around 0.5, if the ring-opening reaction of GD, or the chain extension of PG, happens 

at the all the hydroxy groups at equal possibility [107, 117]. As shown in Table 2-11, DB values 

of DND-PGs range from 0.47 to 0.58 which are in the same range as that of free PG, indicating 

that steric and electrostatic effects of DND is negligible in the ring-opening polymerization on 

DND surface. This supports the above assumption of almost the same reactivity of the PG layer 

with or without ND core. 
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Figure 2-16. 1H NMR spectra of ND-PGs. 
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As for the contents of the substructures, L13 and L14 in the DND-PG are found to linearly 

correlate with the WPG/WDND as shown in Figure 2-17. 1H NMR spectra also support the 

relationship qualitatively (Figure 2-16); the signal height at 4.11 ppm corresponding to 2-position 

of L14 substructure (‒CH(OH)‒) increases according to the increase of WPG/WDND. This 

phenomenon can be interpreted by the reaction mechanism of the oxirane ring opening in GD 

(Figure 2-5a and 2-5b). In cationic mechanism, the nucleophilic attack at 2-position leading to 

L13′ and T′ is considered to happen more frequently than that to 3-position, because the carbon at 

2-position is more electrophilic than that at 3-position (Figure 2-5a). In contrast, the nucleophilic 

attack at the 3-position of GD leading to L14 is favored more than that at the 2-position leading to 

L13′ in anionic mechanism, because the steric hindrance become larger at the higher WPG/WDND 

(Figure 2-5b). There may be a contribution of cationic mechanism in DND-PGs judging from the 

fact of the existence of T′ substructure, which is characteristic of the cationic mechanism [109, 

110]. The higher L13 abundance must be due to the contribution of L13′ derived from T′ structure. 

The observation in Figure 2-17 under the circumstances can be interpreted that the nucleophilic 

attack at 3-position is facilitated by the steric hindrance increasing along with the extension of PG 

chain, making the L14 abundance larger. 

The contents of the substructures (Table 2-11) are also correlated with those of primary and 

secondary hydroxy groups. Since the primary hydroxy groups are in T, T′ and L13 substructures, 

their contents are calculated to be 46 ‒ 53 % for DND-PGs and 55 ‒ 67 % for ND50-PGs out of 

the total hydroxy groups, and 21 ‒ 46 % and 20 ‒ 40 %, respectively, for hydroxy group in 13C 

NMR detectable PG layer (Table 2-12). In terms of the further chemical modification, the higher 

abundance of primary hydroxy group especially in 13C NMR detectable PG layer would be 

preferable. 
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Figure 2-17. Abundance in L13 and L14 substructures in DND-PGs (DND(+) and DND(‒)) at 

various (WPG/WND)TGA.
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Table 2-12. Amounts of hydroxy groups in PG layer in various ND-PGs. 

 

 Amount of GD unit and hydroxy group in 1 g of DND-PG 

DND(+)-

PG(xl) 

DND(+)-

PG(l) 

DND(+)-

PG(m) 

DND(+)-

PG(h) 

DND(+)-

PG(xh) 

DND(‒)-

PG(l) 

DND(‒)-

PG(m) 

DND(‒)-

PG(h) 

Hydroxy group in whole PG layer 

(mmol/g) * 
4.37 6.72 9.40 9.95 11.24 7.94 8.75 10.58 

Hydroxy group in 13C NMR 

detectable PG layer (mmol/g) * 
1.73 4.76 8.21 8.92 10.59 6.32 7.37 9.74 

Primary hydroxy group in whole 

PG layer (mmol/g) ** 
2.27 3.59 4.84 5.05 5.11 4.07 4.49 5.19 

Primary hydroxy group in 13C 

NMR detectable PG layer 

(mmol/g) 

0.90 2.54 4.23 4.52 4.82 3.25 3.78 4.77 

Content of primary hydroxy group 

(%)  
51.9 53.4 51.6 50.7 45.5 51.3 51.3 49.0 

Content of 13C NMR detectable 

primary hydroxy group in whole 

PG layer (%) 

20.5 37.8 45.0 45.5 42.8 40.9 43.2 45.1 
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Table 2-12 (continued). 

 
Amount of GD unit and hydroxy group in 1 g of ND50-PG 

ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

Hydroxy group in whole PG layer (mmol/g) * 5.51 6.18 7.32 

Hydroxy group in 13C NMR detectable PG 

layer (mmol/g) * 
1.99 2.96 4.60 

Primary hydroxy group in whole PG layer 

(mmol/g) ** 
3.05 4.12 4.69 

Primary hydroxy group in 13C NMR detectable 

PG layer (mmol/g) 
1.10 1.98 2.95 

Content of primary hydroxy group (%) 55.4 66.7 64.2 

Content of 13C NMR detectable primary 

hydroxy group in whole PG layer (%) 
20.0 32.0 40.3 

 * Equivalent of the amount of glycerol unit (Hydroxy groups on ND surface are not accounted). 

 ** Assuming that the 13C NMR undetectable part has the same substructure abundances as the 13C NMR detectable part. 
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2-2-3. Structural elucidation of ND-PG by DLS measurements 

The thickness of PG layer is calculated from the difference between the hydrodynamic 

diameter of ND-PG determined by DLS and the ND core size. The DLS of ND-PG was measured 

in water and 10 mM NaCl, since it has been reported that ionic strength of the medium affects the 

behavior of ND-PG in dispersion [39]. Among the data processing on number, volume and 

intensity (scattered light intensity) bases, the number basis is adopted for discussion. 

To determine the sizes of ND-PGs, we first investigated their concentration dependence on 

the DLS size as shown in Figure 2-18. DLS results were not corrected by the viscosity of 

dispersion, since no significant change in viscosity was observed in the concentration range of 

0.1 ‒ 1.0% (Table 2-13). A significant concentration dependence is observed in both DND(+)-

PG(m) and ND50(A)-PG in water. ND-PGs with higher concentration exhibits smaller size as 

shown in Figure 2-18a and 2-18c, while ND-PGs in 10 mM NaCl show almost no concentration 

dependence (Figure 2-18b and 2-18d). This discrepancy can be interpreted by the difference in 

dispersion state with different ionic strengths. In the literature [39], the cryogenic transmission 

electron microscopy (Cryo-TEM) analysis reveals that DND-PG tends to form aggregates at 

lower ionic strength (10‒7 M), rather than higher one (10‒2 M), in water likely due to the 

electrostatic interaction between the surfaces of ND cores. As the particle concentration increases, 

the diffusion coefficient increases with the increase of volume fraction, resulting in the decrease 

of hydrodynamic diameter according to the Stokes-Einstein equation [118]. At higher 

concentration especially in water, the cooperative diffusion due to diffusion inhibition and the 

rotational diffusion of non-spherical aggregates may be observed as well as the translation 

diffusion of single spherical particles that leads the larger diffusion coefficient [119]. The values 

are approaching to those in 10 mM NaCl (about 72 nm in Figure 2-18d) according to the decrease 

of concentration in ND50(A)-PG due to decrease in the diffusion coefficients (Figure 2-18c). 

Similar phenomena were observed in DND(+)-PG(m) shown in Figure 2-18a and 2-18b, though 
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the value becomes unstable at the concentration too low (< 0.016 % in water) to obtain sufficient 

scattered light intensity. From these observations, the DLS sizes in 10 mM NaCl at 0.10% 

concentration of ND core were adopted for the actual sizes of ND-PGs as shown in Figure 2-19. 

DLS results of DND- and ND50-PGs in water, 10 mM NaCl and PBS (phosphate buffered saline, 

pH 7.4 including 137 mM NaCl) are summarized in Figure 2-20 and Table 2-14, where the 

dispersions are confirmed to be stable. 

 

 

 

Figure 2-18. Concentration dependence of DLS results of a, b) DND(+)-PG(m) and c, d) 

ND50(A)-PG in a, c) water and b, d) 10 mM NaCl on number basis. The concentrations are based 

on the ND core. 
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Table 2-13. Viscosity of ND-PG dispersions by electro-magnetically spinning sphere (EMS) 

viscometer. 

Sample 
Dispersion 

medium 

Concentratio

n 

Viscosity (mPa·s) 

25 °C 30 °C 35 °C 

Blank 
Water  1.03 0.92 0.82 

0.1 mM NaCl  1.07 1.01 0.87 

DND(+)-PG(m) 

Water 

0.10 % 1.05 0.94 0.87 

0.50 % 1.16 1.04 0.94 

1.0 % 1.12 1.01 0.93 

0.1 mM NaCl 

0.10 % 1.07 0.97 0.91 

0.50 % 1.13 1.04 0.95 

1.0 % 1.08 0.99 0.89 

ND50(A)-PG 

Water 

0.10 % 1.03 0.93 0.81 

0.50 % 1.08 1.02 0.96 

1.0 % 1.14 1.00 0.90 

0.1 mM NaCl 

0.10 % 1.11 0.97 0.93 

0.50 % 1.15 1.04 0.94 

1.0 % 1.08 0.98 0.87 
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Figure 2-19. DLS results of a) DND-PG and b) ND50-PG at ND concentrations of 0.10% in 10 

mM NaCl on number basis. 
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a) DND(+)-PGs 

 

 

 

 

b) DND(‒)-PGs 
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c) ND50-PG 

 
 

 
 

Figure 2-20. Hydrodynamic diameter (particle size) distributions of DND-PG of different 

PG/DND ratio in three ionic strengths plotted on number, volume and scattered light intensity 

basis. 
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Table 2-14. Median hydrodynamic diameter (D50) by DLS measurements on number basis, 

volume basis and intensity basis. 

Number basis 

 PBS (nm) 10 mM NaCl (nm) Water (nm) 

DND(+)-PG(xl) 21.31 15.64 4.12 

DND(+)-PG(l) 18.70 18.09 5.64 

DND(+)-PG(m) 20.59 21.52 5.14 

DND(+)-PG(h) 21.77 22.50 10.64 

DND(+)-PG(xh) 29.69 28.00 8.93 

DND(‒)-PG(l) 19.64 18.99 6.47 

DND(‒)-PG(m) 21.14 19.21 6.90 

DND(‒)-PG(h) 23.40 23.11 8.67 

ND50(N)-PG(l) 56.64 55.62 52.20 

ND50(N)-PG(m) 66.53 65.40 56.82 

ND50(A)-PG 74.07 72.54 60.92 

 

Volume basis 

 PBS (nm) 10 mM NaCl (nm) Water (nm) 

DND(+)-PG(xl) 29.98 23.92 4.98 

DND(+)-PG(l) 25.78 24.61 7.25 

DND(+)-PG(m) 27.47 28.08 6.35 

DND(+)-PG(h) 30.74 31.02 15.84 

DND(+)-PG(xh) 39.27 38.37 11.49 

DND(‒)-PG(l) 29.18 29.46 7.99 

DND(‒)-PG(m) 28.17 28.03 8.74 

DND(‒)-PG(h) 29.43 29.82 12.15 

ND50(N)-PG(l) 74.61 74.96 74.94 

ND50(N)-PG(m) 82.14 80.13 81.51 

ND50(A)-PG 94.10 91.94 96.26 
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Intensity basis 

 PBS (nm) 10 mM NaCl (nm) Water (nm) 

DND(+)-PG(xl) 90.14 44.26 52.13 

DND(+)-PG(l) 37.68 37.84 41.95 

DND(+)-PG(m) 38.71 38.37 46.46 

DND(+)-PG(h) 43.35 42.48 40.48 

DND(+)-PG(xh) 53.15 53.45 56.27 

DND(‒)-PG(l) 49.31 48.97 60.63 

DND(‒)-PG(m) 43.15 42.61 54.85 

DND(‒)-PG(h) 37.38 37.32 36.79 

ND50(N)-PG(l) 100.22 99.99 104.70 

ND50(N)-PG 94.42 92.88 103.90 

ND50(A)-PG 110.07 108.00 122.50 
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To determine the ND size, NDs before PG functionalization were analyzed by DLS in water 

as shown in Figure 2-21. DND(+) and DND(‒) exhibit the concentration dependence even at the 

low concentrations such as 0.016 and 0.031%, respectively. The DLS sizes at these low 

concentrations, 32.16 and 25.11 nm, are much larger than the sizes evaluated by transmission 

electron microscopy (TEM) probably due to the strong electrostatic interaction [39]. The sizes of 

DNDs were therefore determined by BET specific surface area (BET-SSA) to be 5.12 and 4.96 

nm for DND(+) (2 different lots) and 5.15 nm for DND(‒) (Tables 2-15 and 2-16). On the other 

hand, the size of ND50 was determined to be 43.35 nm by DLS at the low concentrations of 0.063 

‒ 0.008% (Figure 2-21 and Table 2-16), although the concentration dependence was observed at 

higher concentrations. Contrary to the case of DNDs, the calculated diameter of ND50 from BET-

SSA is 21.1 ‒ 20.4 nm (2 samples, Table 2-15), which seems to be much smaller than the diameters 

of commercial ND50 in microscopic images shown in previous reports [46, 120‒122]. It would 

be due to the non-spherical shape of crashed HPHT diamond, or existence of cracks and defects, 

whereas DNDs are almost spherical shape. 
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Figure 2-21. Concentration dependence of DLS results of DND(+), DND(‒) and ND50(N) in 

water on number basis. The core size of ND50(N) is determined to be 43.35 nm from the average 

of the results from 0.063 % to 0.008 % which reach to constant values in high-diluted condition. 
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Table 2-15. BET specific surface area (BET-SSA) and the density of oxygen on the surface. 

 DND(+)-1* DND(+)-2** DND(‒) ND50(A) ND50(N) 

Results of the measurement      

BET-SSA (m2/g) 345.90  334.55  333.10  81.17  83.88  

Pore volume (cm3/g) 0.2264  0.2208  0.21980  0.052934  0.054301  

Average pore size (nm) 2.6408  2.6400  2.6389  2.6085  2.5896  

Density of oxygen (O) on the surface      

O content by elemental analysis (mmol/g) 3.21 3.03 5.94 1.83 1.68 

Density of O on the surface (μmol/m2) 9.29 9.04 17.84 22.48 20.05 

* Raw material for DND(+)-PG(xl) and DND(+)-PG(l). 

** Raw material for DND(+)-PG(h) and DND(+)-PG(xh). 
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Based on the above results in the sizes of ND-PGs and NDs (Table 2-16), the lengths of PG 

chain on NDs are estimated; 5.34 ‒ 11.44 nm for DND(+)-PG(xl) to DND(+)-PG(xh) 

corresponding to 11 – 24 generations, and 6.13 ‒ 14.60 nm for ND50-PGs corresponding to 13 ‒ 

31 generations, if the length of the one glycerol unit is assumed to be 0.47 nm (Table 2-16). On 

the other hand, the calculated numbers of glycerol unit based on the DB of 0.47 ‒ 0.64 (Table 2-

11) exceed those determined experimentally if all PG chains on the surface have the full 

generations; 11 – 24 for DND(+)-PGs and 13 ‒ 31 for ND50-PGs (Table 2-16). This indicates that 

the PG chains shorter than these generations should exist on the surface, probably because the 

chain growth may be restricted by the adjacent longer chains. Meanwhile, theoretical thickness 

of PG layer in each ND-PG is calculated from the TGA results on the premise that the PG layer 

densely covers the ND surface without void space. Assuming the density of PG layer to be 1.261 

g/cm3 (the density of glycerol), the thicknesses of PG layer and the diameter of ND-PGs are 

calculated to be 0.81 ‒ 3.74 nm and 6.57 ‒ 12.60 nm for DND-PGs, and 9.29 ‒ 13.58 nm and 

61.93 ‒ 70.51 nm for ND50-PGs as shown in Table 2-17.
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Table 2-16. PG chain length calculated from the DLS results in 10 mM NaCl. 

 
DND(+)-

PG(xl) 

DND(+)-

PG(l) 

DND(+)-

PG(m) 

DND(+)-

PG(h) 

DND(+)-

PG(xh) 

DND(‒)-

PG(l) 

DND(‒)-

PG(m) 

DND(‒)-

PG(h) 

DLS size in 10 mM NaCl (nm) 15.64 18.09 21.52 22.50 28.00 18.99 19.21 23.11 

Diameter of ND core (nm)  4.96 * 4.96 * 5.12 * 5.12 * 5.12 * 5.15 * 5.15 * 5.15 * 

Thickness of PG layer (nm) *** 5.34 6.57 8.20 8.69 11.44 6.92 7.03 8.98 

Numbers of generation of PG **** 11.4 14.0 17.4 18.5 24.3 14.7 15.0 19.1 

 

 ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

DLS size in 10 mM NaCl (nm) 55.61 65.40 72.54 

Diameter of ND core (nm)  43.35 ** 43.35 ** 43.35 ** 

Thickness of PG layer (nm) *** 6.13 11.03 14.60 

Numbers of generation of PG **** 13.0 23.5 31.1 

* Calculated from BET-SSA. 

** DLS result in water at high-diluted condition. 

*** (DLS size in 10 mM NaCl ‒ Diameter of DND core)/2. 

****Assuming that the length of GD unit is 0.47 nm. 
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Table 2-17. Calculated thickness of PG layer in compact structure from the TGA results 

 
DND(+)-

PG(xl) 

DND(+)-

PG(l) 

DND(+)-

PG(m) 

DND(+)-

PG(h) 

DND(+)-

PG(xh) 

DND(–)-

PG(l) 

DND(–)-

PG(m) 

DND(‒)-

PG(h) 

PG/ND ratio by TGA 0.48 0.99 2.29 2.80 4.99 1.43 1.84 3.62 

Weight of PG layer (10‒18 g/particle) 0.107 0.221 0.565 0.690 1.230 0.357 0.460 0.904 

Volume of PG (nm3) * 84.9 175.1 447.8 547.5 975.7 283.3 364.5 717.1 

Volume of ND core (nm3) 63.7 63.7 70.4 70.4 70.4 71.4 71.4 71.4 

Calculated diameter of ND-PG (nm) 6.57 7.70 9.97 10.57 12.60 8.78 9.41 11.46 

Calculated thickness of PG (nm) 0.81 1.37 2.42 2.72 3.74 1.82 2.13 3.16 

Numbers of glycerol unit (×103) ** 0.87 1.80 4.59 5.61 10.0 2.90 3.74 7.35 

Thickness ratio (DLS/calculated) *** 6.61 4.79 3.39 3.19 3.06 3.81 3.30 2.84 

Volume ratio (DLS/calculated) *** 22.84 17.53 11.50 10.76 11.71 12.41 9.99 8.91 
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Table 2-17 (continued). 

 ND50(N)-PG(l) ND50(N)-PG(m) ND50(A)-PG 

PG/ND ratio by TGA 0.69 0.85 1.19 

Weight of PG layer (10‒18 g/particle) 103.0 126.9 177.7 

Volume of PG (nm3) * 8,169 100,632 140,884 

Volume of ND core (nm3) 42,665 42,665 42,665 

Calculated diameter of ND-PG (nm) 61.93 64.92 70.51 

Calculated thickness of PG (nm) 9.29 10.79 13.58 

Numbers of glycerol unit (×106) ** 0.837 1.03 1.44 

Thickness ratio (DLS/calculated) *** 0.66 1.02 1.07 

Volume ratio (DLS/calculated) *** 0.58 1.03 1.12 

* Density of PG layer is assumed to be 1.261 g/cm3. 

** Molecular weight of GD is 74.08 (g/mol). 

*** Ratio of the size from DLS in 10 mM NaCl to calculated value. 
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The PG layer determined above by DLS (Table 2-16) are 3 ‒ 7 times as thick as that 

calculated from the TGA results in DND-PG, but they are matched in ND50(N)-PG(m) and 

ND50(A)-PG. In ND50(N)-PG(l), the theoretical thickness of PG layer was larger than the DLS 

result, but it can be said that the trend is the same as former two results. The difference indicates 

that the PG layer on the DND is flexible and swells with water to expand their DLS sizes in the 

aqueous dispersion, while the PG on ND50 did not change their shapes in aqueous solutions due 

to their strong intra- and/or inter-polymer chain interactions in a dense and rigid structure. Due to 

the radial spatial extension on DND particle with higher curvature, a void space between the 

individual PG chains may be larger than ND50, which can make PG chains more flexible and 

accommodate more ionic species to dissociate the strong interaction between the chains. In 

ND50s, the PG chain packs more with less void space due to the smaller curvature. 

The above discussion is supported by the relationship of WPG/WND by TGA with the volume 

ratio of the expanded structure in 10 mM NaCl to the calculated compact structure (Figure 2-22). 

DND-PGs of higher WPG/WND have the lower volume ratio, indicating that the density of PG chain 

becomes higher in DND-PG as WPG/WND becomes higher. When the ring-opening polymerization 

proceeds to increase the diameter, the curvature of the particle decreases the resulting less spatial 

extension and higher density of PG layer in the expanded structure. The increase of density may 

relate to the increase of abundance of sterically favored L14 substructure suggested by 13C NMR 

described above. In addition, DND-PGs from bare DND with higher oxygen content give higher 

density of PG chain. 
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Figure 2-22. Relationship between the PG/ND weight ratio and the volume increase ratio of PG 

layer of compact structure (calculated) to the expanded structure (in 10 mM NaCl) of DND-PGs. 

 

 

2-3. Conclusion 

We develop a scalable process for PG functionalization of ND using EG as a solvent along 

with dropwise-addition of GD, making the ring-opening polymerization of GD safely. DND-PGs 

and ND50-PGs with various PG/ND ratios (WPG/WND) are prepared under various conditions. 

After thorough elucidation of the reaction, it is found that the PG amount on ND surface (WPG) 

can be theoretically controlled by the properties of ND, the diameter and the oxygen content of 

ND core (DND and OND, respectively), and the reaction conditions, the weights of GD, ND and 

EG (WGD, WND and WEG, respectively). In 13C NMR analysis of the resulting ND-PGs, we estimate 

the substructure abundances of the monomer (glycerol) units, implying that cationic mechanism 

is preferable in the ring-opening reaction of GD. DLS measurement is also performed to 

determine the thickness of PG layer and the length of PG chain in 10 mM NaCl, where the more 

reliable data are obtained than those in the other solvents. In addition, the differences in the sizes 

determined by DLS and calculated by TGA indicate that the PG chain in DND-PG might be 
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flexible to swell with water in aqueous dispersion probably due to the higher curvature of DND. 

The results presented here should provide useful information for the quantitative design of 

further chemical functionalization of ND-PGs especially for biomedical application. For example, 

the substructure abundance would be important for a regioselective and stoichiometric control of 

the reaction. In addition, the size information may provide new insights for in vivo behavior of 

the ND-PGs. 

 

2-4. Experimental 

Materials  

DNDs were manufactured by Daicel Corporation (DINNOVARE™). ND50 was purchased 

from Tomei Diamond Corporation. Hydrochloric acid, 2,3-epoxy-1-propanol (GD) and ethylene 

glycol for PG functionalization of DNDs, and sodium chloride and 10× phosphate-buffered saline 

(10× D-PBS(–)) for DLS measurement were purchased from FUJIFILM Wako Pure Chemical 

Corporation (Osaka Japan). D2O for 13C and 1H NMR measurement was purchased from Tokyo 

Chemical Industry Co., Ltd. (Tokyo Japan). 

 

Equipment 

13C and 1H NMR spectra were measured by ECX500 NMR spectrometer (JEOL). FT-IR 

spectra were recorded on IR Tracer-100 FT-IR spectrometer (Shimadzu) equipped with DiffusIR 

DRIFT chamber (PIKE Technologies). Elemental analyses were conducted at Organic Elemental 

Microanalysis Center of Kyoto University. Thermogravimetric analysis (TGA) was performed 

with TG/DTA 6200 (SII). DLS measurement was done by Nanotrac Wave II particle size analyzer 

(MicrotracMRB). Specific surface area was measured by Belsorp mini-II (Microtrac BEL 

Corporation). Viscosity was measured by EMS-1000 electro magnetically spinning viscometer 

(Kyoto Electronics). 
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Water dispersion of ζ-positive DND (DND(+)) 

DND powder was annealed in H2/N2 (2/98 (v/v)) at 550 °C for 2 h. Resulting powder was 

suspended in water (3.0 %) and pH was adjusted to 3.5, and then agitated vigorously with ZrO2 

beads (30 μmφ) at the tip speed of 8 m/s for 2 h. ZrO2 beads were removed by decantation and 

then, centrifuged at 20000g for 10 min to give black dispersion. The median hydrodynamic 

diameter measured by DLS (D50, number basis) was 3.89 nm. 

 

Water dispersion of ζ-negative DND (DND(–)) 

DND powder was annealed in O2/N2 (4/96 (v/v)) at 420 °C for 2 h. Resulting powder was 

suspended in water (3.0 %) and pH was adjusted to 10.5, and then agitated vigorously with ZrO2 

beads (30 μmφ) at the tip speed of 8 m/s for 2 h. ZrO2 beads were removed by decantation and 

then, centrifuged at 20000g for 10 min to give black dispersion. The median hydrodynamic 

diameter measured by DLS (D50, number basis) was 4.44 nm. 

 

DND(+)-PG(xl) 

An aqueous dispersion of ζ-positive DND was evaporated to dryness. The solid residue was 

dried at 105 °C for 2 h. To a suspension of resulting DND powder (0.50 g) in ethylene glycol 

(15.0 g), GD (11.3 g, 0.152 mol) was added dropwise over 1.5 h to keep the temperature in the 

range of 93–109 °C. The resulting black dispersion was stirred at the same temperature overnight. 

After the reaction was cooled below 40 °C, water (40 mL) was added slowly to degrade the 

unreacted GD. The dispersion was diluted with water to ca. 400 mL and concentrated with 

ultrafiltration membrane (Ultracel® membrane, 100 kDa) to < 40 mL. The concentrate was 

diluted and concentrated again, which was repeated five times, and the weight of resulting black 

water dispersion was adjusted to 50.0 g with water. To remove free PG, 40.0 g of water dispersion 

was ultracentrifuged at 183400g (50000 rpm) for 2 h. Supernatant (80–90 % of total amount) was 
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removed carefully and remained lower layer was diluted with water, and ultracentrifuged again, 

which was repeated four times (The centrifugation time ranged 1.5–2.5 h). The resulting lower 

layer was adjusted to 40.0 g with water. An aliquot of the dispersion was accurately weighed 

(3.0153 g) and dried on heated PTFE sheet. From the weight of the residue (0.0417 g), the sample 

concentration was determined to be 1.38 % (w/w). The net yield of DND(+)-PG(xl) was 0.55 g 

from 0.40 g of DND.  

FT-IR (DRIFT with KBr, cm−1): 3332, 2918, 2875, 1458, 1118, 1078 (C–O). 1H NMR (500 

MHz, D2O): δ ppm 3.42, 3.50, 3.58, 3.75, 3.88. The results of TGA (Air atmosphere, 20 °C/min) 

and elemental analysis are in Tables 2-2 and 2-3, respectively. 

DND(+)-PG(l) and DND(+)-PG(h) were prepared as the same manner except for the quantity 

of reagents was changed according to the values in Table 2-1 as the quantitative ratio. Yield of 

DND(+)-PG(h) was 0.17 g from 0.10 g of DND (corresponds to the size of ultracentrifugation). 

Yield of DND(+)-PG(h) was 3.06 g from 1.01 g of DND. 

 

DND(+)-PG(xh)  

DND powder prepared by above procedure (0.25 g) was suspended in GD (5.0 mL = 5.57 g, 

0.075 mol). After DND was dispersed to result a black dispersion, GD (10.0 mL, 0.15 mol) was 

additionally added. The reaction was stirred at 140 °C for 6.5 h. Purification was done in the same 

manner as DND(+)-PG(xl). Yield (net) 1.58 g. 

 

DND(–)-PG(m) 

To an aqueous dispersion of ζ-negative DND, 1 M HCl was added to adjust pH to about 3.5. 

The resulting precipitate was collected by centrifugation at 30000g for 30 min. The precipitate 

was washed with water once and dried at 70 °C in vacuo overnight, then at 120 °C for 4 h. Using 

the resulting DND powder, sample was prepared in the same manner as DND(+)-PG samples. 
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The net yield of DND(–)-PG was 1.18 g from 0.50 g of DND. 

DND(–)-PG(h) and DND(–)-PG(l) were prepared as the same manner except for the quantity 

of reagents was changed according to the values in Table 2-1 as the quantitative ratio. Yield of 

DND(–)-PG(h) was 0.91 g from 0.25 g of DND, and DND(–)-PG(l) was 0.52 g from 0.25 g of 

DND 

 

ND50(A)-PG 

ND50 (0.20 g, MD50 from Tomei Diamond) was treated with a mixture of conc-H2SO4 (15.0 

mL) and HNO3 (70 %, 5.0 mL) at 150 °C for 5 h. The treatment mixture was poured into 200 mL 

of water, and centrifuged (20000g, 10 min). Precipitate was washed with water twice (40 mL and 

25 mL) and dried at 105 °C in vacuo to give black powder (0.18 g). 

The acid treated ND50 (ND50(A), 0.15 g) was dispersed in ethylene glycol (1.03 mL) and 

heated at 140 °C. GD (16.12 g, 0.218 mol) was added to the dispersion slowly for 1 h, and the 

reaction was stirred at the same temperature overnight. Work-up and purification was done in the 

same manner as DND(+)-PG(xl) except for the concentration with ultrafiltration membrane was 

done only once before the ultracentrifugation. Yield (net) 0.34 g.  

DND(N)-PG(m) and DND(N)-PG(l) were prepared by the same procedure but ND50 was 

just dried at 105 °C in vacuo without acid treatment before the reaction (ND50(N)). The net yield 

of ND50(N)-PG(m) was 0.36 g from 0.20 g of ND50(N), and ND50(N)-PG(l) was 0.41 g from 

0.25 g of ND50(N). 

 

13C NMR measurement 

13C NMR measurements were done in 5 mm tube at the ND-PG concentration of approx. 

20 % in D2O except for ND50(N)-PG(m) and ND50(N)-PG(l) that were measured at 10 % and 

15%, respectively. All measurements were done at 30 °C. Chemical shift of diamond core was 
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adjusted to 36.3 ppm at the peak top as a reference. 
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Appendix I to Chapter 2 

S2-1. 13C T1 relaxation time measurement of DND(+)-PG(m) 

 

 

Figure S2-1. Stacked spectra of T1 measurement by inversion recovery method. The numbers on 

the right are the inversion time (sec). 

 

Table S2-1. T1 value of each signal calculated by the peak intensity. 

Chemical shift (ppm) 83.4 81.7 80.2 74.4 73.0, 72.7 71.4, 71.1 64.9 63.1 36.6 

T1 (sec) 0.44 0.43 0.48 0.25 0.31 0.39 0.31 0.22 0.64 

 

  

DND(+)-PG(m) T1 Inversion recovery 
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S2-2. Assignment of 13C NMR by DEPT and 2D NMR spectra 

 

The 13C NMR spectrum of PG chain of DND-PG is almost the same as that of free PG with 

three peak regions, the ranges between 85 and 80 ppm, 76 and 70 ppm, and 66 and 62 ppm. In the 

range of 85 to 80 ppm, three groups of signals, with unseparated shoulder peaks, are detected, all 

of which are from CH carbons according to DEPT spectra (Figure S2-2). Peaks at around 83.4, 

81.7 and 80.2 ppm are assigned as secondary carbons at the middle of glycidol unit with ether 

linkage (‒CH(OR)‒) of T′, L13 and D or D′, respectively, in accordance with the assignment for 

free PG. Three signals of CH2 in the region of high magnetic field (66 to 62 ppm) represent 

carbons of primary hydroxy group (‒CH2OH). Signals at 64.9, 63.6 and 63.1 ppm are assigned as 

T, T′ and L13, respectively. The assignments are confirmed by HMQC and HMBC spectra (Figure 

S2-3). Existence of cross-peaks at 3.66 to 83.4 ppm, and 3.83 to 63.6 ppm in HMQC (C‒H 

connection), and 3.83 to 83.4 ppm in HMBC (C‒C‒H connection) indicates that two small signals 

at around 83.4 and 63.6 ppm are in the identical spin system of T′ substructure. On the other hand, 

signals at around 81.7 and 63.1 ppm are from the same substructure of L13. There are cross-peaks 

at 3.75 to 81.7, 3.79 to 81.7 ppm and 3.84 to 63.1 ppm in HMQC, and 3.75 to 63.1, 3.80 to 63.1 

ppm and 3.84 to 81.7 ppm in HMBC, which is consistent with the assignment for L13. In addition, 

the carbon at 81.7 ppm connects to the carbon at 71.4 ppm according to the cross-peak at 3.75 to 

71.4 ppm in HMBC. The region of 76 to 70 ppm must include the signals of primary carbon with 

ether linkage (‒CH2OR) and secondary carbon with hydroxy group (‒CH(OH)‒), three carbons 

of L14 (CH2 and CH), two CH2 carbons of D (D′) and T and one CH of L13. Chemical shifts of L14 

are determined to be 71.1 ppm for CH carbon, and 74.4 and 73.0 ppm for CH2 carbons since 

cross-peaks at 4.11 to 71.1 ppm in HMQC, and 4.11 to 74.4 and 4.11 to 73.0 ppm in HMBC are 

detected. The signal at 4.11 ppm in 1H NMR can be assigned as the proton of secondary carbon 

with free hydroxy group. The proportion between signals of two chemical shifts is uncertain. 
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Likewise, the signal of CH2 carbons of T are assigned at 74.4 and 72.7 ppm, the same and similar 

chemical shifts as L14. Cross-peaks at 3.99 to 74.4 ppm and 3.99 to 72.7 ppm are detected where 

the cross-peak at 3.99 to 64.9 ppm is observed in HMBC. Two CH2 carbons of D (D′) are assigned 

to be at 73.0 ppm based on the cross-peak at 3.89 to 72.7 ppm in HMBC. The CH carbon of L13 

substructure is located at 63.1 ppm as mentioned above. 
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Figure S2-2. DEPT spectra. 
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Figure S2-3. HMQC and HMBC spectra of DND(+)-PG(xh). 
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Chapter 3: Poly(glycerol-co-glyceric acid) functionalized 

nanodiamonds by nitroxyl radical-catalyzed oxidation of 

primary alcohols in poly(glycerol) as scaffolds for further 

conjugation 

 

3-1. Introduction 

Introduction of another functional group in the PG layer in ND-PG is meaningful as a scaffold 

to conjugate another functionality. Among the functional groups, carboxy group (‒COOH) is one 

of the most useful ones to covalently bind various functional moieties such as peptides, proteins 

including antibodies and small molecules like anticancer drugs [53, 60, 63, 73]. Although carboxy 

groups were introduced by the reaction of –OH with succinic anhydride in pyridine [53, 60, 63, 

71, 73, 123], the resulting ester linkage is susceptible to hydrolysis in aqueous, or physiological, 

environments. In this work, we developed the other means to introduce carboxy groups in the PG 

layer through direct oxidation of the primary alcohols (‒CH2OH) in glycerol units by nitroxyl 

radical catalyst (Scheme 3-1) [124‒128]. The resulting PG-functionalized detonation ND (DND) 

with carboxy groups (DND-PG-COOH) should be more chemically robust and less hydrophobic 

than that prepared from succinic anhydride mentioned above. After the oxidation, the content of 

carboxy groups is determined by acid-base titration and is found to be controlled by the amount 

of the oxidants, sodium hypochlorite (NaClO) and sodium chlorite (NaClO2), in the presence of 

nitroxyl radical catalyst such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) or its analogues.
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Scheme 3-1. Synthesis of DND-PG-COOH by the oxidation of DND-PG with nitroxyl radical catalyst. Red letters on DND-PG indicate substructure of 

glycerol units (D: dendritic, L: linear and T: terminal in ref. [129]). Blue letters on DND-PG-COOH indicate substructures with carboxy groups after 

CH2OH in DND-PG is oxidized.  
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3-2. Results and discussion 

The following two reaction systems were applied to the TEMPO-catalyzed oxidation of 

DND-PG; NaClO supplemented by sodium bromide (NaBr) under basic conditions (pH ~10) 

[130] and NaClO2 with small amount of NaClO under neutral to slightly acidic conditions [131, 

132]. Among the various substructures of glycerol unit in DND-PG as indicated in the red letters 

in Scheme 3-1 [129], the primary alcohols are subjected to be oxidized to carboxy groups in DND-

PG-COOH as indicated in the blue letters. In the former reaction system, DND-PG was oxidized 

in the presence of TEMPO, NaClO and NaBr at pH around 10 and temperature below 5 °C (entry 

1 in Table 3-1 and the details in 3-4 Experimental). At the beginning, the reaction was so fast that 

the pH value decreased immediately upon the addition of NaClO solution. Then, the decrease of 

pH, or consumption of NaClO, slowed down and stopped, when 9.2 mmol of NaClO to 1 g of 

DND-PG (entry 1 in Table 3-1) was added. After purification by ultrafiltration, the resulting 

carboxy group was confirmed qualitatively by FT-IR at 1734 cm–1 due to the stretching vibration 

of carbonyl group (Figure 3-1) and quantitatively by acid-base titration to be 1.34 mmol of COOH 

in 1 g of the material.  

 

 

Figure 3-1. FT-IR spectra of DND-PG and DND-PG-COOH of entry 1 in Table 3-1  

(DRIFT with KBr).
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Table 3-1. Summary of oxidation reactions of DND-PG to DND-PG-COOH with nitroxyl radical catalyst. 

Entry 

Reagents (mmol) to 1 g of DND-PG (mmol/g) 

Solvent (pH) [a] 
Reaction 

time (h) 

COOH content in 1 g of 

DND-PG-COOH (mmol/g) 
Catalyst NaClO NaClO2 

A [b] 

1 TEMPO 0.36 9.18 --- Water (10‒12) 0.6 1.34 

2 TEMPO 0.31 2.91 --- Water (10‒12) 0.7 0.06 

3 4-AcNH-TEMPO 0.20 0.55 10.14 Acetate (4.7) 48 2.31 

4 4-AcNH-TEMPO 0.19 0.22 9.99 Acetate (4.7) 48 2.04 

5 4-AcNH-TEMPO 0.15 0.17 7.43 Acetate (4.7) 24 2.60 

6 4-AcNH-TEMPO 0.21 0.23 5.18 Acetate (4.7) 48 1.84 

7 4-AcNH-TEMPO 0.24 0.27 3.97 Acetate (4.7) 24 1.51 

8 4-AcNH-TEMPO 0.25 0.27 1.83 Acetate (4.7) 24 1.17 

9 4-AcNH-TEMPO 0.15 0.17 1.26 Acetate (4.7) 23 1.01 

10 4-AcNH-TEMPO 0.14 0.17 1.02 Acetate (4.7) 24 0.81 

11 4-AcNH-TEMPO 0.11 0.11 0.63 Acetate (4.7) 25 0.47 

12 TEMPO 0.16 0.17 5.00 Phosphate (6.8) 21 0.69 

13 TEMPO 0.22 0.28 2.95 Phosphate (6.8) 18.5 1.04 

14 4-AcNH-TEMPO 0.20 0.22 10.05 Phosphate (6.8) 48 1.36 

15 4-AcNH-TEMPO 0.16 0.17 5.01 Phosphate (6.8) 22 0.65 

16 4-AcNH-TEMPO 0.15 0.17 1.48 Phosphate (6.8) 22 0.30 

17 AZADOL 0.20 0.34 10.07 Acetate (4.7) 45 1.47 

18 AZADOL 0.15 0.17 3.00 Acetate (4.7) 23 1.27 

19 AZADOL 0.16 0.17 1.03 Acetate (4.7) 21 0.69 

20 [c] 4-AcNH-TEMPO 0.16 0.17 0.99 Acetate (4.7) 22 0.78 

[a] Acetate: 0.4 M acetate buffer, Phosphate: 0.4 M phosphate buffer. 

[b] A will be used in Table 3-3. 

[c] ND50-PG was used instead of DND-PG. 
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a) entry 2 (0.06 mmol/g) 

 
b) entry 3 (2.31 mmol/g) 

 
c) entry 4 (2.04 mmol/g) 

 
d) entry 5 (2.60 mmol/g) 

 
e) entry 6 (1.84 mmol/g) 

 



 

99 

 

f) entry 7 (1.51 mmol/g) 

 
g) entry 8 (1.17 mmol/g) 

 
h) entry 9 (1.01 mmol/g) 

 
i) entry 10 (0.81 mmol/g) 

 
j) entry 11 (0.47 mmol/g) 
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k) entry 12 (0.69 mmol/g) 

 
l) entry 13 (1.04 mmol/g) 

 
m) entry 14 (1.36 mmol/g) 

 
n) entry 15 (0.65 mmol/g) 

 
o) entry 16 (0.30 mmol/g) 
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p) entry 17 (1.47 mmol/g) 

 
q) entry 18 (1.27 mmol/g) 

 
r) entry 19 (0.69 mmol/g) 

 
s) entry 20 (ND50-PG-COOH, 0.78 mmol/g) 

 
t) Raw material for entry 20 (ND50-PG from HPHT ND) 
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Figure 3-2. FT-IR spectra of DND-PG-COOH (entries 2‒20 in Table 1). The COOH contents 

(mmol/g, A in Table 3-1) are indicated in parentheses. For FT-IR spectrum of entry 1, see Figure 

3-1.
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Figure 3-3. Reaction mechanism of nitroxyl-radical oxidation (a) with NaClO under basic conditions and (b) with NaClO2 under neutral to acidic 

conditions. 
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When the amount of NaClO was reduced to 2.9 mmol/g (entry 2 in Table 3-1), almost no 

COOH was produced (Figure 3-2a), resulting in poor aqueous dispersibility. The possible reaction 

mechanism is illustrated in Figure 3-3a. The oxidation of ‒CH2OH to ‒COOH consists of the 

following two steps, ‒CH2OH → ‒CHO (aldehyde) → ‒COOH. Since N-oxoammonium ion is 

involved in both steps, the reaction of this oxidizing species with ‒CH2OH should be much faster 

than ‒CHO. Hence, ‒CHO or its hydrate form remains in the reaction mixture, if a sufficient 

amount of the oxidizing species is not provided. This limitation in the former reaction system 

motivated us to apply the latter one using NaClO2 with TEMPO and small amount of NaClO, 

realizing the precise control of COOH content. In the reaction, 4-AcNH-TEMPO was applied 

under acidic conditions (pH 4.7) [131]. The results are summarized in Table 3-1 (entries 3‒11), 

and FT-IR spectra of the products are shown in Figure 3-2b ‒ j to find that the products by two 

reaction systems are the same. Table 3-1 and Figure 3-2 indicate that the COOH content increases 

as the amount of NaClO2 increases. In particular, the conversion is nearly stoichiometric, when 

the amount of NaClO2 is small (≤ 1 mmol/g); 1.01, 0.81 and 0.47 mmol/g of ‒COOH is produced 

by the addition of 1.26, 1.02 and 0.63 mmol/g of NaClO2, respectively (entries 9‒11 in Table 3-

1). However, the oxidation efficiency decreased gradually, as the amount of NaClO2 increased. 

The relationship can be fitted with a natural log approximation (dotted line and equation in Figure 

3-4) in the reactions with 4-AcNH-TEMPO catalyst at pH 4.7 (blue squares). In this system, 

NaClO2 oxidizes in situ ‒CHO intermediate to ‒COOH as shown in Figure 3-3b. The resulting 

NaClO (HClO as the reactive species) oxidizes the catalyst to generate N-oxoammonium ion and 

convert ‒CH2OH to ‒CHO. NaClO added at the beginning serves as an initiator to oxidize the 

TEMPO catalyst. The reactions with TEMPO or 4-AcNH-TEMPO at neutral pH (entries 12 and 

13, and 14‒16, Table 3-1, respectively) and with 2-hydroxy-2-azaadamantane (AZADOL) at pH 

4.7 (entries 17‒19, Table 3-1) exhibited lower reaction efficiency (yellow solid circle, red rhombi 

and green triangles in Figure 3-4 and FT-IR spectra in Figure 3-2k ‒ r, respectively). It may be 



 

105 

 

caused by the differences in the activity of oxidant, or oxidizing species, and the selectivity of 

catalyst, which will be discussed later.  

Colloidal stability of the oxidized products with negative ζ-potential (Table 3-2) is confirmed 

by dynamic light scattering (DLS) measurements on number, volume and scattering light intensity 

bases (Figure 3-5 for entries 4 and 10, Table 3-1), indicating that no coarse particles by 

aggregation have appeared by the reaction. The product contains a trace amount of ‒CHO (≤ 

1/1000 to the amount of glycerol unit) which is detected by 1H NMR (Figure 3-6), and no free 

radical derived from nitroxyl radical catalyst is observed by EPR (Figure 3-7) while radical 

species from carbon dangling bonds and nitrogen defects in DND core are detected. In addition, 

the reaction with 4-AcNH-TEMPO at pH 4.7 was applied to ND50-PG (high pressure high 

temperature (HPHT) ND of 50 nm-size) to give similar result (0.78 mmol/g of COOH content 

with 0.99 mmol/g of NaClO2) to DND-PG (entry 20 in Table 3-1 and FT-IR spectrum in Figure 

3-2s). 
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Figure 3-4. Relationship between the amount of NaClO2 and COOH content of DND-PG-COOH 

through the oxidation of DND-PG except for one result (entry 20 in Table 3-1) from ND50-PG to 

ND50-PG-COOH by 4-AcNH-TEMPO at pH 4.7 (blue square). 
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Figure 3-5. Hydrodynamic diameter of (a) DND-PG (dashed lines) and DND-PG-COOH (solid lines) with red and blue lines corresponding to entries 4 

and 10 in Table 3-1 on number basis, (b, c) DLS of DND-PG (dashed lines) and DND-PG-COOH (solid lines) in entries 4 (b) and 10 (c) in Table 3-1 on 

number (blue), volume (red) and scattering light intensity (green).  
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Table 3-2. ζ-potential and DLS size of DND-PG-COOH. 

 
Entry 4, Table 3-1  Entry 10, Table 3-1 

DND-PG DND-PG-COOH  DND-PG DND-PG-COOH 

COOH content (mmol/g) --- 2.04  --- 0.81 

ζ-potential in PBS (mV) ‒2.83 ‒27.83  ‒2.75 ‒19.30 

D50 on number basis (nm) 22.11 22.23  26.78 27.24 

Thickness of PG layer from the DLS result (nm) [a] 8.49 8.55  10.83 11.06 

PG/DND ratio by TGA 2.43 1.55  3.58 3.46 

Relative volume of PG layer compared with DND-PG (%) --- 63.8  --- 96.6 

Theoretical relative thickness of PG layer (%) [b] --- 76.0  --- 98.1 

[a] Assuming that the diameter of DND core is 5.12 nm determined by BET specific surface area measurement. 

[b] Calculated value assuming the density of PG layer does not change after the oxidation. 
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Figure 3-6. 1H NMR of DND-PG-COOH of entries 4 and 10 in Table 3-1 (in 0.1% NaOD). Peak 

at 8.53 ppm is deemed to be the signal of ‒CHO. From the integration value of 1/5000 compared 

to that of PG chain (5H in glycerol unit and 3H in glyceric acid unit), content of ‒CHO is estimated 

to be about ≤ 1/1000 of the amount of glycerol and glyceric acid units.  

 

  

Signals of impurity 
derived from 4-AcNH-
TEMPO 
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a) 4-AcNH-TEMPO in water (100 μg/mL) 

 
 

b) DND-PG (raw material of DND-PG-COOH entry 10, Table 3-1, 3.95 wt%) 
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c) DND-PG-COOH (entry 10, Table 3-1, 3.81 wt%) 

 
 

Figure 3-7. EPR spectra of 4-AcNH-TEMPO (in water 100 μg/mL), DND-PG (raw material of 

entry 10, Table 3-1, 3.95 wt%) and DND-PG-COOH (entry 10, Table 3-1, 3.81 wt%). In DND-

PG and DND-PG-COOH, only signal of free radical from DND core is detected in the same 

intensity level and peak shape (width).  
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In 13C NMR spectra by inverse gated decoupling measurement, the ‒COOH and ‒CH2OH 

signals in DND-PG and DND-PG-COOH are found around 176 ppm (Figure 3-8b and d) and 

around 65 ppm (Figure 3-8a ‒ d), respectively. Based on the integral of the secondary carbons 

with ether linkage (‒CH(OR)‒) around 80 ppm, those of ‒COOH are appeared to be 1.05 and 

0.25 in Figure 3-8b and d, respectively, after the oxidation of DND-PG (entries 4 and 10 in Table 

3-1, respectively). Simultaneously, the integrals of ‒CH2OH decreases from 1.50 and 1.44 (Figure 

3-8a and c, respectively) to 0.43 and 0.97 (Figure 3-8b and d, respectively) after the oxidation 

(entries 4 and 10 in Table 3-1, respectively), indicating that the primary alcohols are oxidized to 

carboxylic acids. 

According to our previous report regarding structural analysis of ND-PGs [129], ‒CH2OH 

contents in DND-PG (DND(+)-PG(m) and -PG(h) with PG/DND weight ratios of 2.43 and 3.58) 

in entries 4 and 10 (Table 3-1) are determined to be around 5.0 mmol/g. On the other hand, the 

COOH contents in the corresponding DND-PG-COOH in entries 4 and 10 (Table 3-1) are 2.04 

and 0.81 mmol/g, respectively. Particularly in entry 4, after most of the ‒CH2OH in the DND-PG 

(DND(+)-PG(m)) is oxidized as shown in Figure 3-8b, only 2.04 mmol/g of ‒COOH was 

produced. This discrepancy implies that some of the PG chains may be lost during the oxidation. 

Therefore, DND-PG-COOH shown in Figure 3-8b and 3-8d (entries 4 and 10 in Table 3-1, 

respectively) were compared with the corresponding DND-PG in thermogravimetric analysis 

(TGA, in air). 
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Figure 3-8. 13C NMR spectra by inverse gated decoupling measurement of (a) DND-PG (raw 

material in entry 4, Table 3-1), (b) DND-PG-COOH (COOH content 2.04 mmol/g, entry 4, Table 

3-1), and (c) DND-PG (raw material in entry 10, Table 3-1) and (d) DND-PG-COOH (COOH 

content 0.81 mmol/g, entry 10, Table 3-1). The signal of diamond core at 36.3 ppm is set as a 

reference. 
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Figure 3-9. TGA profiles of DND-PG (dashed lines) and DND-PG-COOH (solid lines) with red 

and blue lines corresponding to entries 4 and 10 in Table 3-1. 

 

 

As shown in Figure 3-9, the two-step weight decrease below and above 450 °C may result 

from the degradation of PG chain followed by the combustion of DND core. While oxidation of 

the DND-PG in entry 10 does not change the TGA profile (blue lines in Figure 3-9), the PG 

content significantly decreases through the oxidation of DND-PG in entry 4 (red lines). This 

indicates that PG chains should have detached from the PG layer on DND surface at larger degree 

as the oxidation proceeds from 0.81 mmol/g (entry 10) to 2.04 mmol/g (entry 4). On the other 

hand, almost no change in hydrodynamic diameters is observed by DLS (Figure 3-5) before and 

after oxidation, despite the significant weight loss in entry 4 (Figure 3-9 and Table 3-2). This 

indicates that the PG layer decreases in its density, but the thickness does not change by the 

oxidation of DND-PG especially in entry 4. 

To quantify the PG chains cleaved by the oxidation, molar amounts of glycerol and glyceric 

acid units on 1 g of DND core in DND-PG and DND-PG-COOH were calculated from the 
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PG/DND weight ratio by TGA and the COOH content by acid-base titration. These results and 

calculation details are shown in Table 3-3. In Figure 3-10, the loss of PG chains in Table 3-3 

correlates quadratically with the COOH content in DND-PG-COOH (A in Table 3-1). Therefore, 

little or no PG loss is observed at the COOH content smaller than 1.2 mmol/g. However, more 

than 20% of PG chain is lost in the DND-PG-COOH with the COOH content at 1.5 mmol/g and 

more. The loss of PG chain may be attributed to the oxidation of the secondary –OH in PG chain 

as shown in Figure 3-11. When the secondary –OH is oxidized into ketone, ether linkage to the 

carbon atoms next to the carbonyl group is subjected to C–O bond cleavage via tautomerization 

to the enol form. Although TEMPO is known to catalyze the oxidation of primary alcohol due to 

the steric hindrance in the surrounding of the nitroxyl radical (Figure 3-3), oxidation at secondary 

alcohol in the PG layer occurs in some extent. The quadratic relationship shown in Figure 3-10 

may be due to the increase of the proportion of secondary –OH against primary –OH, which is 

preferentially oxidized to –COOH, to increase the relative oxidation rate of the secondary –OH. 

This results in more cleavage of the PG chains. In addition, AZADOL (entries 17‒19 in Table 3-

1) with higher catalytic activity and less selectivity to primary alcohol caused larger loss of PG 

chain than 4-AcNH-TEMPO at pH 4.7 (green triangles in Figure 3-10) [128], supporting the 

above interpretation that the cleavage of PG chain occurs by the oxidation of secondary alcohols 

shown in Figure 3-11. The reactions using TEMPO or 4-AcNH-TEMPO under neutral conditions 

gave a different trend; the loss of PG chain is comparable with the reaction of 4-AcNH-TEMPO 

at pH 4.7 (yellow solid circles and red rhombi in Figure 3-10), while the COOH contents to the 

NaClO2 amounts are lower and much less relationship (yellow solid circles and red rhombi in 

Figure 3-4). This may be because the reactivity of NaClO (HClO) or N-oxoammonium ion that 

react with the primary or secondary ‒OH may be lower at the neutral pH, while the selectivity is 

almost the same. Since the performance of the reaction is affected by pH and the amount of 

NaClO2, the reaction at stable pH is critical especially for the precise control of COOH content.
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Table 3-3. Compositions of glycerol and glyceric acid units in DND-PG-COOH in Table 3-1, and the losses of PG chain during oxidation reaction. 

Entry [a] 

Amount on 1 g of DND core in DND-PG  Amount on 1 g of DND core in DND-PG-COOH 
Loss of 

PG chain PG chain  

determined by TGA 

Mole amount of 

glycerol unit 
 PG chain  

determined by TGA 
Glyceric acid unit  Glycerol unit 

Total mole 

amount 

(g) (mmol)  (g) (mmol) (g)  (g) (mmol) (mmol) (%) 

B 
C = B / 74.08 × 

1000 [b] 
 D E = A[c] × (1 + D) 

F = E × 88.06 / 

1000 [d] 
 G = D ‒ F 

H = G / 74.08 × 

1000 [b] 
I = E + H 

(1 ‒ I / C) × 

100 

1 2.16 29.1  1.40 3.22 0.28  1.12 15.11 18.33 37.1 

2 0.99 13.4  --- [e]              

3 2.67 36.0  1.74 6.32 0.56  1.18 15.98 22.30 38.0 

4 2.43 32.8  1.55 5.18 0.46  1.09 14.71 19.89 39.4 

5 3.85 52.0  2.02 7.85 0.69  1.33 17.94 25.80 50.4 

6 2.67 36.0  1.90 5.35 0.47  1.43 19.33 24.69 31.4 

7 0.99 13.4  0.82 2.75 0.24  0.58 7.80 10.55 21.2 

8 2.43 32.8  2.38 3.95 0.35  2.03 27.45 31.40 4.3 

9 3.83 51.7  3.85 4.90 0.43  3.42 46.15 51.05 1.2 

10 3.58 48.4  3.46 3.61 0.32  3.14 42.35 45.96 5.0 

11 3.83 51.7  3.94 2.32 0.20  3.73 50.37 52.69 ‒2.0 

12 3.85 52.0  3.69 3.23 0.28  3.40 45.91 49.14 5.4 

13 0.99 13.4  1.02 2.11 0.19  0.83 11.27 13.38 0.1 

14 2.43 32.8  2.19 4.34 0.38  1.81 24.37 28.71 12.5 

15 3.85 52.0  3.74 3.08 0.27  3.47 46.83 49.91 4.0 

16 3.85 52.0  3.76 1.45 0.13  3.63 49.05 50.49 2.8 

17 2.43 32.8  1.70 3.97 0.35  1.35 18.27 22.25 32.2 

18 3.85 52.0  3.08 5.18 0.46  2.63 35.45 40.63 21.8 

19 3.85 52.0  3.46 3.08 0.27  3.19 43.10 46.18 11.2 

20 0.85 11.5  0.87 1.47 0.13  0.74 10.05 11.52 ‒0.4 

[a] Experimental conditions are described in the same entry in Table 3-1. 

[b] 74.08: molecular weight of GD. 

[c] A : COOH content in 1 g of DND-PG-COOH (mmol/g). See the same entry in Table 3-1. 

[d] 88.06: molecular weight of 2,3-epoxypropionic acid. 

[e] TGA was not measured. Accordingly, the following calculations were not done. 
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Figure 3-10. Relationship between the PG chains lost by the oxidation and the COOH content in 

the resulting DND-PG-COOH except for one result (entry 20 in Table 3-1) from ND50-PG to 

ND50-PG-COOH by 4-AcNH-TEMPO at pH 4.7 (blue square). 

 

 

 

 

Figure 3-11. Plausible mechanism for cleavage of ether linkage caused by the oxidation at 

secondary hydroxy group. 
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3-3. Conclusion 

We developed the process for poly(glycerol-co-glyceric acid) functionalized DND (DND-

PG-COOH), a novel ‒COOH containing PG functionalized DNDs, via oxidation of primary ‒OH 

in PG chain by nitroxyl radical catalysts known as TEMPO. The product should be chemically 

robust, since the ‒COOH functionality is incorporated in PG chain. The reaction is so simple that 

it can be performed under aqueous conditions with inexpensive fundamental inorganic oxidant 

like NaClO2 and NaClO. The amount of ‒COOH can be precisely controlled by the amount of 

NaClO2 in an almost stoichiometric manner for a range of COOH content ≤ 1 mmol/g. On the 

other hand, the reaction for higher COOH content with large amount of oxidant has a limitation 

to cleave the PG chains probably due to the oxidation of secondary ‒OH. Despite the limitation, 

the product with controlled COOH content can be applied to further functionalization for various 

applications especially in biomedical field. 

 

3-4. Experimental 

Materials 

Single-digit nanometer-sized water dispersion of DNDs was manufactured by Daicel 

Corporation (DINNOVARETM). For the modification of DNDs, the following reagents and 

solvents were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka Japan); 2,3-

epoxypropan-1-ol (glycidol or GD), sodium hypochlorite (NaClO) solution, hydrochloric acid 

(HCl), sodium hydroxide (NaOH), ethanolic solution of potassium hydroxide (KOH), acetic acid, 

sodium acetate, potassium dihydrogen phosphate, ethylene glycol, methanol and ethanol. 2,2,6,6-

Tetramethylpiperidine-1-oxyl free radical (TEMPO), 4-acetamido-2,2,6,6-tetramethylpiperidine-

1-oxyl free radical (4-AcNH-TEMPO), AZADOL and sodium bromide (NaBr) were purchased 

from Tokyo Chemical Industry Co., Ltd. (Tokyo Japan). Sodium chlorite (NaClO2) was 

purchased from Sigma-Aldrich Japan G. K. (Tokyo, Japan). 
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Equipment 

NMR spectra were measured with an ECX500 NMR spectrometer (JEOL). FT-IR spectra 

were recorded on an IR Tracer-100 FT-IR spectrometer (Shimadzu) equipped with DiffusIR 

DRIFT chamber (PIKE Technologies). Elemental analyses were conducted at Organic Elemental 

Microanalysis Center of Kyoto University. Thermogravimetric analysis (TGA) was performed 

with TG/DTA 6200 (SII). DLS measurement was done with a Nanotrac Wave II particle size 

analyzer (MicrotracMRB). Zeta-potential was measured by ZetaSizer Nano (Malvern, UK). EPR 

spectra were measured with EMX spectrometer (Bruker). 

 

DND-PG (raw material, entry 1 in Table 3-1) 

An aqueous dispersion of DND with positive ζ-potential, DND(+), was evaporated to dryness. 

The solid residue was dried at 105 °C for 2 h. To a suspension of resulting DND powder (1.0 g) 

in ethylene glycol (15.0 g), GD (45.1 g, 0.61 mol) was added dropwise over 160 min to keep the 

temperature in the range of 95–100 °C. The resulting black dispersion was stirred at the same 

temperature for 4 h. After the reaction was cooled below 40 °C, water (40 mL) was added slowly 

to degrade the unreacted GD. The dispersion was diluted with water to ca. 400 mL and 

concentrated with ultrafiltration membrane (Ultracel® membrane, 30 kDa) to < 20 mL. The 

concentrate was diluted and concentrated again, which was repeated five times, and the weight of 

resulting black water dispersion was adjusted to 100.0 g with water. An aliquot of the dispersion 

was accurately weighed and dried on heated PTFE sheet. From the weight of the residue, the 

concentration was determined to be 4.10 % (w/w).  

To remove free PG, 30.0 g of above water dispersion (net 1.23 g) was ultracentrifuged at 

183400g (50000 rpm) for 2 h. Supernatant (ca. 20 mL) was removed carefully and remained lower 

layer was diluted and re-dispersed with water (20 mL), and ultracentrifuged again, which was 

repeated two times. The resulting lower layer was adjusted to 30.8 g with water, which was used 
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in the following oxidation step. To obtain a sample for analysis (titration), 15.8 g of this aqueous 

dispersion was once adjusted to pH 1.93 with HCl, then washed with water with the ultrafiltration 

membrane five times in the same manner as described above to recover 15.8 g of dispersion. An 

aliquot of the dispersion was accurately weighed (1.5391 g) and dried on heated PTFE sheet. 

From the weight of the residue (0.0441 g), the sample concentration was determined to be 2.87 % 

(w/w). The net yield of DND-PG was 0.88 g from 1.23 g (net) of crude product.  

FT-IR (DRIFT with KBr, cm−1): 3332, 2918, 2875, 1456, 1118, 1075 (C–O). 1H NMR (500 MHz, 

D2O): δ ppm 3.42, 3.50, 3.58, 3.75, 3.88. Elemental analysis: C; 60.75%, H: 5.87%, N; 0.81%, 

O; 31.79%. TGA (Air atmosphere, 20 °C/min, % weight loss): 50–530 °C; 68.2%, 530–650 °C; 

31.6% (PG/DND ratio was estimated to be 2.16). 

 

DND-PG-COOH (oxy-radical oxidation with NaClO under basic condition, entry 1 in Table 

3-1) 

Water dispersion of purified DND-PG as described above (15.0 g, 2.87 % (w/w), net 0.43 

g, PG/DND 2.16) was diluted with water (10.0 mL) and added with NaBr (0.61 g, 5.9 mmol). The 

mixture was cooled in ice-bath and added with TEMPO (24.5 mg, 0.16 mmol). NaClO solution 

(effective chlorine concentration: 12.9 wt%) was added slowly with keeping the temperature at 

around 2 °C (below 5 °C). As pH decreased with the reaction progress, NaClO solution and/or 1 

M NaOH was added to keep pH around 10 (10‒12). The reaction was stopped when 2.5 g of 

NaClO solution (net 0.294 g, 4.0 mmol) was added in total for 35 min. After the addition of small 

amount of methanol to degrade unreacted NaClO, pH was adjusted to 1.97 with 6 M HCl. The 

dispersion was diluted with water to ca. 400 mL and concentrated with ultrafiltration membrane 

(Ultracel® membrane, 30 kDa) to < 10 mL. The concentrate was diluted and concentrated again, 

which was repeated four times, and the weight of resulting black water dispersion was adjusted 

to 15.0 g with water. An aliquot of the dispersion was accurately weighed and dried on heated 
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PTFE sheet. From the weight of the residue, the concentration was determined to be 2.81 % (w/w). 

The net yield of DND-PG-COOH was 0.42 g. FT-IR (DRIFT with KBr, cm−1): 3273, 2906, 2878, 

1734, 1456, 1122, 1080. 1H NMR (500 MHz, 0.5% NaOD): δ ppm 4.13, 3.97, 3.90, 3.53. 

Elemental analysis: C; 59.12%, H: 5.29%, N; 0.78%, O; 34.36%. TGA (Air atmosphere, 

20 °C/min, % weight loss): 50–487 °C; 57.8%, 487–650 °C; 41.2% (PG/DND ratio was estimated 

to be 1.40). 

The carboxylic acid (COOH) content was determined to be 1.34 mmol by acid-base titration. 

Aqueous dispersion of DND-PG-COOH (1.6989 and 1.5458 g for two-time operation, net weight 

47.7 and 43.4 mg, respectively) was accurately weighed and diluted with 30 mL of ultrapure water. 

After a few drops of phenolphthalein solution was added as the indicator, titration was done with 

0.05 mol/L KOH ethanolic solution (f = 1.0). The endpoint was determined when the pink color 

of indicator was kept up for 30 sec (1.30 and 1.21 mL, respectively). Blank test without sample 

was also done by the same procedure (0.03 mL). The COOH content was calculated as the 

following equation. 

𝐶COOH = ((𝑇1 − 𝑇2) × 0.05 × 𝑓) (𝑊 × 𝑆)⁄  

where CCOOH: COOH content (mmol/g), T1: titer of 0.05 mol/L KOH to the sample (mL), T2: titer 

of blank test (mL), f: factor value of KOH solution, W: weight of sample dispersion (g), and S: 

sample concentration (wt/wt). By the same procedure, COOH content of raw material (DND-PG) 

was determined to be 0.04 mmol/g. 

 

DND-PG-COOH (oxy-radical oxidation with 4-AcNH-TEMPO and NaClO2 under acidic 

condition, entry 4 in Table 3-1) 

Aqueous dispersion of purified DND-PG (DND(+)-PG(m), 3.23 % (w/w), 18.6 g, net 0.60 

g, PG/DND 2.43) were added with 0.4 M acetate buffer (pH 4.7, 30 mL), water (10.0 mL), 
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NaClO2 (content 81%, 671 mg, 6.0 mmol) and 4-AcNH-TEMPO (24.9 mg, 0.12 mmol). NaClO 

solution (74 μL, 0.14 mmol) was added into the mixture and the flask was equipped with an air-

cooled condenser capped with a universal glass plug, then the reaction was heated at 50 °C for 24 

h. After ethanol (1.0 mL) was added to decompose unreacted oxidant, the dispersion was diluted 

with water to ca. 400 mL and concentrated with ultrafiltration membrane (Ultracel® membrane, 

30 kDa) to < 10 mL. The concentrate was washed with water once by dilution and concentration 

with ultrafiltration membrane, and pH was adjusted to ca. 2.0 with 6 M HCl. The mixture was 

concentrated and then washed with water three times, and the weight of resulting black water 

dispersion was adjusted to 20.0 g with water. An aliquot of the dispersion was accurately weighed 

and dried on heated PTFE sheet. From the weight of the residue, the concentration was determined 

to be 2.49 % (w/w). The net yield of DND-PG-COOH was 0.50 g. COOH concentration was 

determined by acid-base titration to be 2.04 mmol/g. Elemental analysis: C; 60.69%, H: 5.45%, 

N; 0.79%, O; 32.91%. TGA (Air atmosphere, 20 °C/min, % weight loss): 50–533 °C; 68.7%, 

533–650 °C; 31.4% (PG/DND ratio was estimated to be 2.19). 

 

DND-PG-COOH (entry 10 in Table 3-1) 

The oxy-radical oxidation with NaClO2 was done on DND-PG (DND(+)-PG(h), 3.95 % 

(w/w), 44.3 g, net 1.75 g, PG/DND 3.58) were conducted with 0.4 M acetate buffer (pH 4.7, 35 

mL), NaClO2 (199 mg, 1.7 mmol), 4-AcNH-TEMPO (54.0 mg, 0.25 mmol) and NaClO solution 

(161 μL, 0.26 mmol) as described above. The weight of resulting black water dispersion was 

adjusted to 45.3 g with water. The concentration was determined to be 3.81 % (w/w) and net yield 

was 1.72 g. COOH concentration was determined by acid-base titration to be 0.81 mmol/g. 

Elemental analysis: C; 57.72%, H: 6.24%, N; 0.63%, O; 35.44%. TGA (Air atmosphere, 

20 °C/min, % weight loss): 50–527 °C; 77.4%, 527–650 °C; 22.4% (PG/DND ratio was estimated 

to be 3.46).  
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Chapter 4: Conjugation of phenylboronic acid moiety through 

multistep organic transformations on nanodiamond surface for 

an anticancer nanodrug of boron neutron capture therapy 

 

4-1. Introduction 

A novel BNCT nanodrug consisting of the following three components were designed and 

explored (Figure 4-1); nanoparticle core (DND), hydrophilic polymer (poly(glycerol), PG) [42], 

and boron moiety (phenyl-10B-boronic acid), expecting scalability and reproducibility in the 

synthesis, and the stability of the nanodrug under physiological conditions. The multilayered 

construction was fabricated by covalent bonding through multistep chemical transformations 

[133]. The whole process is highly reliable and scalable because fundamental reactions are piled 

up and the product in each step is fully characterized qualitatively and even quantitatively. In 

addition, further derivatization is accomplished for fine tuning of the physical properties and the 

biocompatibility. Pharmacokinetic studies using mice showed long-term retention of the 

nanodrug in the tumor at least for 48 h with rapid clearance from blood in 14 h. BNCT efficacy 

was eventually observed in vivo in which the tumor growth of drug-injected mice was suppressed 

by neutron irradiation. 

 

4-2. Results and discussion 

4-2-1. Material design 

We designed the nanodrug to expect the following functions in each component as shown in 

Figure 4-1. The core DND makes the nanodrug robust to fix the outer two layers firmly, avoiding 

structural and topological deterioration. DND is one of the most reliable nanoparticles to be 

grafted densely with PG due to appropriate density of oxygen-containing functional groups, 
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typically hydroxy (–OH) group, initiating ring-opening polymerization of glycidol on the DND 

surface [42]. In addition, more functions can be expected for DND as radio- and photo-sensitizers 

for therapy and as a fluorescence probe for diagnosis, as mentioned above [15, 26–31, 35, 36]. 

PG in the medium layer is a highly branched polymer with many hydroxy groups, which 

serve as scaffolds for further functionalization. PG also provides enough hydrophilicity for the 

nanodrug to be dispersed well under physiological conditions. In addition, PG is also expected to 

retain the nanodrug in the blood stream for longer time, because PG is reported to circumvent the 

immune system by preventing the protein corona formation and the subsequent macrophage 

uptake [71, 72]. It has been clearly demonstrated that the “stealth” efficiency of PG is better than 

that of poly(ethylene glycol) (PEG) [72]. 

 

 

 

Figure 4-1. Schematic illustration for design of the three-layered structure of DND-based 

nanodrug. 

 

 

As for the boron functionality in the outermost layer, we chose phenylboronic acid (PBA) 

moiety, whereas icosahedral boron clusters or carboranes were applied in many studies [134]. The 

PBA moiety was immobilized on the surface of amine-functionalized PG on DND (DND-PG-
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NH2) by C–N bond to leave the boronic acid moiety intact. This is not a typical approach to 

immobilize boronic acid by boronate. Our method includes the following advantages over the 

conventional ones; 1) various PBA moieties can be introduced onto the DND-PG because a 

variety of the precursors, PBA derivatives, can be synthesized through a simple and scalable 

process, and 2) the boronic acid moiety can work as an active targeting to the sialic acid 

overexpressed on cancer cell [90, 135]. 

 

4-2-2. Preparation of amino functionalized DND-PG 

In order to add the boronic acid layer as shown in Figure 4-1, the DND-PG was first converted 

to amino functionalized DND-PG (DND-PG-NH2HCl as HCl salt of the amine) as shown in 

Scheme 4-1. 

At the beginning, the DND core was functionalized with PG through ring opening 

polymerization of glycidol to give DND-PG. Although PG functionalization of nanoparticles has 

been performed in glycidol at 140 °C in our previous papers [42, 47, 48, 136, 137], we employed 

milder conditions in this thesis in view of larger scale synthesis; glycidol was added dropwise to 

a DND suspension in ethylene glycol around 100 °C (see details in Chapter 2 and 4-4 

Experimental section). 

The resulting DND-PG was characterized by FT-IR and solution phase 1H NMR as shown in 

Figures 4-2b and 4-3a, respectively. In FT-IR spectrum, the absorptions corresponding to 

stretching vibrations of O–H at 3333 cm−1, asymmetrical and symmetrical C–H at 2918 and 2876 

cm−1, and asymmetric C–O–C and C–O of PG at 1118 and 1078 cm−1 are observed. In 1H NMR, 

signals at 3 – 4 ppm indicate that all the hydrogens are on the carbons next to the oxygens at 

hydroxy groups or ether linkages. In the size exclusion chromatography (SEC) as shown in Figure 

4-4 , PG without DND core (free PG) was found to contaminate in the DND-PG at ca. 30% 

estimated from the RI peak area ratio (Figure 4-4b), though it was purified with ultrafiltration 
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after PG functionalization. This sample was used in the next step without further purification 

because the free PG is expected to be removed in the subsequent steps. The PG content including 

free PG is 80.2 wt% on thermogravimetric analysis (TGA, in Figure 4-5b). The resulting material 

was dispersed well in various aqueous solutions. Although the free PG remained due to the 

difference in the purification procedure, we confirmed that the DND-PG is almost identical to 

that prepared in our previous works in FT-IR, 1H NMR and TGA [42, 137], and is different from 

DND in FT-IR (Figure 4-2a and 4-2b). 
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Scheme 4-1. PG functionalization of DND core and further modification of hydroxy groups in the PG layer to amino groups. For the sake of expediency, 

PG chain is tentatively represented as the dendritic structure where m is the number of generations and n is the number of dendrons. Also note that not all 

OH groups in DND-PG, especially the secondary hydroxy groups, are necessarily tosylated and consequently converted to amino groups.
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Figure 4-2. FT-IR spectra of series of materials to DND-PG-NH2
HCl (DRIFT with KBr).  

b) DND-PG 

c) DND-PG-OTs 

d) DND-PG-N3 

e) DND-PG-NH2HCl 

a) DND 
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a) DND-PG (D2O) 

 

 b) DND-PG-OTs (CDCl3) 

 

 c) DND-PG-N3 (DMSO-d6) 
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d) DND-PG-NH2HCl (0.1 M DCl) 

 

Figure 4-3. 1H NMR spectra of DND-PG (a), DND-PG-OTs (b), DND-PG-N3 (c) and DND-PG-

NH2HCl (d). 

  

HOD 

Impurity from PPh3 
and PPh3=O 
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Figure 4-4. Size exclusion chromatogram (SEC) of DND-PG (Column: Shodex OHpak SB-806 

HQ × 3 (in series), eluent: 0.5 M NaNO3, 0.6 mL/min, column temp. 40 °C): UV detection (a) 

and RI detection (b). 

  

a) UV detection 

b) RI detection 
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Figure 4-5. TGA results of series of materials (Air atmosphere, 20 °C/min):DND (a), DND-PG 

(b), DND-PG-N3 (c) and DND-PG-NH2HCl (d). All measurements were done in air at 20 °C/min 

of temperature increasing rate. In each profile, the weight loss at the lower and higher 

temperatures is assigned to the modified PG layer and the DND core. 

 

 

Although we employed the process for DND-PG-NH2 reported previously [71, 138], more 

precise characterizations were carried out qualitatively and quantitatively in each step. For the 

DND-PG, some of the hydroxy groups in the PG layer was tosylated to give DND-PG-OTs. The 

content of tosylate was determined to be 3.28 mmol/g by the sulfur content of the elemental 

analysis (Table S4-2 in Appendix II). In FT-IR, SO2 of the tosylate is characterized by the peaks 

at 1362 and 1177 cm−1 for the asymmetric and symmetric stretching vibrations, respectively 

(Figure 4-2c). In 1H NMR, signals of the benzene ring and methyl group are observed at 7.67 and 

7.24 ppm, and 2.31 ppm, respectively (Figure 4-3b). In the next steps, the tosyl group was 

substituted with azide and the resulting DND-PG-N3 was reduced to the amino group by the 

Staudinger reaction with triphenylphosphine (PPh3) to give DND-PG-NH2HCl. Both DND-PG-
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N3 and DND-PG-NH2HCl were qualified and quantified by FT-IR, solution phase 1H NMR and 

elemental analysis. FT-IR spectra (Figures 4-2d and 4-2e) support the substitution with azide by 

the absorption at 2102 cm−1 for asymmetric stretching vibration and the subsequent reduction to 

amine by disappearance of the azide peak. Instead, the new peaks appear at 1601 and 1506 cm−1 

corresponding to asymmetrical and symmetrical bending vibrations of –NH3
+, respectively. In the 

1H NMR (Figures 4-3c and 4-3d), the transformations of OTs → N3 → NH2 are traced by 

disappearance of signals of tosylate in the spectrum of DND-PG-N3 and appearance of signals at 

3.0 – 3.3 ppm in the spectrum of DND-PG-NH2HCl. The amounts of azide in DND-PG-N3 and 

amino group in DND-PG-NH2HCl are calculated to be 4.45 and 4.22 mmol/g, respectively, from 

the TGA (Figures 4-5c and 4-5d) and the nitrogen content in the elemental analysis (Table S4-2 

in Appendix II). As we expected, the free PG contaminating DND-PG is considered to be fully 

removed at the syntheses of DND-PG-N3 and DND-PG-NH2HCl due to the consistent results of 

the PG contents at TGA (Figures 4-5c and 4-5d) and the functional group density (Table S4-3 in 

Appendix II). While the “as-prepared” DND-PG contains 80.2 wt% including free PG as 

mentioned above (Figure 4-5b), PG content in the “fully purified” DND-PG without free PG is 

calculated to be 69 – 70 wt% based on TGA of DND-PG-N3 and DND-PG-NH2HCl and the 

functional group content of each material. The content of free PG in the “as-prepared” DND-PG 

is estimated to be 37 wt% which is roughly comparable to ca. 30% in the SEC (Figure 4-4b). 

 

4-2-3. Introduction of PBA moiety and further modification 

As shown in Scheme 4-2, PBA moiety was introduced by reductive amination of 2-

formylphenylboronic acid (o-boronobenzaldehyde) with DND-PG-NH2. The one-pot reaction 

was carried out in methanol to form the corresponding imine followed by reduction with NaBH4 

to give DND-PG-PBA. 10B enriched 2-formylphenylboronic acid was readily synthesized from 

commercially available 10B boric acid via its triisopropyl ester (experimental detail is shown in 
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S4-2 in Appendix II) and was employed for the synthesis of 10B enriched DND-PG-PBA [139]. 

The DND-PG-PBA-10B was used in in vivo experiments, which will be described below. The 

regioisomers of DND-PG-PBA were also prepared from 3- and 4-formylphenylboronic acid (m- 

and p-boronobenzaldehyde) to discuss the structure – property relationship, which also will be 

described below. 

The introduction of PBA moiety to DND-PG-NH2 was confirmed by FT-IR spectrum at 1352 

and 754 cm−1 corresponding to B–O stretching and out-of-plane bending for 1,2-disubstituted 

benzene ring, respectively (Figure 4-6a). In 1H NMR, the hydrogens at benzene ring and benzylic 

position of the PBA moiety are observed at 7.50 and 7.20 ppm, and at 4.05 ppm, respectively 

(Figure 4-7a). According to the elemental analysis by combustion method (Table S4-4 in 

Appendix II), The amount of PBA moiety (2.24 mmol in 1.0 g of DND-PG-PBA) is calculated to 

be introduced onto DND-PG through the reaction between o-boronobenzaldehyde and the NH2 

group (3.15 mmol and 4.22 mmol to 1.0 g of DND-PG-NH2HCl, respectively).
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Scheme 4-2. Addition of boronic acid layer on DND-PG though the reaction of 2-formylphenylboronic acid with DND-PG-NH2 and further modification 

by succinylation and methylation. Note that the regioselectivity between 1- and 2-positions of glycerol unit is uncertain in the reductive amination of 

DND-PG-NH2 by 2-formylphenylboronic acid. 
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Figure 4-6. FT-IR spectra of series of PBA introduced materials (DRIFT with KBr). 

 

a) DND-PG-PBA 

b) DND-PG-PBA-Suc 

c) ND-PG-PBA-SucMe 
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Figure 4-7. 1H NMR spectra of (a) DND-PG-PBA, (b) DND-PG-PBA-Suc and (c) DND-

PG-PBA-SucMe (500 MHz, 0.1 M DCl). 

 

 

The DND-PG-PBA exhibited the dispersibility at 50 mg/mL in phosphate buffered saline 

(PBS), which is enough for the subsequent in vitro and in vivo experiments. Such a high 

dispersibility can be attributed to the “Wulff-type” PBA [140–144], in which the nitrogen atom 

of the aminomethyl group at o-position (1 in Figure 4-8) coordinates with the boron atom of the 

boronic acid moiety to give five-membered ring (2 in Figure 4-8). The Wulff-type coordination 

is reported to make the boron atom to be tetrahedral (sp3) to lower the pKa of PBA from 8 – 10 to 

5.7, which should enhance the dispersibility of DND-PG-PBA at the neutral pH [142, 143]. In 

contrast, almost no dispersibility in PBS was observed for the regioisomers of DND-PG-PBA 
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prepared by m- and p-boronobenzaldehyde (3 and 4 in Figure 4-8, respectively). This 

phenomenon can be interpreted by high pKa of PBA of these regioisomers due to the lack of 

Wulff-type coordination. 

 

 

Figure 4-8. Structures of PBA with and without Wulff-type coordination under neutral conditions. 

 

 

Since we obtained the nanodrug candidate which fulfils the materials design described above, 

DND-PG-PBA was injected into tumor mice. However, the mice died immediately after the 

injection probably due to embolism. In fact, we observed the heavy aggregation of DND-PG-PBA 

in a PBS mixture of FBS (fetal bovine serum) in the in vitro experiment (B in Figure 4-9). Since 

we recently reported that amino groups on the PG layer attract proteins to form corona layer [71], 

amino groups were tried to convert to amide and methylamine through the succinylation and 

methylation, respectively (Scheme 4-2). Some of the secondary amino groups were not 

intentionally succinylated and were subsequently methylated to enable Wulff-type coordination 

as described above (Figure 4-8). Actually, about 0.6 eq. of succinic anhydride to the total numbers 

of the amino groups including primary and secondary amines was used for succinylation of DND-
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PG-PBA to give DND-PG-PBA-Suc. The intact secondary amines were methylated by the 

reductive amination with formaldehyde (Scheme 4-2). As we expected, the resulting DND-PG-

PBA-SucMe showed no aggregation in a PBS mixture of FBS (F in Figure 4-9).  

 

 

 

Figure 4-9. Dispersions (A, C–F) and suspension (B) of modified DNDs in the physiological 

media; DND-PG-PBA in PBS (ca. 0.5 wt%, A) and in the mixture of PBS with FBS (45/55 (v/v), 

B), DND-PG-PBA-Suc in PBS (C) and in the mixture of PBS with FBS (D), and DND-PG-PBA-

SucMe in PBS (E) and in the mixture of PBS with FBS (F). 

 

 

Since all the primary amines in DND-PG-PBA are supposed to be converted to amide (Table 

4-1) by succinylation (Scheme 4-2), no precipitation in DND-PG-PBA-Suc in the presence of 

FBS (D in Figure 4-9) implies that primary amines in DND-PG-BPA attract proteins to form 

aggregates which may cause embolism in vivo [71]. Actually, the primary amines at the surface 

of DND-PG-PBA can interact with proteins through hydrogen bonding and/or electrostatic 

interaction with less steric hindrance, while amide and secondary amines inside the polymer layer 

are difficult to attract proteins. Although primary amines significantly affect the precipitation and 

toxicity of the nanodrugs in the presence of proteins, secondary and tertiary amines can coordinate 
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with boron to form the Wulff-type coordination (2 in Figure 4-8), improving the dispersibility of 

DND-PG-PBA, DND-PG-PBA-Suc and DND-PG-PBA-SucMe in PBS significantly. 

These derivatives of DND-PG-PBA are characterized by FT-IR, 1H NMR, ICP-AES and DLS, 

qualitatively and quantitatively. In FT-IR of DND-PG-PBA-Suc (Figure 4-6b), peaks of the C=O 

stretching vibrations of amide and carboxylate (–COO–) are observed at 1653 and 1568 cm−1, 

respectively. In 1H NMR spectrum (Figure 4-7b), the signal at 2.34 ppm is assigned to the 

hydrogens at the succinyl moiety (–CH2CH2–). After the methylation, a new signal appears at 

2.67 ppm corresponding to the methyl group in 1H NMR (Figure 4-7c), though no significant 

change is observed in FT-IR (Figure 4-6c). The loading amounts of succinyl and methyl groups 

are estimated by the integral values of 1H NMR as indicated in Table S4-5 in Appendix II. 

Succinyl moiety in DND-PG-PBA-Suc is 1.20 mmol, and succinyl and methyl moieties in DND-

PG-PBA-SucMe are 1.17 and 1.20 mmol, respectively, in 1.0 g of each material. 

Boron content in DND-PG-PBA-SucMe is 1.85 wt% by ICP-AES, which is comparable to 

2.06 wt% determined by the content of PBA moiety. The loading amount of the functional groups 

in each material is summarized in Table 4-1. 

 

Table 4-1. Content of functional groups in DND-PG derivatives. 

 Functional group content (mmol/g) Boron contenta 

(%)  OTs N3 NH2 PBA Succinyl Methyl 

DND-PG-OTs 3.28       

DND-PG-N3  4.45      

DND-PG-NH2HCl   4.22     

DND-PG-PBA   1.31 2.24   2.42 

DND-PG-PBA-Suc    1.97 1.20  2.13 

DND-PG-PBA-SucMe    1.91 1.17 1.20 2.06 (1.85b) 

a Calculated value from the molar ratio of PBA moiety. 

b Result from ICP-AES. 
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As for the hydrodynamic diameters measured by DLS, no significant difference is observed 

in their median sizes and the size distributions of DND-PG-NH2, -PBA, -PBA-Suc and -PBA-

SucMe in water as shown in Figure 4-10, indicating no aggregation and no cross-linking in the 

transformations shown in Scheme 4-2. Since the chemically modified DND-PG is reported to 

have 51 nm median diameter with 18 nm core [137], the DND-PG shown in Scheme 4-1 may 

have small aggregates of the primary DND particles with 5 nm-size. 

 

 

Figure 4-10. DLS results of PBA functionalized DNDs in water. The volume mean diameters are 

indicated in the brackets. 

 

 

4-2-4. In vitro cytotoxicity of the nanodrug 

Before in vivo BNCT, cytotoxicity of DND-PG-PBA-Suc and -SucMe was evaluated as 

shown in Figure 4-11. CT26 murine colon tumor cells were used as is the case with the in vivo 

tumor model. Both of these materials stably dispersed in cell culture medium including FBS for 

24 h and exhibited no toxicity without neutron irradiation even at relatively high concentration 

(500 μg/mL). 
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Figure 4-11. Cell viability of DND-PG-PBA-Suc and DND-PG-PBA-SucMe against CT26 cells 

(n = 5). 

 

 

4-2-5. Pharmacokinetic study 

In order to determine the timing of drug injection before neutron irradiation, pharmacokinetic 

studies were conducted by use of 10B enriched DND-PG-PBA-SucMe (DND-PG-PBA-SucMe-

10B) through conjugation of 10B enriched 2-formylphenylboronic acid with DND-PG-NH2 

(Scheme 4-2) to increase the sensitivity of 10B in its quantification. In the experiments, after PBS 

dispersion of DND-PG-PBA-SucMe-10B (4.0 wt%, 200 μL) was injected intravenously to a tumor 

mouse, the 10B concentration in tumor, blood and major organs were measured by the neutron-

induced prompt γ-ray analysis (PGA) [145]. No acute symptoms on mice were observed upon the 

sample injection. The result of the pharmacokinetics is summarized in Figure 4-12. 
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Figure 4-12. Pharmacokinetic study of DND-PG-PBA-SucMe-10B; 10B concentrations in tumor, 

blood and major organs (solid lines) and the concentration ratio of tumor (T) to blood (B) (T/B 

ratio, dotted line). The number of mice at each time point is 3. 

 

 

The 10B concentrations of liver and spleen (orange and purple solid lines, respectively) are 

higher than those of blood, tumor and kidney (red, blue and green solid lines, respectively) from 

3 h to 48 h after injection, indicating that DND-PG-PBA-SucMe-10B tends to accumulate in these 

organs. Assuming the average weights of liver and spleen to be 0.96 and 0.08 g, respectively, 

more than half amount of the injected nanodrug is calculated to be accumulated in these organs. 

Since PG was reported to show high stealth efficiency to avoid the accumulation in liver and 

spleen [56], the PBA and/or SucMe moieties may reduce the efficiency. On the other hand, the 

10B concentration of kidney is low, implying that DND-PG-PBA-SucMe-10B was not excreted 

through kidney due to the hydrodynamic diameters larger than 20 nm determined by DLS (Figure 

4-10). 

To elucidate the BNCT conditions, the ratio of 10B concentrations of tumor and blood (T/B 

ratio) is added in Figure 4-12 (black dashed line). In addition to the high tumor accumulation of 
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the drug aiming at the high BNCT efficacy, we should also consider the safety to avoid the side 

effect. The T/B ratio is the important index other than the toxicity of the material itself. The 10B 

concentrations of tumor were 17.1 and 14.3 ppm at 14 and 48 h, respectively, which are higher 

than those at other time points. The T/B ratio was 11.1 and 6.7 at 14 and 48 h, respectively, which 

are also higher than those at other time points, while the 10B concentration in blood decreased 

from 32.8 ppm at 3 h at half-valued period of ca. 3 h. Since the requirement of the T/B ratio is > 

3 for the safety of BNCT, we decided to irradiate the neutron around 14 and 48 h after the injection 

of DND-PG-PBA-SucMe-10B. 

 

4-2-6. BNCT study 

Neutron was irradiated to the tumor implanted BALB/c mice at 16 and 48 h after the 

nanodrug was injected in the same way as that of the pharmacokinetic experiments. Although the 

highest T/B ratio was observed at 14 h in Figure 4-12, we irradiated neutron at 16 h after the 

injection because of experimental arrangement. The tumor size and body weight were monitored 

for 29 days after the neutron irradiation and the results are summarized in Figure 4-13. While the 

nanodrug itself exhibited no effect on the tumor growth (injection control in Figure 4-14), neutron 

irradiation suppressed it to some extent without the injection of the nanodrug (hot control in 

Figure 4-14). As compared with the hot control, DND-PG-PBA-SucMe-10B showed statistically 

significant BNCT efficacy on days 17, 21 and 26 after the neutron irradiation (BNCT 48 h in 

Figure 4-13). Although the faster growth of one mouse increased the average tumor size (Figure 

S4-4 in Appendix II), the result of BNCT 16 h supports that of BNCT 48 h to some extent. As for 

the body weight, no significant difference between the hot control and BNCT groups was 

observed, indicating no acute or subacute toxicity of the nanodrug (Figure S4-5 in Appendix II). 

Since the reproducibility is confirmed by the experiments using smaller number of mice (n = 3 

except injection control (n = 2)) as shown in Figure S4-6 (Appendix II), we conclude that DND-
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PG-PBA-SucMe-10B is a promising nanodrug for BNCT. 

 

 

 

Figure 4-13. BNCT results of DND-PG-PBA-SucMe-10B. Relative tumor volume was monitored 

in BNCT and control groups for 29 days after neutron irradiation. (n = 5, the Student’s t-test, *p 

< 0.05, **p < 0.01). 

 

 

 

Figure S4-14. Tumor growth of control groups (without drug injection). 
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4-3. Conclusion and outlook 

We synthesized PBA functionalized DNDs for BNCT agent via the PG modified DNDs 

(DND-PG). PBA moiety was introduced to contain the percent order of boron atoms. The Wulff-

type coordination of the resulting DND-PG-PBA may help disperse it well under physiological 

conditions. To address the aggregation problem in the presence of protein, the amino groups of 

DND-PG-PBA were succinylated and methylated to give individually dispersed solution without 

precipitation. The resulting nanodrug was confirmed to be accumulated in the tumor tissue and 

exert BNCT efficacy upon the neutron irradiation. The result demonstrates that, as the first step 

for proof of concept, the boronic acid functionalized DNDs can be a promising candidate of 

BNCT agent. 

To enhance the BNCT efficacy, we would like to elucidate relationship of the structures of 

PBA, succinyl and methyl moieties with cellular uptake. To improve anticancer efficiency, 

multimodal system can be conceivable; BNCT combined with chemotherapy by an anticancer 

drug such as cisplatin incorporated at the succinyl moiety [146], and radiotherapy sensitized by 

the DND core [27]. In the course of above investigations, the nanodrug can be imaged by 

fluorescent color center in DND. We are sure that the present work can create novel DND-based 

BNCT agents with multimodality. 

 

4-4. Experimental 

Materials 

Single-digit nanometer-sized water dispersion of DNDs was manufactured by Daicel 

Corporation (DINNOVARE™). For the modification of DNDs, the following reagents and 

solvents were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka Japan); 2,3-

epoxy-1-propanol (glycidol), N,N-dimethylaminopyridine (DMAP), sodium azide, 

triphenylphosphine, magnesium sulfate (anhydrous), formaldehyde solution (36%), ammonia 
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water, hydrochloric acid, sodium hydroxide, ethylene glycol, pyridine, tetrahydrofuran (THF), 

toluene, N,N-dimethylformamide (DMF), ethyl acetate, methanol, ethanol, 2-propanol, 

cyclohexane, diethyl ether, t-butyl methyl ether n-hexane, Roswell Park Memorial Institute 

(RPMI) 1640, 0.25% trypsin-EDTA4Na solution, Dulbecco's phosphate-buffered saline 

(PBS(−)), 10× PBS(−) and Cell counting kit-8 (CCK-8, a formulation of 2-(2-methoxy-4-

nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-8) 

and 1-Methoxy-5-methylphenazinium methylsulfate (1-methoxy PMS), produced by Dojindo 

Laboratories, Japan). p-Toluenesulfonyl chloride (TsCl), 2-formylphenylboronic acid (natural 

abundance boron), 2-(2-bromophenyl)-1,3-dioxolane, butyllithium hexane solution and succinic 

anhydride were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo Japan). Sodium 

borohydride was purchased from Kanto Chemical Co., Inc. (Tokyo Japan). Boron-10 boric acid 

(10B 99%) is a product of Cambridge Isotope Laboratories, Inc. (MA USA). Antibiotics solution 

(penicillin-streptomycin-amphotericin B, 100×) is produced by Thermo Fisher Scientific (MA 

USA). Fetal bovine serum (FBS) was supplied by Biosera Inc. (France). RPMI 1640 from Nacalai 

Tesque, Inc. (Kyoto Japan) was also used. 

 

Equipment  

1H NMR spectra were measured by ECX500 NMR spectrometer (JEOL). FT-IR spectra were 

recorded on IR Tracer-100 FT-IR spectrometer (Shimadzu) equipped with DiffusIR DRIFT 

chamber (PIKE Technologies). Elemental analyses were conducted at Organic Elemental 

Microanalysis Center of Kyoto University. ICP-AES analysis for boron content was done with 

SPS3100 (SII Nanotechnology) at Nippon Steel Technology Co., Ltd. Thermogravimetric 

analysis (TGA) was performed with TG/DTA 6200 (SII). The absorbance of CCK-8 was 

measured with Multiskan FC plate reader (Thermo Scientific). ESI-MS was measured with 

micrOTOF mass spectrometer (Bruker). DLS measurement was done by Nanotrac Wave II 
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particle size analyzer (MicrotracMRB). Size exclusion chromatography (SEC) was carried out by 

LC-20AD HPLC system (Shimadzu) with Shodex RI-501 RI detector. 

 

DND-PG  

An aqueous dispersion of DND was concentrated into solid residue which was dried at 105 °C 

for 2 h. To a suspension of the DND powder (1.0 g) in ethylene glycol (15.0 g), glycidol (45.1 g, 

0.61 mol) was added dropwise over 105 min to keep the temperature in the range of 95 – 102 °C. 

The resulting black dispersion was stirred at the same temperature for 4 h, and then at room 

temperature overnight. Water (40 mL) was added slowly to degrade the unreacted glycidol. The 

dispersion was diluted with water to ca. 400 mL and concentrated with ultrafiltration membrane 

(Ultracel® membrane, 30 kDa) to 20 mL. The concentrate was diluted and concentrated again, 

which was repeated five times to obtain the purified DND-PG as black water dispersion. Yield: 

100.1 g (5.07 wt%, net 5.08 g). An aliquot of the dispersion was dried on heated PTFE sheet to 

obtain a sample for analyses. FT-IR (DRIFT with KBr, cm−1): 3332, 2918, 2875, 1458, 1118, 1078 

(C–O). 1H NMR (500 MHz, D2O): δ ppm 3.42, 3.50, 3.58, 3.75, 3.88 (C3 unit). Elemental 

analysis: C; 55.72%, H: 7.06%, N; 0.57%, O; 36.86%. Elemental analysis for DND (before PG 

modification): C; 86.90%, H: 1.81%, N; 2.29%, O; 4.13%. TGA (Air atmosphere, 20 °C/min, % 

weight loss): 383 – 541 °C; 75.4%, 541 – 790 °C; 18.6% (the ratio (PG/DND) is estimated as 4.1). 

 

DND-PG-OTs 

Water dispersion of DND-PG (39.4 g, 5.07 wt%, net 2.0 g) was evaporated to dryness. The 

residue was dissolved in pyridine (20 mL) and evaporated to dryness to remove remained water 

by azeotropic distillation. After repeated once, the residue was dissolved in pyridine (30 mL) and 

cooled in ice-bath. To the solution, p-toluenesulfonyl chloride (TsCl, 3.9 g, 202 mmol) and N,N-

dimethylaminopyridine (DMAP, 0.10 g, 0.84 mmol) was added. The reaction mixture was 
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allowed to stir at room temperature for 24 h. Water (30 mL) was added and the precipitate was 

separated by centrifugation at 30000g for 10 min. The precipitate was washed with water twice 

with small amount of tetrahydrofuran (THF), precipitated again with water, centrifuged, and 

washed with THF-toluene twice in the same manner. The precipitate was dried in vacuo at 40 °C 

to give black solid. Yield: 3.91 g. FT-IR (DRIFT with KBr, cm−1): 3342, 2920, 2878, 1597, 1362, 

1177 (SO2), 929, 815, 667, 553. 1H NMR (500 MHz, CDCl3): δ ppm 3.39 – 4.61 (C3 unit), 2.31 

(CH3 of –OTs), 7.24, 7.67 (aromatic ring of –OTs). Elemental analysis: C; 55.88%, H: 5.30%, N; 

0.32%, O; 27.20%, S; 10.50%. 

 

DND-PG-N3  

Sodium azide (0.66 g, 10.2 mmol) was added to the solution of DND-PG-OTs (2.0 g) in DMF 

(20 mL). The reaction was stirred at 60 °C for 3 h and then 90 °C for 19 h. Water (20 mL) was 

added and the precipitate was separated by centrifugation at 30000g for 10 min. The precipitate 

was washed with water twice by small amount of THF, precipitated again with water, centrifuged, 

and washed with THF-toluene twice in the same manner. The precipitate was dried in vacuo at 

40 °C to give black solid. Yield: 0.67 g. FT-IR (DRIFT with KBr, cm−1): 3338, 2916, 2872, 2102 

(azide), 1276, 1120. 1H NMR (DMSO-d6): δ ppm 3.54 (C3 unit). Elemental analysis: C; 53.59%, 

H: 5.04%, N; 19.40%, O; 21.68%. TGA (Air atmosphere, 20 °C/min, % weight loss): 230 – 

587 °C; 71.2%, 587 – 794 °C; 25.9%. 

 

DND-PG-NH2HCl  

DND-PG-N3 (257 mg) in DMF (12 mL) was sonicated for 15 min. To the dispersion, water 

(1.0 mL), triphenylphosphine (PPh3, 798 mg, 3.00 mmol) and conc. NH3 (0.50 mL) were added, 

and stirred at 60 °C for 24 h. The reaction mixture was concentrated to half volume. After water 

(10 mL) and 6 M HCl (1.0 mL) were added, triphenylphosphine oxide was extracted with ethyl 
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acetate (AcOEt, 20 mL). The aqueous phase was washed with AcOEt twice, diluted to 400 mL 

with water and concentrated to less than 10 mL with ultrafiltration membrane (Ultracel® 

membrane, 30 kDa). The concentrate was again diluted and concentrated, which was repeated 

twice to obtain the purified DND-PG-NH2HCl as black to dark-brown water dispersion. An 

aliquot of the dispersion was dried on heated PTFE sheet for analyses. Yield (net): 265 mg. FT-

IR (DRIFT with KBr, cm−1): 3018, 2922, 1601, 1506 (–NH2), 1101. 1H NMR (0.1 M DCl): δ ppm 

3.07, 3.30, 3.60 (C3 unit). Elemental analysis: C; 49.16%, H: 6.69%, N; 6.55%, Cl; 13.49%. TGA 

(Air atmosphere, 20 °C/min, % weight loss): 90 – 568 °C; 72.1%, 568 – 800 °C; 26.7%. 

 

DND-PG-PBA  

Water dispersion of DND-PG-NH2HCl (net 108 mg) was evaporated to dryness. After the 

residue was dispersed in methanol, ethanol was added and then evaporated to dryness. Methanol 

(10 mL) was added to the residue and sonicated for 30 min. 2-Formylphenylboronic acid (50.4 

mg, 0.34 mmol), triethylamine (145 mg, 1.43 mmol) and anhydrous magnesium sulfate (MgSO4, 

254 mg) were added and stirred at 60 °C for 19 h. The reaction mixture was cooled to 0 °C in ice-

bath and sodium borohydride (NaBH4, 119 mg, 3.20 mmol) was added in two parts in 2 h, and 

then stirred at 60 °C for 6 h. The reaction mixture was evaporated to remove methanol, and water 

(10 mL) and 6 M HCl (5.0 mL) were added. The precipitate was separated by centrifugation at 

30000 g for 20 min and dissolved again in water (8 mL). After 6 M HCl (2.0 mL) was added, the 

mixture was stirred at 100 °C for 2.5 h. The reaction mixture was concentrated by ultrafiltration 

(Amicon Ultra®, 10 kDa, 3300 rpm, 30 min), and the material on the membrane was washed with 

water by dilution followed by ultrafiltration four times. After the material was diluted with water 

(6.0 g after the dilution), pH was adjusted to 7.4. The solution was washed by the dilution followed 

by ultrafiltration four times. To prepare the analytical sample, the resulted dispersion was 

lyophilized to give DND-PG-PBA as off-white powder. Yield: 104 mg (net). FT-IR (DRIFT with 
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KBr, cm−1): 3224, 2910, 2873, 1448 (B–N), 1352 (B–O), 1107, 754 (1,2-disubstituted benzene). 

1H NMR (0.1 M DCl): δ ppm 7.50, 7.20 (aromatic ring of PBA), 4.05, 3.41 (benzylic position of 

PBA and C3 unit). Elemental analysis: C; 60.11%, H: 6.14%, N; 5.51%.  

 

DND-PG-PBA-Suc  

To a water dispersion of DND-PG-PBA (ca. 21 g, net 180 mg, pH 3.59) was added succinic 

anhydride (39.1 mg, 0.390 mmol) in several parts in 2 h by adjusting the pH range at 8.0 – 9.5 

with 1 M NaOH. The reaction was allowed overnight at room temperature at pH 8.4. A part of the 

reaction mixture (6.0 g out of 24.0 g) was washed with water by the dilution followed by the 

ultrafiltration five times to obtain the partially succinylated material. Yield (net): 45.1 mg, which 

corresponded to 180 mg for the whole reaction. FT-IR (DRIFT with KBr, cm−1): 3275, 2916, 2874, 

1654 (amide C=O), 1570, 1448, 1394, 1363, 1112, 754. 1H NMR (0.1 M DCl): δ ppm 7.57, 7.25 

(aromatic ring of PBA), 4.08, 3.34 (benzylic position of PBA and C3 unit), 2.35 (succinyl). 

Elemental analysis: C; 57.62%, H: 6.27%, N; 5.77%. 

 

DND-PG-PBA-SucMe  

A part of the aforementioned reaction mixture of DND-PG-PBA-Suc (18.0 g out of 24.0 g), 

which contained 135 mg of material, was cooled in ice-bath. After formaldehyde solution (HCHO, 

36%, 0.80 mL) and NaBH4 (136.3 mg, 3.67 mmol) were added, the reaction mixture was stirred 

at room temperature overnight. 6 M HCl (3.0 mL) was added carefully and the mixture was stirred 

at 80 °C for 2 h. After the washing with water by the dilution followed by the ultrafiltration, pH 

was adjusted to about 7.0 with 1 M NaOH. Small amount of succinic anhydride (7.6 mg in total) 

was added in several parts to keep the pH at ≥ 6.9 to make the material dispersible. pH was 

adjusted to 7.4 and the resulting solution was washed by the ultrafiltration (Ultracel® membrane, 

30 kDa and Amicon Ultra®, 10 kDa) several times. Yield (net): 135 mg. FT-IR (DRIFT with KBr, 
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cm−1): 3280, 2926, 2878, 1653, 1568, 1446, 1394, 1362, 1109, 756. 1H NMR (0.1 M DCl): δ ppm 

7.56, 7.25 (aromatic ring of PBA), 4.08, 3.34 (benzylic position of PBA and C3 unit), 2.67 (N–

CH3), 2.33 (succinyl). Elemental analysis: C; 56.60%, H: 6.36%, N; 5.83%. Boron content (ICP-

AES): 1.85%. 

 

Preparation of 10B enriched PBA modified materials 

10B enriched materials (DND-PG-PBA-10B, DND-PG-PBA-Suc-10B and DND-PG-PBA-

SucMe-10B) were prepared in the same manner using 2-formylphenylboronic acid-10B instead of 

the compound containing natural abundance boron. Procedure for the 10B sample is described in 

S4-2 in Appendix II. For the samples for in vivo experiments, the solution was concentrated by 

the ultrafiltration, diluted with water if necessary and filtered through a 0.45 μm membrane. Then 

10× PBS(−) or PBS(−) were added to make intended concentration and isotonicity. 

 

In vitro cytotoxicity 

CT26 murine colonic tumor cells were seeded on 96-well microplates by 4 × 103 cells/well 

suspended in 160 μL of RPMI 1640 culture medium (containing 10% FBS and 1% of 100× 

penicillin-streptomycin-amphotericin B solution) for each well. After incubation in CO2 incubator 

at 37 °C for 24 h, culture medium was replaced once, PBS (control) or PBS solution of 

nanoparticles (4, 20, 100 and 500 μg/mL, 40 μL for each) were added, and the cells were further 

incubated for 24 h. After that, culture medium was replaced and incubated for 48 h. Once cells 

were washed with PBS, CCK-8 in culture medium (10 μL of CCK-8 and 100 μL medium for each 

well) was added. After 1.5 h, the absorbance at 450 nm was measured for each well using the 

microplate reader. 
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Pharmacokinetic study  

BALB/c mice (female, 6 weeks old) were kept in the designated animal room in the 

Radioisotope Research Center of Kyoto University. All animal experiments were conducted in 

accordance with standards approved by the Kyoto University Ethics Committee. CT26 tumor 

cells were transplanted (1 × 106 cells for each mouse) under the skin of right thigh of BALB/c 

mice (female, 6 weeks old) one week before the sample injection. To the mice, DND-PG-PBA-

SucMe-10B solution in PBS (4.0%, 200 μL for each mouse) was intravenously injected. After 0.5, 

3, 6, 14, 24 and 48 h, the mice were sacrificed and the tumor, blood, liver, spleen and kidneys 

were extracted and put into individual PTFE tubes. 10B concentration in each specimen was 

measured by neutron-induced prompt gamma-ray analysis (PGA) with the apparatus equipped at 

Kyoto University Research Reactor (KUR). 

 

In vivo BNCT study  

BALB/c mice (female, 6 weeks old) were kept in the KUR animal facility (Kumatori campus, 

Kyoto University). CT26 tumor cells were transplanted (1 × 106 cells for each mouse) under the 

skin of right thigh of BALB/c mice one week before the neutron irradiation. To the mice, DND-

PG-PBA-SucMe-10B sample solution in PBS (4.0%, 200 μL for each mouse) was intravenously 

injected at 16 and 48 h before neutron irradiation (five mice in each group). Groups of injection 

control (with the sample injection and without the irradiation), hot control (with the irradiation 

and without the sample injection) and cold control (no treatment) were also prepared. At the 

neutron irradiation, the mice were anesthetized and individually held in custom-made acrylic tube 

holders with fixing the tumor-baring thigh and leg extended so that only tumor-baring part could 

be exposed in the neuron flux. The tube holders were fixed on acrylic plate radially (12 mice on 

one plate) to place the tumor-baring part in the center. Other parts of mice were covered with the 

shielding plate to prevent from the neutron exposure. The tumors were irradiated with neutrons 
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for 10 min. The fluence of neutron was either 3.99 × 1012 or 3.55 × 1012 neutrons/cm2 (The mice 

were divided into two irradiation batches). The irradiated mice were kept in the radiation 

controlled area for the designated period. The changes in the tumor size and body weight were 

monitored periodically. For the tumor size, dimensions of two axes of the oval-shaped tumor were 

measured with a caliper. The tumor volume was calculated as “volume = (major axis × minor 

axis2)/2” where major axis was the longer axis and minor was the shorter one. 
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Appendix II to Chapter 4 

 

S4-1. Loading amount of functional groups 

The loading amounts of functional groups in each material was estimated from the results of 

TGA (Figure 4-5), elemental analysis (CHN(O) and S in Table S4-1) or 1H NMR (Figure 4-7 in 

the body document) of materials of consecutive batches. 

 

Table S4-1. Results of elemental analysis from DND to DND-PG-NH-PBA of consecutive 

batches. 

(%) H C N Cl O S 

DND 1.81 86.90 2.29  4.13  

DND-PG 7.06 55.72 0.57  36.86  

DND-PG-OTs 5.30 55.88 0.32  27.20 10.50 

DND-PG-N3 5.04 53.59 19.40  21.68  

DND-PG-NH2HCl 6.69 49.16 6.55 13.49   

DND-PG-PBA 6.14 60.11 5.51    

Elemental analysis for oxygen was not carried out for DND-PG-NH2HCl and DND-PG-

PBA because small amount of impurity of phosphorus in DND-PG-NH2HCl and boron 

in DND-PG-PBA would disturb the accuracy for oxygen content. 

 

 

i) Content of functional group from DND-PG to DND-PG-NH2HCl 

As shown in Table S4-2, content of functional groups are calculated using the results of TGA 

and elemental analysis. The ratio of PG chain to DND is 4.05, by which PG content in DND-

PG is estimated to be 80.2 wt%; 10.83 mmol of glycidol (74.08) was reacted to make 1 g of 

DND-PG. Although the weight loss of PG by TGA includes hydroxy group from the DND 

surface (Figure S4-1), we presume that the contribution of such hydroxy group is less than 1 

wt% and it can be negligible. As shown in Figure 4-4, as-prepared DND-PG contains free PG 

which does not connect to DND, and above values includes this impurity. The real PG loading 



 

157 

 

in DND-PG is discussed in the next section.  

For the amount of tosyl group in DND-PG-OTs, sulfur content by elemental analysis is 10.50 

wt%, all of which are attributed to the tosylate. The content of tosylate is estimated to be 3.28 

mmol/g. As for DND-PG-N3 and DND-PG-NH2HCl, the amount of azide or amino groups is 

estimated by the nitrogen content by elemental analysis after the nitrogen content in DND core is 

excluded by TGA. The ratio between of azidated PG chain to DND core in DND-PG-N3 is 2.74, 

which represents that 1 g of material contains 0.267 g of DND and 0.61 wt% of nitrogen is from 

DND. The nitrogen content from azide is 18.8 wt% corresponding to 4.45 mmol of azide. By the 

same manner, the amount of amino group in DND-PG-NH2HCl is estimated to be 4.22 mmol/g. 

 

Table S4-2. Content of functional groups based on TGA and elemental analysis. 

  DND 
DND-

PGb 

DND-PG-

OTs 

DND-PG-

N3 

DND-PG-

NH2HCl 

Content of each component by TGA    

 PGa/DND ratio  4.05  2.74 2.70 

 DND content (wt%) 100.0 19.80  26.74 27.03 

 PGa content (wt%)  80.20  73.26 72.97 

Elemental analysis (EA) results     

 Total nitrogen (wt%) 2.29 0.57 0.32 19.40 6.55 

 Nitrogen in DND (wt%) 2.29 0.57 0.32 0.61 0.62 

 Nitrogen in PGa (wt%)    18.79 5.93 

 Sulfur content (wt%)   10.50   

 Chloride content (wt%)     13.49 

Functional group content     

 Functional group  PG OTs N3 NH2 

 Amount in mole (mmol/g)  10.83 3.28 4.45 4.22 

a PG or modified PG chain with –N3 or –NH2 moiety. 

b Including free PG impurity. 

 

 



 

158 

 

 

Figure S4-1. Weight loss on TGA. 

 

 

ii) Estimation of glycerol (C3) unit content and behavior of the free PG in DND-PG 

The amount of glycerol (C3) unit is calculated from the amount of modified PG layer of 

DND-PG-N3 and DND-PG-NH2HCl as shown in Table S4-3. DND-PG-N3 contains 0.733 g of 

azidated PG chain in 1 g of material. This PG chain has 4.47 mmol of azide group which 

corresponds to 0.188 g of ‒N3 moiety. The weight of unmodified PG chain of equivalent is 

calculated by the replacement of azide to hydroxy group to be 0.621 g and PG content in it to be 

69.9 wt%. As-prepared DND-PG contains 80.2 wt% of PG and the difference from above 

estimation attributes to the amount of free PG in DND-PG (0.369 g in 1 g of material) which was 

removed up to the azidation. PG content in DND-PG-NH2HCl is consistent with this estimation.  

 

Table S4-3. Glycerol (C3) unit content estimation. 

 DND-PG DND-PG-N3 
DND-PG-

NH2HCl 

PG (glycerol unit) content in each material 
   

 DND content (g/g) 0.198 0.267 0.270 
 

PG content in each material (g/g) 0.802 0.733 0.730 
 

Functional group content (mmol/g) 10.83 (PG) 4.45 (N3) 4.22 (NH2) 
 

Formula weight (g/mol) 74.1 42.0 16.0 
 

Amount of functional group (g/g) 0.802 0.187 0.068 
 

Equivalent OH groupa (g/g) 
 

0.076 0.072 
 

HCl content from EA (g/g) 
  

0.135 
 

PG of equivalent (g/g)b 
 

0.621 0.591 
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 DND-PG DND-PG-N3 
DND-PG-

NH2HCl 

Content of “PG of equivalent” in 1 g of purified DND-PG 
 

DND + PG of equivalent (mg) 
 

0.889 0.861 
 

PG of equivalent content (wt%) 
 

69.91 68.61 
 

Content in mole (mmol/g) 
 

9.44 9.26 

Impurity in as-prepared DND-PG    
 

Content of purified DND-PG (mg/g) 0.631c 
  

 
Free PG as impurity (mg) 0.369 

  

a The amount of OH group of equivalent moles of functional group. 
b PG of equivalent = (PG content) – (Amount of functional group) – (HCl content) + 

(Equivalent OH group). 
c Contains 0.433 mg of PG (68.61%) + 0.198 mg of DND. 

 

iii) DND-PG-PBA 

The loading amount of PBA moiety is calculated by the nitrogen content change from 

DND-PG-NH2 as no nitrogen is added or removed upon the PBA introduction. The content of 

carbon from PBA moiety is estimated to be 18.81% where the carbon from DND-PG is 41.30% 

(Table S4-4). The PBA (consists of 7 carbons) content is 2.24 mmol/g corresponding to 0.300 g 

of PBA moiety (–CH2–C6H4–B(OH)2 = 133.94) in 1 g of material. 

 

Table S4-4. Amount of PBA based on the change of nitrogen content. 

 DND-PG-NH2HCl DND-PG-PBA 

Carbon content by EA (wt%) 49.10 60.11 

Nitrogen content by EA (wt%) 6.55 5.51 

Carbon from DND-PG-NH2HCl (wt%) 49.10 41.30a 

Carbon from PBA moiety (wt%)  18.81 

Amount of PBA (mmol/g)  2.24 

Amount of PBA (g/g)  0.300 

Amino group content (mmol/g) 4.22 3.55 

Unreacted amino group (mmol/g)  1.31 

a Calculated by (C in DND-PG-NH2HCl)/(N in DND-PG-NH2HCl) × (N in DND-PG-PBA). 
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iv) DND-PG-PBA-Suc and DND-PG-PBA-SucMe 

The loading amount of succinyl and methyl groups are estimated by the integral values in 

1H NMR spectra on a premise that all of PBA, succinyl and methyl moieties attached on DND-

PBA can be observed in 1H NMR (Table S4-5). On 1 g of DND-PG-PBA which has 2.24 mmol 

of PBA moiety, 1.36 mmol of succinic anhydride (C4H4O3 = 100.07) was reacted, which 

corresponds 1.20 mmol/g in the succinylated material. By the same manner, in DND-PG-PBA-

SucMe, the loading amounts of methyl and succinyl groups are 1.20 mmol and 1.17 mmol in 1 

g of material, respectively. 

 

Table S4-5. Amount of succinyl and methyl groups by 1H NMR. 

  DND-PG-PBA 
DND-PG-PBA-

Suc 

DND-PG-PBA-

SucMe 

Integral values    

 PBA (Aromatic, 4H) 1.00 1.00 1.00 

 Succinyl (4H)  0.61 0.61 

 Methyl (3H)   0.47 

Amount based on 1 g of DND-PG-PBA   

 Amount of PBA (mmol/g) 2.24 2.24 2.24 

 Succinyl (mmol/g)  1.36 1.36 

 Methyl (mmol/g)   1.40 

Amount of functional groups in each materiala   

 PBA moiety (g/g) 0.300 0.300 0.300 

 Succinyl (g/g)  0.137 0.137 

 Methyl (g/g)   0.034 

 DND-PG-NH2 (g/g) 0.700 0.700 0.700 

 Total weight (g) 1.000 1.137 1.171 

Amount of functional groups in mole   

 PBA (mmol/g) 2.24 1.97 1.91 

 Succinyl (mmol/g)  1.20 1.17 

 Methyl (mmol/g)   1.20 

a Difference in weight between the functionalized amino group and free amino group (PBA: 

133.94 g/mol, Succinyl: 100.07 g/mol, Methyl: 24.21 g/mol). 
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S4-2. Preparation of 2-formylphenylboronic acid-10B 

 

 

Scheme S4-1. Synthetic scheme of 10B enriched PBA. 

 

 

Triisopropyl borate-10B 

Boric acid-10B (1.0 g, 16.4 mmol) was added in the mixture of 2-propanol (10 mL) and 

cyclohexane (30 mL), stirred for 30 min and refluxed in 10 min. Dean-Stark apparatus 

(cyclohexane was in advance filled in the receiver) was attached and refluxed for 6 h until the 

vapor temperature reached 80 °C with removing water and 2-propanol by azeotropic distillation. 

Residual solvent was removed and the residue (3.46 g) was used without further purification for 

the following borylation reaction. 

 

2-Formylphenylboronic acid-10B 

2-(2-Bromophenyl)-1,3-dioxolane (1.30 g, 5.7 mmol) was dissolved in anhydrous diethyl 

ether (10 mL) under the nitrogen atmosphere and cooled to −78 °C in dry-ice acetone bath. n-

Hexane solution of n-butyllithium (1.6 M, 3.9 mL, 6.24 mmol) was added slowly and stirred at 

−78 °C for 1 h. To the slurry of lithium salt at −78 °C, aforementioned crude triisopropyl borate-

10B (1.69 g, from 8.2 mmol of boric acid-10B) was added and stirred for 3 h at < −60 °C, then 

allowed to stir at room temperature overnight. Water (20 mL), methyl t-butyl ether (MTBE, 20 

mL) and 2.5 M (10%) NaOH (5.0 mL) were added and phases were separated. The aqueous phase 

was washed with MTBE twice, and then acidified with 6 M HCl (5.0 mL). Precipitated material 
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was extracted with MTBE three times and the combined organic phase was dried over anhydrous 

MgSO4. After MgSO4 was filtered off, the filtrate was evaporated. The crude product was 

recrystallized from MTBE and n-Hexane to obtain off-white crystalline powder. Yield: 0.50 g 

(59%). FT-IR (DRIFT with KBr, cm−1): 3346, 3072, 1670, 1490, 1463, 1427, 1384 (10B–O), 1195, 

858, 765, 748, 648. 1H NMR (methanol-d4): 6.00, 7.42, 7.47, 7.59, 7.67, 7.92, 9.96 (mixture of 2 

tautomers). ESI-MS (negative, m/z): Anal. 148.08818 (M−H−); Calc. for C7H6
10BO3 148.0441.  

 

 

Figure S4-2. 1H NMR spectrum of 2-formylphenylboronic acid-10B. 

 

 

Figure S4-3. FT-IR spectra (the region of B–O stretching) of 2-formyl-PBA. 
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S4-3. Supporting data in BNCT experiments 

  (a) Hot control 

 

  (b) BNCT 16 h 

 

    (c) BNCT 48 h 

 

Figure S4-4. Tumor growth of individual mouse of Hot control, BNCT 16 h and BNCT 48 h after 

neutron irradiation. 
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Figure S4-5. Average body weight change of each group. 
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S4-4. The BNCT study with smaller number of mice  

CT26 tumor cells were transplanted (1 × 106 cells for each mouse) under the skin of right 

thigh of BALB/c mice (female, 6 weeks old) one week before the neutron irradiation. To the mice, 

DND-PG-PBA-SucMe-10B sample solution in PBS (3.5%, 200 μL for each mouse) was 

intravenously injected at the predetermined time points (3 mice for one group, 24 and 44 h before 

the irradiation). Groups of injection control (with the sample injection and without the irradiation), 

hot control (with the irradiation and without the sample injection) and cold control (no treatment) 

were also prepared. At the irradiation, the mice were anesthetized and individually held in custom-

made acrylic tube holders with fixing the tumor-baring thigh and leg extended so that only tumor-

baring part could be exposed in the neuron flux. The tube holders were fixed on acrylic plate 

radially (12 mice on one plate) to place the tumor-baring part in the center. Other parts of mice 

were covered with the shielding plate to prevent from the neutron exposure. The fluence of 

thermal neutron was either 3.82 × 1012 or 3.78 × 1012 neutrons/cm2 (The mice were divided into 

two irradiation batches) The irradiated mice were kept in the radiation controlled area for the 

designated period. The changes in the tumor size and body weight were monitored periodically. 

 

 

Figure S4-6. Result of the preliminary BNCT evaluation. All groups consisted of 3 mice except 

for injection control, for which outlying tumor growth value of one mouse was rejected. 
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Chapter 5: Rational design, multistep synthesis and in vitro 

evaluation of poly(glycerol) functionalized nanodiamond 

conjugated with boron-10 cluster and active targeting moiety 

for boron neutron capture therapy 

 

 

5-1. Introduction 

A lot of works for BNCT drugs with small compounds, macromolecules or nanomaterials 

have been reported [49, 88‒106, 113], including poly(glycerol) (PG) functionalized detonation 

nanodiamonds (DNDs), namely DND-PG, conjugated with 10B-containing moiety as described in 

Chapter 4 [113]. In that work, although the resulting DND-PG-PBA suppressed tumor growth in 

vivo upon neutron irradiation, the efficacy was not enough to treat cancer probably due to 

insufficient 10B content in tumor. 

To improve the BNCT efficacy, we designed new DND-PG based nanodrugs conjugated with 

10B-enriched sodium borocaptate, or mercaptoundecahydro-closo-dodecaborate (10BSH, 

10B12H11SH2Na) as a boron-10 source and PBA or RGD peptide as a cancer targeting moiety. 

10BSH, which has been used in BNCT clinical studies [147, 148], should increase the boron-10 

density due to its icosahedral boron cluster (10B12H11
2‒) containing 12 boron-10 atoms. Whereas 

the DND-PG moiety is expected to exhibit passive targeting known as EPR effect, we try to 

increase the targeting efficiency to connect an active targeting moiety; PBA and RGD peptide are 

known to recognize sialic acid containing sugar chains and αvβ3 integrin, respectively, in the 

tumor cell membrane to facilitate cellular uptake. To introduce these functionalities, some of the 

primary alcohols in DND-PG were oxidized to carboxy groups to give DND-PG-COOH as 

described in Chapter 3 [149], where 10B12H11
2‒ and PBA or RGD moieties were incorporated at 



 

167 

 

the hydroxy and carboxy groups, respectively. The in vitro thermal neutron irradiation resulted in 

high BNCT efficacies with small differences with and without active targeting moiety. These 

results will be discussed based on the TEM observation. 

 

5-2. Results and discussion 

5-2-1. Synthesis and characterization of BNCT nanodrugs from DND-PG 

DND-PG was prepared from aqueous dispersion of single-digit nanometer sized DND with 

positive ζ-potential (DND(+)) in glycidol as previously reported [129], and was fully 

characterized by FT-IR, 1H NMR, elemental analysis and thermogravimetric analysis (TGA) (S5-

1 in Appendix III). As shown in Scheme 5-1a, DND-PG (PG/DND weight ratio: 3.83) was 

oxidized with 4-AcNH-TEMPO according to our recent paper to give DND-PG-COOH having 

1.01 mmol/g of ‒COOH (see S5-1 in Appendix III for the experimental detail and Table S5-1 in 

Appendix III for characterization data). Some of the OH groups were tosylated under Schotten-

Baumann conditions; aqueous dispersion of DND-PG-COOH with NaOH was added to 

tetrahydrofuran (THF) solution of p-toluenesulfonyl chloride (TsCl) with vigorous stirring. 

Typical reaction conditions, TsCl in pyridine, were not applied, because the raw material was 

hardly dispersed in pyridine. The loading amount of ‒OTs was controlled by tuning the amount 

of TsCl; 1.22 and 0.96 mmol/g of ‒OTs were obtained by using 7.5 and 5.0 mmol/g of TsCl to 

the raw material, respectively, which were calculated based on the elemental analysis results 

(Table S5-2, and calculation details in S5-2-1(ii) in Appendix III). On the other hand, 35.4% of 

PG chain was found to be lost. Although the tosylation was conducted in ice bath, Schotten-

Baumann conditions may cleave the ether linkage via E2-elimination of ‒OTs as illustrated in 

Figure 5-1 [150]. The PG loss of 25% was also observed in the tosylation for DND-PG without 

carboxy groups  (Table S5-3 in Appendix III), supporting the reaction mechanism through E2-

elimination under highly basic conditions (Figure 5-1). The COOH content was accordingly 
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decreased from 1.01 mmol/g to 0.907 mmol/g on DND-PG-COOH, assuming that the proportion 

of glyceric acid unit was not changed. 

The tosyl groups (‒OTs) in DND-PG(OTs)-COOH were substituted with azide groups (‒N3) 

by sodium azide (NaN3) in N,N-dimethylformamide (DMF) with small amount of water to obtain 

DND-PG(N3)-COOH. Completion of the substitution reaction was confirmed by appearance of 

the peak for ‒N3 at 2102 cm‒1 and disappearance of ‒OTs at 1176 and 1359 cm‒1 in FT-IR (Figure 

5-2a and b). The ‒N3 content in the product, DND-PG(N3)-COOH, is calculated to be 1.12 

mmol/g, indicating that 72.5% of ‒OTs in DND-PG(OTs)-COOH was converted into ‒N3 (Table 

S5-4 and S5-2-2 in Appendix III). 
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Scheme 5-1. Synthetic routes of BNCT nanodrugs starting from DND-PG. Introduction of a) 10B12H11
2‒ moiety via Hüisgen alkyne-azide cycloaddition 

(click reaction) at OH group and b) active targeting moieties through amide linkage at COOH group. 
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Figure 5-1. Loss of PG chain via E2-elimination of ‒OTs in the Schotten-Baumann reaction. 

 

 

Figure 5-2. FT-IR spectra of BNCT nanodrugs and intermediates. a) DND-PG(OTs)-COOH, b) 

DND-PG(N3)-COOH, c) DND-PG(10B12H11
2‒)-COOH, d) DND-PG(10B12H11

2‒)-PBA, and e) 

DND-PG(10B12H11
2‒)-c(RGDyK).  
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The 10B12H11
2‒ moiety was introduced via Hüisgen alkyne-azide cycloaddition (click reaction) 

[95‒98, 62, 151, 152]. S-Propargylated boron cluster, [(10B12H11
2‒)S](Pgy) was prepared from 

commercially available 10BSH·2Na via S-(2-cyanoethyl) and S,S-(2-cyanoethyl)-(2-

propynyl)sulfonio derivatives as previously reported (Scheme S5-1 and experimental details in 

S5-3 in Appendix III) [96‒98]. Click reaction between DND-PG(N3)-COOH and 

[(10B12H11
2‒)S](Pgy) was conducted in the presence of CuSO4 and sodium ascorbate in the mixture 

of phosphate buffer and acetonitrile (MeCN) in an inert atmosphere. The reaction was monitored 

by the characteristic peak at 2499 cm‒1 for B‒H stretching vibration of boron cluster in FT-IR as 

shown in Figure 5-2c. Small amount of ‒N3 remained, even though the reaction time was 

prolonged, probably due to the steric hindrance of icosahedral boron cluster. The resulting DND-

PG(10B12H11
2‒)-COOH was characterized by 1H, 13C and 10B NMR. In 1H NMR (Figure 5-3a), a 

broad signal around 1.5 ppm and small signals at 8.04 and 8.16 ppm are assigned to hydrogens in 

boron cluster and 4- or 5-position of 1,2,3-triazole ring, respectively. 1,2,3-Triazole ring is 

confirmed also by 13C NMR (Figure 5-3b); the four signals at 125, 137, 143 and 150 ppm are 

attributable to the carbons in the two isomers of 1,4- and 1,5-disubstituted triazole rings [153]. 

10B NMR gives the signal around ‒16 ppm corresponding to the boron cluster in DND-

PG(10B12H11
2‒)-COOH (Figure 5-3c) as well as [(10B12H11

2‒)S](Pgy) (Figure S5-1b in Appendix 

III) [154]. The 10B content in DND-PG(10B12H11
2‒)-COOH was determined to be 7.97% by ICP-

AES corresponding to 0.664 mmol/g as 10B12H11
2‒ moiety (Table 5-1) which is consistent with 

the estimation from elemental analysis as shown in Table S5-5 and S5-2-3 in Appendix III. This 

indicates that 70.8% of ‒N3 in DND-PG(N3)-COOH underwent the cycloaddition reaction to bind 

10B12H11
2‒ moiety covalently. 

As active targeting moieties, we chose two kinds of molecules, PBA and RGD peptide 

(Scheme 5-1b). PBA is reported to interact with N-acetylneuraminic acid (sialic acid) containing 

sugar chains overexpressed on the surface of cancer cells [102, 155]. On the other hand, RGD 
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peptide having Arg-Gly-Asp sequence is known to be an antagonist to integrin αvβ3 on cancer 

cells [47, 93, 156]. DND-PG(10B12H11
2‒)-COOH was conjugated with 3-aminophenylboronic acid 

of natural abundance boron through an amide linkage using a condensing agent 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) to give DND-PG(10B12H11
2‒)-

PBA. The DND-PG(10B12H11
2‒)-COOH with the COOH content of 0.74 mmol/g was reacted with 

about 0.56 mmol/g (0.76 eq. to ‒COOH) of 3-aminophenylboronic acid. This resulted in the PBA 

of 0.40 mmol/g in DND-PG(10B12H11
2‒)-PBA, or 0.42 mmol/g of DND-PG(10B12H11

2‒)-COOH 

(Table 5-1, Table S5-6 and S5-2-4 in Appendix III), which corresponds to 75% yield based on 3-

aminophenylboronic acid. The 10B content was estimated to be 7.59%. For characterization of 

DND-PG(10B12H11
2‒)-PBA, broad signals between 7 ‒ 8 ppm are assigned to aromatic protons in 

PBA moiety in 1H NMR (Figure 5-4a), and the amide linkage was confirmed by stretching 

vibration of carbonyl group at 1543 cm‒1 in FT-IR (Figure 5-2d). 

The RGD peptide was conjugated with DND-PG(10B12H11
2‒)-COOH through amide linkage 

at ε-amino group of lysine in a cyclic pentapeptide, cyclo(L-Arg-Gly-L-Asp-D-Tyr-L-Lys) 

(c(RGDyK)), with EDC and N-hydroxysccinimide (HOSu). Introduction of c(RGDyK) was 

confirmed by 1H NMR with a pair of small doublet signals of aromatic ring in Tyr at 6.56 and 

6.95 ppm (Figure 5-4b). From the integration value, the loading amount is estimated to be 0.014 

mmol/g (Table S5-7 and S5-2-5 in Appendix III) that is very small as compared with the amount 

of c(RGDyK)2TFA (0.46 mmol/g, or 0.62 eq. to ‒COOH) used for the reaction. As summarized 

in Table 5-1, assuming the diameter of DND core to be 5.12 nm, it can be calculated that 8.4 

molecules of c(RGDyK) in average are attached in a particle of DND-PG(10B12H11
2‒)-c(RGDyK) 

while ca. 5 × 103 of glycerol and glyceric acid units are contained [129]. The nanomaterials 

(nanodrugs) without 10B12H11
2‒ moiety, DND-PG-PBA and DND-PG-c(RGDyK), were also 

prepared by the same procedures shown in Scheme 5-1b from DND-PG-COOH (data not shown). 
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Figure 5-3. a) 1H NMR, b) 13C NMR by complete decoupling and c) 10B NMR spectra of DND-

PG(10B12H11
2‒)-COOH in D2O. The references are set at a) 4.80 ppm (the signal of HOD), b) 36.3 

ppm (that of diamond core) and c) 19.49 ppm (that of 10B(OH)3 as an external standard). 
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Table 5-1. Contents of 10B12H11
2– and active targeting moieties in nanodrugs. 

 10B12H11
2‒ moiety  Active targeting moiety 

 
Content 

(mmol/g) 

10B content 

(%) 

Numbers in 

one particle [a] 
 

Content 

(mmol/g) 

Numbers in 

one particle [a] 

DND-PG(10B12H11
2‒)-COOH 0.664 7.97 411  0.74 [b] 455 

DND-PG(10B12H11
2‒)-PBA 0.633 7.59 391  0.40 259 

DND-PG(10B12H11
2‒)-c(RGDyK) 0.664 7.97 410  0.0136 8.36 

[a] Assuming that PG/DND ratio is 2.49 (see Supporting Information S2-1(ii)) and the diameter of DND core is 5.12 nm. 

[b] Content of COOH group. 
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Figure 5-4. 1H NMR spectra of a) DND-PG(10B12H11
2–)-PBA and b) DND-PG(10B12H11

2–)-

c(RGDyK) in D2O. The signal of HOD at 4.80 ppm is set as a reference. 
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5-2-2. In vitro evaluation of BNCT nanodrugs by cell viability assay 

Cell viability assay was conducted with the following nanodrugs; DND-PG-COOH, -PBA 

and -c(RGDyK) with and without 10B12H11
2‒ moiety as shown in Figure 5-5. In this work, we 

chose B16 murine melanoma cells, because they are reported to interact with PBA and RGD 

peptide [102, 156], and melanoma is one kind of tumors to which BNCT has been applied in 

clinical trials [157].  

The cells were incubated in nanodrug-containing culture medium supplemented with and 

without fetal bovine serum (FBS) for 1 d (FBS(+) and FBS(‒), respectively). The nanodrug 

concentrations were 125, 250 and 500 μg/mL for FBS(+), and 63, 125 and 250 μg/mL for FBS(‒). 

Sample concentrations in FBS(‒) was lowered by half of that in FBS(+) since the toxicity in 

FBS(‒) was estimated to be higher than that in FBS(+) [158]. 

In the presence of FBS (Figure 5-5a), the nanodrugs with 10B12H11
2‒ moiety exhibited toxicity 

depending on the concentration (500 > 250 > 125 μg/mL) and functionality (c(RGDyK) > PBA 

≈ COOH), while the samples without 10B12H11
2‒ moiety showed little or no toxicity. The 

nanodrugs are more toxic under FBS(‒) conditions than FBS(+) ones as shown in Figure 5-5b; in 

particular, the difference is more significant in the cases of DND-PG-c(RGDyK), DND-

PG(10B12H11
2‒)-PBA and DND-PG(10B12H11

2‒)-c(RGDyK) (Figure 5-5c). These results will be 

discussed below based on TEM analysis (Figure 5-8). 

 



 

178 

 

 

 

 

 

c) 



 

179 

 

Figure 5-5. a), b): Cell viability of B16 murine melanoma cells with and without FBS (FBS(+) 

in a) and FBS(‒) in b), respectively) at various nanodrug concentrations, and c): comparison of 

cell viability at the same sample concentrations between FBS(+) and (‒).  

Asterisks on each bar indicate the significancy to control (PBS) in a) and b). Lines with asterisks 

on each panel in a) and b) indicate the significancy between with and without c(RGDyK) moiety 

(solid lines) or 10B12H11
2‒ moiety (dashed lines), and in c), the bars with asterisks indicate the 

significancy between FBS(+) and (‒) at the same concentration (n = 6, Student’s t-test in 

comparison with PBS, and 2-way ANOVA and Tukey’s HSD test for comparison between 

nanodrugs: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001).  
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5-2-3. In vitro evaluation of BNCT nanodrugs by colony forming assay 

BNCT efficacies of nanodrugs were examined on thermal neutron irradiation. After the 

treatment with nanodrug, detached cells were irradiated with thermal neutron. On the neutron 

irradiation at 1.19 × 1012 ‒ 3.47 × 1012 neutrons/cm2, no or only a few colonies were found at 500 

μg/mL for DND-PG(10B12H11
2‒)-COOH and -PBA, and 125 μg/mL for DND-PG(10B12H11

2‒)-

c(RGDyK) under FBS(+) conditions (Figure 5-6a and Table 5-2a), corresponding to 39.9, 38.0 

and 9.9 μg/mL in 10B concentrations, respectively, while the nanomaterials without 10B12H11
2‒ 

moiety exhibited no BNCT efficacy. Therefore, the corresponding concentrations and fluences 

were reduced to 200 and 100 μg/mL (ca. 16 and 8 μg/mL of 10B, respectively) and 4.09 × 1011 ‒ 

1.17 × 1012 neutrons/cm2. 

High BNCT efficacies along with the concentration and fluence relationship were observed 

as shown in Figure 5-6b and Table 5-2b. Similar BNCT efficacies were observed in the three 

nanodrugs with 10B12H11
2‒ moiety. The significant difference (p = 0.014) is found only in the 

slopes between DND-PG(10B12H11
2‒)-PBA and -c(RGDyK) at 200 μg/mL (blue and green dashed 

lines, respectively, in Figure 5-6b). The comparison between FBS(+) and (‒) conditions in thermal 

neutron irradiation was additionally conducted at the 10B concentration of ca. 12 μg/mL (200 

μg/mL of nanodrug containing 5.8 ‒ 6.1% of 10B). As shown in Figure 5-6c and Table 5-2c, 

FBS(‒) exhibited higher BNCT efficacy than FBS(+) in all three nanodrugs, DND-

PG(10B12H11
2‒)-COOH, -PBA and -c(RGDyK). Although DND-PG(10B12H11

2‒)-c(RGDyK) and -

COOH gave no colonies under FBS(‒) conditions, DND-PG(10B12H11
2‒)-PBA exhibited the 

significant difference in the slopes under FBS(+) and (‒) conditions. These results will be 

interpreted by TEM observation in the next section. 
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Figure 5-6. a) Result of colony forming assay on B16 cells exposed nanomaterials/nanodrugs 

with and without 10B12H11
2– moiety on thermal neutron irradiation (first trial). Lines are the fitted 

curves in exponential approximation for the materials in the same colors.  

b) Result on the exposure of 10B12H11
2‒ functionalized nanodrugs and irradiation thermal neutron 

with reduced sample concentrations and irradiation doses. Result of colony forming assay on B16 

cells exposed 10B12H11
2– functionalized nanodrugs and irradiated with thermal neutron. 

Concentration of nanodrug in all entries except for blank are 200 μg/mL.  

c) Result of colony forming assay on B16 cells exposed 10B12H11
2– functionalized nanodrugs and 

irradiated with thermal neutron. Each nanodrug was exposed in the culture medium supplemented 

with or without FBS (FBS(+) or FBS(‒), respectively). Concentration of nanodrug in all entries 

except for blank are 200 μg/mL.   

(Significance in the difference of slopes after the logarithmic conversion: *p < 0.05, **p < 0.01, 

***p < 0.001)

c) 
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Table 5-2. Numbers of colonies in colony forming assay corresponding to a): Figure 5-6a, b): Figure 5-6b, and c): Figure 5-6c. 

a)  

Thermal neutron fluence/cm‒2  

(Number of seeded cells) 
0 (300) 1.19 × 1012 (300) 2.57 × 1012 (2500) 2.57 × 1012 (500) 3.47 × 1012 (5000) 3.47 × 1012 (1000) 

 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 

Blank (PBS) 89 83 73 52 50 51 233 204 238 57 60 58 240 210 228 62 58 67 

DND-PG-PBA 500 μg/mL 56 55 54 45 35 51 160 149 166 40 43 38 164 168 152 47 37 46 

DND-PG-c(RGDyK) 125 μg/mL 58 50 56 38 31 33 110 129 120 35 33 37 159 137 135 31 35 43 

DND-PG(10B12H11
2–)-PBA 125 μg /mL 86 75 76 3 6 3 1 0 2 0 0 0 0 0 1 0 0 0 

DND-PG(10B12H11
2–)-PBA 250 μg/mL 88 66 81 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

DND-PG(10B12H11
2–)-PBA 500 μg/mL 54 61 57 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

DND-PG(10B12H11
2–)-c(RGDyK) 125 μg/mL 74 66 78 2 3 1 1 1 0 0 0 0 0 0 0 0 0 0 

DND-PG(10B12H11
2–)-COOH 500 μg/mL 53 51 49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

b) 

Thermal neutron fluence/cm‒2  

(Number of seeded cells) 
0 (400) 4.09 × 1011 (400) 7.48 × 1011 (5000) 7.48 × 1011 (500) 1.17 × 1012 (10000) 1.17 × 1012 (1000) 

 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 

Blank (PBS) 126 143 128 128 113 120    118 120 109    168 170 169 

DND-PG(10B12H11
2–)-PBA 100 μg/mL 150 141 134 60 45 46 101 120 115 12 16 19 88 98 108 10 12 14 

DND-PG(10B12H11
2–)-c(RGDyK) 100 μg/mL 124 139 115 34 31 36 63 65 65 13 13 12 60 53 49 7 10 6 

DND-PG(10B12H11
2–)-COOH 100 μg/mL 111 105 115 36 31 33 60 63 64 11 10 10 68 66 77 8 7 8 

DND-PG(10B12H11
2–)-PBA 200 μg/mL 137 116 127 18 24 19 30 36 32 8 4 4 19 18 18 5 8 2 

DND-PG(10B12H11
2–)-c(RGDyK) 200 μg/mL 119 116 113 11 15 13 8 10 8 1 4 2 7 6 6 2 1 0 

DND-PG(10B12H11
2–)-COOH 200 μg/mL 144 123 134 12 10 13 21 20 26 4 3 3 14 8 9 1 0 1 
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Table 5-2 (continued). 

c) 

Thermal neutron fluence/cm‒2  

(Number of seeded cells) 
0 (400) 4.09 × 1011 (500) 7.48 × 1011 (5000) 7.48 × 1011 (500) 1.17 × 1012 (10000) 1.17 × 1012 (1000) 

 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 n=1 n=2 n=3 

Blank (PBS) 145 156 144 158 147 169    152 146 153    202 214 208 

DND-PG(10B12H11
2–)-PBA FBS(+) 170 173 178 90 97 79 248 240 246 46 41 36 239 249 237 47 47 44 

DND-PG(10B12H11
2–)-c(RGDyK) FBS(+) 144 140 136 57 63 67 129 125 138 26 18 16 150 148 143 22 22 25 

DND-PG(10B12H11
2–)-COOH FBS(+) 180 157 170 65 78 66 155 180 170 21 22 25 155 154 138 18 18 20 

Blank (PBS) FBS(‒) 101 112 88 85 106 85    96 82 101    165 140 143 

DND-PG(10B12H11
2–)-PBA FBS(‒) 175 159 154 29 33 37 78 79 80 4 13 8 60 80 92 3 4 7 

DND-PG(10B12H11
2–)-c(RGDyK) FBS(‒) 106 109 114 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

DND-PG(10B12H11
2–)-COOH FBS(‒) 109 98 96 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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5-2-4. TEM analysis of cells after incubation with nanodrugs 

To interpret the cytotoxicity and BNCT efficacy mentioned above, the cells treated with 

nanodrug under FBS(+) and FBS(‒) conditions were analyzed by TEM. Concentrations of the 

nanodrugs were 100 and 750 μg/mL for the ones with and without 10B12H11
2‒ moiety, respectively. 

Because no nanoparticles were observed in the TEM images of the nanodrugs without 10B12H11
2‒ 

moiety at 200 μg/mL in our preliminary experiment (data not shown), much higher concentration 

(750 μg/mL) was applied. In addition, the nanodrugs should be taken up by the cells not through 

precipitation, but from the medium, because hydrodynamic diameters of the nanodrugs with and 

without FBS clearly indicate no significant aggregation (Figure 5-7) due to the high hydrophilicity 

and protein repellent property of PG mentioned above. 

The black dots in vesicles in Figure 5-8, which are made to be clearer in the expanded 

images (Figure 5-9a – h) and images of different sights (Figure 5-9i – k), are assigned to be DND 

particles of nanodrugs, because they were not observed in control cells (Figure 5-8a or 5-9a) and 

loomed out in white (Figure 5-10) when TEM was defocused. In addition, boron was detected by 

energy dispersive X-ray spectroscopy with scanning electron microscopy (SEM-EDS) as shown 

in Figure 5-11, where a shoulder peak was observed at the energy of BK in some vesicles 

containing black dots (Figure 5-11b, c and d). 
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a) Hydrodynamic diameter of 10B12H11
2– functionalized nanodrugs. 

 

b) Hydrodynamic diameter of samples without 10B12H11
2–. 

 

 

Figure 5-7. Hydrodynamic diameters of nanodrugs in PBS with and without FBS on number and 

scattered light intensity bases. 
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Figure 5-8. TEM images of B16 cells treated with nanodrugs under FBS(+) or FBS(‒) conditions 

(accelerating voltage: 80 keV). Images of cells with each material consist of three images of 

different magnifications. Squares with white dashed lines indicate the areas of expansion that are 

shown on the right. Black arrows indicate the location of vesicles including dots of nanoparticles.  
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a) Expanded image of Figure 5-8a (right) for Blank in FBS(+). 

 

b) Expanded image of Figure 5-8b (right) for DND-PG(10B12H11
2–)-COOH in FBS(+). 

 

 



 

190 

 

c) Expanded image of Figure 5-8c (right) for DND-PG(10B12H11
2–)-PBA in FBS(+). 

 

d) Expanded image of Figure 5-8d (right) for DND-PG(10B12H11
2–)-c(RGDyK) in FBS(+). 
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e) Expanded image of Figure 5-8e (right) for DND-PG-COOH in FBS(+). 

 

f) Expanded image of Figure 5-8f (right) for DND-PG-PBA in FBS(+). 
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g) Expanded image of Figure 5-8g (right) for DND-PG-c(RGDyK) in FBS(+). 

 

h) Expanded image of Figure 5-8h (right) for DND-PG(10B12H11
2–)-PBA in FBS(–). 
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i) Different point of DND-PG(10B12H11
2–)-COOH in FBS(+). 

 

j) Different point of DND-PG(10B12H11
2–)-c(RGDyK) in FBS(+). 
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k) Different point of DND-PG(10B12H11
2–)-PBA in FBS(–). (Expanded image of Figure 5-12d) 

 

 

Figure 5-9. Enlarged TEM images of B16 cell treated with nanodrug. Vesicles with black dots 

(nanoparticles) are surrounded by yellow circles and ovals.  
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Figure 5-10 Appearance of nanoparticles in a vesicle in B16 cell plasma (DND-PG(10B12H11
2–)-

PBA in FBS(+)). a) Nanoparticles look black dots in focused image, b) In the defocused image, 

they loom out in white. 



 

196 

 

 

 

 

 

  

a) 

b) 



 

197 

 

 

 

 

 

 

 

 

Figure 5-11. SEM-EDS of nanodrug incorporated cell (DND-PG(10B12H11
2–)-PBA). a) SEM 

image (inverted), b) areas of EDS analysis, c) typical chart of EDS analysis, the inset is a 

magnified chart of BK region, d) normalized EDS results of analyzed areas of BK region, VC: 

vesicle, MT: mitochondria, CP: cell plasma, NU: nucleus. 
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Similar numbers of the black dots in vesicles with 200 ‒ 400 nm-size were observed in the 

cells treated with DND-PG(10B12H11
2‒)-COOH, -PBA and -c(RGDyK) (100 μg/mL in culture 

medium) under FBS(+) conditions (Figure 5-8b, c and d, respectively). The above results of 

similar BNCT efficacies among the three nanodrugs can be interpreted by these TEM 

observations. Much less numbers of black dots were found in the cases of DND-PG-PBA and -

c(RGDyK) (750 μg/mL in culture medium) under FBS(+) conditions (Figure 5-8f and g, 

respectively), while no black dots were observed in the cell treated with DND-PG-COOH at the 

same concentration (Figure 5-8e). Although active targeting capability of PBA and c(RGDyK) is 

observed in the absence of 10B12H11
2‒ moiety, it seems to be hidden by 10B12H11

2‒ moiety, which 

is considered to facilitate cellular uptake more than the active targeting moieties of PBA and 

c(RGDyK). This may be attributed to the dianionic nature of the boron cluster, which can interact 

electrostatically with the proteins in cell membrane and in serum to induce cellular uptake [123, 

159, 160]. The higher toxicity of DND-PG(10B12H11
2‒)-c(RGDyK) than PG(10B12H11

2‒)-COOH 

and -PBA shown in Figure 5-5a and b implies that c(RGDyK) is much more toxic than COOH 

and PBA by taking into consideration the large difference in their numbers in one particle as 

shown in Table 5-1. 

On the other hand, the sizes of vesicles containing DND-PG(10B12H11
2‒)-COOH, -PBA and -

c(RGDyK) under FBS(‒) conditions are larger than those under FBS(+) conditions as shown in 

Figure 5-12. This indicates that the numbers of nanoparticles taken up by the cells are larger under 

FBS(‒) conditions than FBS(+) ones, leading to the higher BNCT efficacies as described above 

(Figure 5-6c and Table 5-2c). This implies that the electrostatic interaction of 10B12H11
2‒ moiety 

with the membrane proteins induces the cellular uptake more efficiently under FBS(‒) conditions 

than FBS(+) ones, where the serum proteins adsorbed electrostatically by 10B12H11
2‒ (Figure S5-

3 and S5-4 in Appendix III) would reduce the cellular uptake efficiency [71, 72, 123, 158]. 
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Figure 5-12. Nanoparticles in the vesicles. (a, b) DND-PG(10B12H11
2–)-COOH under a) FBS(+) 

and b) FBS(‒) conditions (x 50000), (c, d) DND-PG(10B12H11
2–)-PBA under c) FBS(+) and d) 

FBS(‒) conditions (x 50000), (e, f) DND-PG(10B12H11
2–)-c(RGDyK) under e) FBS(+) and f) 

FBS(‒) conditions (x 30000). The size of vesicles in FBS(‒) seems to be larger than that in FBS(+). 

 

 

5-3. Conclusion 

We designed boron delivery agent for BNCT based on PG functionalized DND with a boron 

cluster and an active targeting moiety. To construct the nanodrug, 10B12H11
2‒ moiety was first 

conjugated by click chemistry at the ‒OH groups of ND-PG-COOH, which is prepared by 

oxidation of DND-PG. Then, PBA or c(RGDyK) moiety for active targeting was introduced at 

the ‒COOH groups through amide linkage. The nanodrugs have 10B content of 7.6 ‒ 8.0% that is 

much higher than that of our previous BNCT nanodrug and exhibit good dispersibility under 

physiological conditions [113]. 

In vitro neutron irradiation experiments exhibited high BNCT efficacies in nanodrugs with 

10B12H11
2‒ moiety, showing small differences with and without targeting moieties. TEM 

observations of the cells treated with the nanodrugs indicate that 10B12H11
2‒ moiety itself facilitates 

cellular uptake much more than the active targeting moieties of PBA and c(RGDyK), resulting in 

similar BNCT efficacies among these nanodrugs. 

The nanodrug with 10B12H11
2‒ moiety based on DND-PG-COOH would serve as a lead 

material of boron delivery agent for BNCT. However, we have to consider the improvement of 

active targeting efficiency. As well as applying more efficient active targeting moiety, possibility 

of effective spatial layout of active targeting moiety would be explored to enhance the interaction 

with tumor cells and suppress the influence of 10B12H11
2‒ moiety. The multiple functionalization 
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process we designed and achieved in this work is so flexible that it can be applied to nanodrugs 

with a variety of structural and functional features. Therefore, we are expecting to create more 

effective nanodrugs for BNCT in near future. 
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5-4. Experimental 

Materials 

Single-digit nanometer-sized water dispersion of DNDs was manufactured by Daicel 

Corporation (DINNOVARETM). For the modification of DNDs, the following reagents and 

solvents were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka Japan); 

sodium hypochlorite (NaClO) solution, sodium azide (NaN3), acrylonitrile, ethylenediamine-

N,N,N',N'-tetraacetic acid disodium salt (EDTA·2Na, produced by Dojindo Laboratories, Japan), 

hydrochloric acid (HCl), sodium hydroxide (NaOH), ethanolic solution of potassium hydroxide 

(KOH), acetic acid, sodium acetate, potassium dihydrogen phosphate, ethylene glycol, 

tetrahydrofuran (THF), N,N-dimethylformamide (DMF), acetonitrile (MeCN), ethyl acetate, 

0.25% trypsin-EDTA·4Na solution, Dulbecco’s phosphate-buffered saline (pH 7.4, PBS(‒)), 10× 

PBS(‒), sodium dodecyl sulfate (SDS) and Cell counting kit-8 (CCK-8, a formulation of 2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium 

salt (WST-8) and 1-Methoxy-5-methylphenazinium methylsulfate (1-methoxy PMS), produced 

by Dojindo Laboratories, Japan). 4-acetamido-2,2,6,6-tetramethylpiperidine-1-oxyl free radical 

(4-AcNH-TEMPO), p-toluenesulfonyl chloride (TsCl), tetramethylammonium hydroxide 

methanol solution (10%), propargyl bromide, sodium ascorbate, 3-aminophenylboronic acid 

monohydrate (natural abundance boron) and 2-(N-morpholino)ethanesulfonic acid (MES) were 

purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo Japan). Sodium 

mercaptoundecahydro-closo-dodecaborate(10B) (10BSH) was purchased from Katchem spol. s r. 

o. (Czech). N-hydroxyscuuinimide (HOSu) from Peptide Institute, Inc. was used. 4% 

Paraformaldehyde in phosphate buffer produced by Muto Pure Chemicals Co., Ltd was used. 

Cyclo-(L-Arg-Gly-L-Asp-D-Tyr-L-Lys) trifluoroacetic acid salt (c(RGDyK)·2TFA) was 

purchased from Hanzhou Taijia Biotech Co., Ltd. Copper sulfate (CuSO4, anhydrous) was 
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purchased from Kishida Chemical Co., Ltd. (Osaka Japan). Sodium chlorite (NaClO2) was 

purchased from Sigma-Aldrich Japan G. K. (Tokyo, Japan). 1-(3-Dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC) is a product of Kokusan Chemical Co., Ltd. Antibiotics 

solution (penicillin-streptomycin-amphotericin B, 100×) was purchased from Thermo Fisher 

Scientific (MA USA). Dulbecco’s modified Eagle Medium (DMEM, Glucose 4.5 g/L), PBS and 

0.5% trypsin-EDTA·4Na solution, crystal violet, 25% glutaraldehyde (for electron microscopy), 

methanol and ethanol from Nacalai Tesque, Inc. (Kyoto Japan) were used. Fetal bovine serum 

(FBS) was supplied by Biosera Inc. (France). Bicinchoninic acid (BCA) assay was done with 

TaKaRa BCA protein assay kit (Takara Bio, Japan). 

 

Equipment 

1H, 13C and 10B NMR spectra were measured with an ECX500 NMR spectrometer (JEOL). 

FT-IR spectra were recorded on an IR Tracer-100 FT-IR spectrometer (Shimadzu) equipped with 

DiffusIR DRIFT chamber (PIKE Technologies). Elemental analyses were conducted at Organic 

Elemental Microanalysis Centre of Kyoto University. ICP-AES analysis for boron content was 

done with an SPS3100 (SII Nanotechnology) at Nippon Steel Technology Co., Ltd. ESI-MS was 

measured with micrOTOF mass spectrometer (Bruker). TGA was performed with TG/DTA 6200 

(SII). ζ-Potential was measured by ZetaSizer Nano (Malvern, UK). DLS measurement was done 

by Nanotrac Wave II particle size analyzer (MicrotracMRB). The absorbance of CCK-8 and BCA 

was measured with a microplate reader MTD-310 (Corona Electric Co., Japan). TEM observation 

of cells was performed on a H-7650 transmission electron microscope (Hitachi, Japan). Energy 

dispersive X-ray spectroscopy (SEM-EDS) was measured with JSM7900F scanning electron 

microscope (JEOL, Japan).  

 



 

204 

 

DND-PG(OTs)-COOH 

To the water suspension of DND-PG-COOH (2.95% (w/w), 13.5 g, net 0.40 g, PG/DND 3.85, 

COOH content 1.01 mmol/g), water 2.45 mL and 8 M NaOH (3.0 mL, 24 mmol) were added, and 

the mixture was cooled in ice-bath. THF (3.6 mL) solution of TsCl (0.58 g, 3.0 mmol) was added 

in an intermittent manner for about 1 h with vigorously stirring. The reaction was stirred for more 

2 h under ice-cooled condition, then added 6 M HCl (4.0 mL) to acidify and stirred for several 

hours. The mixture was centrifuged (3000 rpm, 30 min). The precipitate was washed three times 

by the addition of small amount of THF (2 ‒ 3 mL) and water (10 ‒ 15 mL) followed by 

centrifugation or ultracentrifugation (183400g, 30 min) according to the state of dispersion in 

supernatant to give the precipitate as much as possible. The precipitate was dispersed in DMF (20 

mL) and ultracentrifuged. This operation was repeated once as solvent substitution, and DMF 

dispersion (18.5 g) of DND-PG(OTs)-COOH was obtained. The concentration was determined to 

be 1.48% (w/w) and net yield was 0.27 g. Elemental analysis: C; 56.85%, H: 6.53%, N; 0.51%, 

O; 29.08%, S; 4.08%. 

 

DND-PG(N3)-COOH 

DMF suspension of DND-PG(OTs)-COOH (1.48% (w/w), 13.8 g, net 0.20 g) was added with 

NaN3 (196 mg, 3.0 mmol), water (3.0 mL) and 1 M NaOH (0.30 mL, 0.30 mmol). The mixture 

was stirred at 60 °C for 0.5 h, then the temperature was raised to 90 °C for 18 h. Resulting cloudy 

suspension was ultracentrifuged (183400g, 2 h) and the precipitate was washed with water three 

times by the dilution and ultracentrifugation. The precipitate was dispersed in water (30.0 g). The 

concentration was determined to be 0.57% (w/w) and net yield was 0.17 g. Elemental analysis: 

C; 55.28%, H: 5.54%, N; 5.46%, O; 30.96%. 
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DND-PG(10B12H11
2‒)-COOH 

Aqueous dispersion of DND-PG(N3)-COOH (0.57% (w/w), 8.84 g, net 50.1 mg) was added 

with MeCN (4.0 mL), 0.4 M phosphate buffer (pH 7.4, 2.5 mL), sodium ascorbate (42.2 mg, 0.21 

mmol) and bis(tetramethylammonium) S-(propyn-3-yl)thioundecahydro-closo-

dodecaborate(10B)  [(10B12H11
2‒)S](Pgy)·2TMA, crude, 50.3 mg, starting from 21.1 mg of 

10BSH·2Na (0.10 mmol)), and the mixture was vacuum degassed with sonication. Aqueous 

solution of CuSO4 (14.2 mg, 0.088 mmol in 0.50 mL water) was added slowly, then the reaction 

was stirred under nitrogen atmosphere at room temperature. The reaction was monitored by FT-

IR (absorbances of azide and B‒H at 2102 cm‒1 and 2503 cm‒1, respectively) of sample taken 

from the reaction. As not negligible peak of azide remained, [(10B12H11
2‒)S](Pgy)·2TMA (crude, 

24.8 mg in total of three-time addition), sodium ascorbate (10.3 mg) and CuSO4 (3.4 mg in small 

amount of water) were added after 22 ‒ 30 h from the start. The reaction was stirred for more two 

days. Resulting dark-brown dispersion was ultracentrifuged (183400g, 30 min) and the precipitate 

was washed with water (10 mL), aqueous solution of EDTA·2Na (0.3 %, 10 mL, two times) and 

water (10 mL, three times) using centrifuge filter (Amicon® Ultra, 30 kDa). The concentrate on 

the filter was diluted with water to give dark-brown dispersion (10.1 g). The concentration was 

determined to be 0.50% (w/w) from the weight after lyophilization, and net yield was 50.5 mg. 

Elemental analysis: C; 48.22%, H: 5.33%, N; 3.78%. 10B content (ICP-AES by alkaline fusion 

method for specimen preparation): 7.97%. 

 

DND-PG(10B12H11
2‒)-PBA 

Aqueous dispersion of DND-PG(10B12H11
2‒)-COOH (0.50% (w/w), 5.0 g, net 25.0 mg) was 

added with aqueous solution of MES (0.1 M, pH was adjusted to 4.5, 2.0 mL), 3-

aminophenylboronic acid monohydrate (0.22 mL of 1.0 wt% DMF solution, 2.2 mg, 0.014 mmol) 
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and EDC (0.50 mL of 1.0 wt% aqueous solution, 5.0 mg, 0.026 mmol). The mixture was stirred 

at room temperature for 15 h. After the reaction, pH was adjusted 10.0 with 1 M NaOH and the 

mixture was stirred for 45 min. The dispersion was ultrafiltered and then washed with water five 

times. The concentrate on the filter was diluted with water to give dark-brown dispersion (4.91 

g). The concentration was determined to be 0.50% (w/w) from the weight after lyophilization, 

and net yield was 24.6 mg. Elemental analysis: C; 51.35%, H: 5.10%, N; 4.16%. 

 

DND-PG(10B12H11
2‒)-c(RGDyK) 

Aqueous dispersion of DND-PG(10B12H11
2‒)-COOH (0.50% (w/w), 3.4 g, net 16.9 mg) was 

added with phosphate buffer (0.4 M, pH 7.4, 2.0 mL), HOSu (0.47 mL of 1.0 wt% water solution, 

4.7 mg, 0.041 mmol) and EDC (0.39 mL of 1.0 wt% aqueous solution, 3.9 mg, 0.020 mmol). The 

mixture was stirred at room temperature for 30 min. Then, c(RGDyK)·2TFA (7.4 mg, 0.0087 

mmol) was added and the mixture was stirred at room temperature for 24 The dispersion was 

ultrafiltered and then washed with water six times. The concentrate on the filter was diluted with 

water to give dark-brown dispersion (1.70 g). The concentration was determined to be 0.85% 

(w/w) from the weight after lyophilization, and net yield was 14.5 mg. 

 

Cell viability assay with CCK-8 

B16 mouse melanoma cells were seeded on 96-well microplates by 3 × 103 cells/well in 100 

μL of DMEM (Glucose 4.5 g/L) culture medium (supplemented with 10 % FBS and 1 % of 100× 

penicillin-streptomycin-amphotericin B solution) for each well. After incubation in CO2 incubator 

at 37 °C for 3 d, culture medium (100 μL) was replaced once, PBS (as control) or PBS dispersion 

of nanoparticles (2500, 1250 and 625 μg/mL, 25 μL for each) were added, and the cells were 

further incubated for 24 h. Under FBS(‒) conditions, replacement of culture medium was done 
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with DMEM that was not supplemented with FBS, and the concentrations of nanoparticles were 

1250, 625 and 312.5 μg/mL in PBS. The cells were washed with culture medium (two times) and 

PBS, CCK-8 in culture medium (10 μL of CCK-8 and 100 μL medium for each well) was added. 

After 0.5 h, the absorbance at 450 nm was measured for each well using the microplate reader. 

 

Colony forming assay on thermal neutron irradiation 

B16 cells (8.8 × 105 or 1.0 × 106 cells) in 10 mL DMEM culture medium (glucose 4.5 g/L, 

with 10% FBS and antibiotics/antimycotic) were seeded on 100 mmφ dishes, and incubated in 

CO2 incubator at 37 °C for 2 d. The culture medium (10 mL, with or without FBS for FBS(+) or 

FBS(‒) condition, respectively) was replaced once, PBS or PBS dispersion of nanoparticles (1.0 

mL) were added to make predetermined sample concentrations in the medium. After incubated in 

CO2 incubator at 37 °C for 22 ‒ 24 h, the cells were washed with PBS and detached by treatment 

with trypsin (0.5%, 2.0 mL) at 37 °C for 5 min. After trypsinization was terminated with culture 

medium (with FBS), the number of cells was counted and adjusted the concentration to 100000 

cells/mL, then the suspension of cells was dispensed into four plastic tubes by 1 mL/tube. Thermal 

neutron irradiation was conducted at KUR nuclear reactor (Kumatori campus, Kyoto University) 

at three levels of irradiation doses (for example, 5, 10 and 15 min of irradiation time in 1 MW 

output, corresponding to the fluence of 4.09 × 1011, 7.48 × 1011 and 1.17 × 1012 neutrons/cm2, 

respectively), and one tube for the control without the irradiation. The thermal neutron fluence 

was determined by averaging gold foils attached to the surface of the tube along the direction of 

incidence of the thermal neutrons. The cells were seeded on 60 mmφ dishes placed 5 mL culture 

medium (with FBS) by predetermined numbers (300 ‒ 10000 cells/dish, see Table 5-2). After 

incubation in CO2 incubator at 37 °C for 9 ‒ 11 days, resulting colonies were fixed with 70% 
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ethanol and stained with 0.1% crystal violet solution. The numbers of colonies were counted by 

visual examination (naked eyes).  

 

Analysis of total adsorbed protein (protein corona) by BCA assay 

Mixtures of PBS dispersion (900 μL) of nanodrugs (net 0.20‒1.0 mg) and FBS (100 μL) were 

incubated at 37 °C for 1 h. The mixtures were ultracentrifuged (434000g, 20 min). The lower 

layers (ca. 100 μL including pellet) were washed with water 3 times by repeating re-dispersion 

(total volume 1.0 mL) ‒ ultracentrifugation procedures. SDS solution (20%, 100 μL) was added 

to each lower layer (ca. 100 μL) and ultracentrifuged. Resulting supernatant was transferred to 

96-well microplate (20 μL × 4 wells for each material), and then PBS (80 μL), the mixture of 

solutions (100 μL) of reagent A and B of BCA assay kit were added. After the incubation at 37 °C 

for 1 h, absorbance of 570 nm was measured by the microplate reader. Calibration curve was 

created using BSA (bovine serum albumin) standard solution. The results are shown in Figure 

S5-3 (Appendix III). 

 

TEM observation of cellular uptake 

B16 cells were seeded on 8-well chamber slide (Nagel Nunc 177445) by 2.5 × 104 cells/well 

(3.0 × 104 cells/cm2) in 400 μL of DMEM (Glucose 4.5 g/L, with 10% FBS) culture medium. 

After incubation in CO2 incubator at 37 °C for 3 d, culture medium (400 μL, with or without FBS 

for FBS(+) or FBS(‒) condition, respectively) was replaced once, PBS (control) or PBS 

dispersion of nanoparticles were added at predetermined concentration of each nanodrug, and the 

cells were further incubated for 24 h. The cells were washed with culture medium (two times) and 

PBS, then fixed in the mixture of 25% glutaraldehyde and 4% paraformaldehyde in 0.1 M 

phosphate buffer (1/10 (v/v)) for a couple of days in the refrigerator. Then the fixed cells were 
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incubated with 1.5% potassium ferrocyanide followed by 2% osmium tetroxide in deionized 

water (DW) at 4 °C. After 1 h, the cells were washed with distilled water (DW) and fixed with 

2% osmium tetroxide in DW at room temperature for 1 h. The specimens were then stained en 

bloc in a solution of 4% uranyl acetate dissolved in DW overnight for contrast enhancement and 

then washed with DW. Subsequently, the specimens were further stained with Walton’s lead 

aspartate solution for 2 h, dehydrated with a dilution series of ethanol (60%, 70%, 80%, 90%, 

99%, and 100%) and embedded in Epon 812. Ultrathin sections were made using an 

ultramicrotome (Leica UC7). Sections were stained with uranyl acetate and lead citrate and 

observed under an H-7650 electron microscope (HITACHI). 

 

Statistical analysis  

The differences between the groups were evaluated using Student’s t test for two groups and 

a two-way analysis of variance (ANOVA) followed by Tukey’s HSD test for multiple groups. 

For BNCT efficacy, significancy between the slope of fitted curve was evaluated. 
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Appendix III to Section 5 

 

S5-1. Preparation of DND-PG-COOH 

 

DND-PG (DND(+)-PG(h)) 

An aqueous dispersion of DND(+) (ζ-positive) was evaporated to dryness. The solid residue 

was dried at 105 °C for 2 h. To a suspension of resulting DND(+) powder (0.50 g) in ethylene 

glycol (3.74 g), glycidol (26.3 g, 0.35 mol) was added dropwise for 135 min to keep the 

temperature in the range of 95 – 100 °C. The resulting black dispersion was stirred at the same 

temperature for 28 h. After the reaction was cooled about 70 °C, water (40 mL) was added to 

degrade the unreacted glycidol. The dispersion was diluted with water to ca. 400 mL and 

concentrated with ultrafiltration membrane (Ultracel® membrane, 30 kDa) to < 20 mL. The 

concentrate was diluted and concentrated again, which was repeated twice.  

To remove free PG, water dispersion of above concentrate (60 mL) was ultracentrifuged at 

183400g (50000 rpm) for 2 h. Supernatant was removed carefully and remained lower layer was 

diluted and re-dispersed with water, and ultracentrifuged again (90 min), which was repeated three 

times. The resulting lower layer was adjusted to 50.0 g with water. An aliquot of the dispersion 

was accurately weighed (2.0586 g) and dried on heated PTFE sheet. From the weight of the 

residue (0.0820 g), the sample concentration was determined to be 3.98 % (w/w). The net yield 

of DND-PG was 1.99 g. FT-IR (DRIFT with KBr, cm−1): 3332, 2918, 2875, 1456, 1118, 1075 (C–

O). 1H NMR (500 MHz, D2O): δ ppm 3.42, 3.50, 3.58, 3.75, 3.88. Elemental analysis: C; 56.65%, 

H: 6.75%, N; 0.53%, O; 35.90%. TGA (Air atmosphere, 20 °C/min, % weight loss): 50–527 °C; 

79.6%, 527–650 °C; 20.8% (PG/DND ratio was estimated to be 3.83). 
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DND-PG-COOH (Oxy-radical oxidation with 4-AcNH-TEMPO and NaClO2) 

Aqueous dispersion of purified DND-PG (3.98 % (w/w), 30.2 g, net 1.20 g, PG/DND 3.83) 

were added with 0.4 M acetate buffer (pH 4.7, 28 mL), NaClO2 (content 81%, 169 mg, 1.5 mmol) 

and 4-AcNH-TEMPO (37.3 mg, 0.18 mmol). NaClO solution (111 μL, 0.20 mmol) was added 

into the mixture and the flask was equipped with an air-cooled condenser capped with a universal 

glass plug, then the reaction was heated at 50 °C for 24 h. The resulting dispersion was diluted 

with water to ca. 400 mL and concentrated with ultrafiltration membrane (Ultracel® membrane, 

30 kDa) to < 10 mL. The concentrate was washed with water once by dilution and concentration 

with ultrafiltration membrane, and pH was adjusted to ca. 2.0 with 6 M HCl. The mixture was 

concentrated and then washed with water three times, and the weight of resulting black water 

dispersion was adjusted to 30.0 g with water. An aliquot of the dispersion was accurately weighed 

and dried on heated PTFE sheet. From the weight of the residue, the concentration was determined 

to be 2.95 % (w/w). The net yield of DND-PG-COOH was 0.884 g. COOH concentration was 

determined by acid-base titration to be 1.01 mmol/g. Elemental analysis: C; 54.39%, H: 6.48%, 

N; 0.51%, O; 36.94%. TGA (Air atmosphere, 20 °C/min, % weight loss): 50–531 °C; 79.8%, 

531–650 °C; 20.7% (PG/DND ratio was estimated to be 3.85).  
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S5-2. Composition of components in nanodrugs and intermediates 

S5-2-1. DND-PG(OTs)-COOH 

(i) Elemental composition of DND-PG-COOH raw material (see Experimental in the main 

article) 

 

Table S5-1. Elemental compositions of each component in DND-PG-COOH. 

PG/DND ratio (TGA) A 3.85 

PG layer content (g/1 g DND-PG-COOH) B = A / (A + 1) 0.794 

COOH content in DND-PG-COOH (mmol/g) C 1.01 

COOH content in PG layer (mmol/g) D 1.27 

Glyceric acid unit (g/1 g DND-PG-COOH) E = C × 88.06 / 1000 0.089 

Glycerol unit (g/1 g DND-PG-COOH) F = B ‒ E 0.705 

DND core (g/1 g DND-PG-COOH) G = 1 ‒ E ‒ F 0.206 

  H (%) C (%) N (%) O (%) 

Elemental analysis of DND-PG-COOH H 6.68 56.54 0.55 35.87 

Elemental composition of glycerol unit as 
glycidol 

I 8.16 48.64  43.19 

Elemental composition of glyceric acid unit 
as 2,3-epoxypropionic acid 

J 4.58 40.92  54.50 

Glycerol unit (glycidol, for C3H6O2, 70.5%) in 
DND-PG-COOH 

K = I × F 5.75 34.29  30.44 

Glyceric acid (2,3-epoxypropionic acid, for 
C3H4O3, 8.9%) 

L = J × E 0.41 3.64  4.85 

Elemental composition of PG layer in DND-
PG-COOH 

M = K + L 6.16 37.93  35.29 

 PG layer N = M / B 7.76 47.78  44.46 

Elemental composition of DND core in DND-
PG-COOH 

O = H ‒ M 0.52 18.61 0.55 0.58 

 DND core P = O / G 2.50 90.29 2.67 2.81 

 

 

(ii)  Composition of DND-PG(OTs)-COOH 

Based on the elemental compositions in DND-PG-COOH as shown above, PG/DND ratio 

in DND-PG(OTs)-COOH is calculated since the loss in PG chain (cleavage of ether linkage) 

is speculated. From the elemental analysis result, proportion of ‒OTs, PG layer and DND 

core is calculated so that the sum of the squared deviations of H, C, N, O and S contents is 

to be the least value. As the result, calculated PG/DND ratio in DND-PG(OTs)-COOH is 

2.49 (PG content 71.3%) whereas that of DND-PG-COOH is 3.85 (PG content 79.4%) that 
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implies about 35.4% ((3.85 ‒ 2.49) / 3.85) of PG chain has been lost in the tosylation. The ‒

OTs content is calculated to be 1.22 mmol/g from the S content (1000 × 0.0392 / 32.07), 

which corresponds to 1.59 mmol on 1 g of DND-PG-COOH. 

The COOH content is reduced due to the loss of PG chain. It is estimated to be 0.669 

mmol/g (1.27 mmol/g × 54.72%) in DND-PG(OTs)-COOH that corresponds to 0.907 

mmol/g in the DND-PG-COOH component. 

 

Table S5-2. Estimation of composition ratio of DND-PG(OTs)-COOH. 

  H (%) C (%) N (%) O (%) S (%) Total 

Elemental analysis of DND-
PG(OTs)-COOH 

Q 5.46 56.85 0.51 29.08 4.08 95.98 

Elemental composition of ‒OTs 
(calculated for C7H6O2S) a 

R 3.92 54.53  20.75 20.80 100.00 

PG layer M b 7.76 47.78  44.46  99.99 

DND core P 2.50 90.29 2.67 2.81  98.26 

Fitted composition of ‒OTs R′ c 0.74 10.28  3.91 3.92 19.36 

 PG layer M′ c 4.25 26.14  24.33  54.72 

 DND core P′ c 0.56 20.22 0.60 0.63  22.01 

 Total (DND-PG(OTs)-COOH) S = R′ + M′ + P′ 5.55 56.65 0.60 28.87 3.92 95.96 

Deviation T = Q ‒ S ‒0.99 0.20 ‒0.09 0.21 0.16  
a As TsOH (p-toluenesulfonic acid) ‒ H2O 
b Assuming that the composition of glycerol and glyceric acid unit is not changed before and after the 

tosylation. 
c Obtained by the calculation so that the sum of squared deviations (Σ(T2)) becomes the least. 

 

 

For comparison, DND-PG (without carboxy group) was tosylated via Schotten-Baumann 

reaction under identical conditions. As a result, estimated PG/DND ratio in DND-PG-OTs is 

2.89 (47.78/16.55) while that of DND-PG is 3.83. About 24.6% of PG chain has been lost in 

the tosylation indicating that the same phenomenon occurs regardless of the existence of ‒

COOH.  
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Table S5-3. Estimation of composition ratio of DND-PG-OTs via Schotten-Baumann reaction. 

 H (%) C (%) N (%) O (%) S (%) Total 

Elemental analysis of DND-PG-OTs 5.60 56.61 0.32 28.12 6.99 97.84 

Elemental composition of ‒OTs 
(calculated for C7H6O2S) a 

3.92 54.53  20.75 20.80 100.00 

PG layer b 8.16 48.64  43.19  99.99 

DND core 2.50 90.29 2.67 2.81  98.26 

Fitted composition of ‒OTs c 1.29 18.00  6.85 6.87 33.02 

 PG layer c 3.90 23.24  20.64  47.78 

 DND core c 0.42 15.20 0.45 0.47  16.55 

 Total (DND-PG-OTs) 5.61 56.45 0.45 27.98 6.87 97.34 

Deviation ‒0.01 0.16 ‒0.13 0.16 0.12  
a As TsOH (p-toluenesulfonic acid) ‒ H2O 
b PG/DND of DND-PG is 3.83. 
c Obtained by the calculation so that the sum of squared deviations (Σ(T2)) becomes the least. 

 

 

S5-2-2. DND-PG(N3)-COOH 

The content of ‒N3 is calculated based on the fitted elemental composition of DND-PG-

COOH in DND-PG(OTs)-COOH. From the difference in N contents between DND-PG-

COOH (fitted) and DND-PG(N3)-COOH, ‒N3 content is estimated to be 4.72% 

corresponding 1.12 mmol/g as shown in Table S5-4. That corresponds to 1.16 mmol on 1 g 

of DND-PG-COOH; the reaction (conversion) yield (‒OTs to ‒N3) is 72.5%. The COOH 

content is estimated to be 0.882 mmol/g. 

 

Table S5-4. Estimation of composition ratio of DND-PG(N3)-COOH. 

  H (%) C (%) N (%) O (%) 

Elemental analysis result of DND-
PG(N3)-COOH 

U 5.54 55.28 5.46 30.86 

Fitted elemental composition of DND-PG-
COOH 

V = M′ + P′ 4.81 46.22 0.59 24.98 

Normalized composition 
W = V / (54.72 + 

22.02) × 100 
6.28 60.34 0.77 32.61 

Calculated amount of ‒N3 based on the difference in N content 4.72% (1.12 mmol/g) 

𝑊𝑁3
(%) =

𝑁𝐷𝑁𝐷−𝑃𝐺(𝑁3)−𝐶𝑂𝑂𝐻 − 𝑁𝐷𝑁𝐷−𝑃𝐺−𝐶𝑂𝑂𝐻

𝑁𝑁3
− 𝑁𝐷𝑁𝐷−𝑃𝐺−𝐶𝑂𝑂𝐻

× 100 
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S5-2-3. DND-PG(10B12H11
2–)-COOH 

The amount of 10B12H11
2– moiety was calculated by the change in C content by elemental 

analysis to be 17.3% (0.70 mmol/g as 10B12H11
2– moiety and 8.36% as 10B) that is consistent 

to the ICP result (7.97%). From the ICP result, the amount of 10B12H11
2– moiety is 16.5% and 

0.664 mmol/g. The reaction yield is 70.8% (0.664 / (1 ‒ 0.165) / 1.12). Calculation based on 

N contents gives larger number inconsistent to ‒N3 content in DND-PG(N3)-COOH. The 

COOH content is estimated to be 0.737 mmol/g. 

 

Table S5-5. Estimation of the amount of 10B12H11
2– moiety by elemental analysis. 

 H (%) C (%) N (%) O (%) S (%) 10B (%) Na (%) 

DND-PG(N3)-COOH 5.54 55.28 5.46 30.86    

DND-PG(10B12H11
2–)-COOH 5.33 48.22 3.78     

[(10B12H11
2–)S](Pgy)2Na 

(calculated for 
C3H14

10B12Na2S = 248.19) d 
5.69 14.52   12.92 48.35 18.53 

Calculated amount of 10B12H11
2– moiety based on the  

difference of C content e 
17.3% (0.698 mmol/g) 

𝑊[( 𝐵 
10

12𝐻11
2−)𝑆](𝑃𝑔𝑦)(%) =

𝐶𝐷𝑁𝐷−𝑃𝐺( 𝐵 
10

12𝐻11
2−)−𝐶𝑂𝑂𝐻 − 𝐶𝐷𝑁𝐷−𝑃𝐺(𝑁3)−𝐶𝑂𝑂𝐻

𝐶[( 𝐵 
10

12𝐻11
2−)𝑆](𝑃𝑔𝑦) − 𝐶𝐷𝑁𝐷−𝑃𝐺(𝑁3)−𝐶𝑂𝑂𝐻

× 100 

 
d Assuming the boron cluster takes 2Na salt since methyl group from tetramethylammonium group is not 

detected in 1H NMR. 
e Status of carboxylate moiety is not considered (‒COOH or ‒COONa). 

 

 

S5-2-4. DND-PG(10B12H11
2–)-PBA 

The loading amount of PBA moiety was calculated by the change of N content before and 

after the amide formation. Calculation by C content was not conducted since the difference 

in C content between DND-PG(10B12H11
2–)-COOH and PBA was small. As shown in Table 

S5-6, PBA moiety is introduced in 4.74% (0.40 mmol/g). The 10B content is calculated to be 

7.59%. The reaction yield from ‒COOH to amide is 56.9%. 
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Table S5-6. Estimation of the amount of PBA moiety. 

 H (%) C (%) N (%) 

DND-PG(10B12H11
2–)-COOH 5.33 48.22 3.78 

DND-PG(10B12H11
2–)-PBA 5.10 51.35 4.16 

PBA (C6H8BNO2 = 136.95) 5.89 52.62 10.23 

PBA ‒ H2O (C6H6BNO = 118.93) 5.08 60.59 11.79 

Calculated amount of PBA moiety (as PBA ‒ H2O) based on the 
difference in N content g 

4.74% (0.40 mmol/g) 

𝑊𝑃𝐵𝐴−𝐻2𝑂(%) =
𝑁𝐷𝑁𝐷−𝑃𝐺( 𝐵 

10
12𝐻11

2−)−𝑃𝐵𝐴 − 𝑁𝐷𝑁𝐷−𝑃𝐺( 𝐵 
10

12𝐻11
2−)−𝐶𝑂𝑂𝐻

𝑁𝑃𝐵𝐴−𝐻2𝑂 − 𝑁𝐷𝑁𝐷−𝑃𝐺( 𝐵 
10

12𝐻11
2−)−𝐶𝑂𝑂𝐻

× 100 

 
g 10B12H11

2– moiety is considered to exist as 2Na salt, and the status of unreacted carboxylate moiety 
is not considered (‒COOH or ‒COONa). 

 

 

5. DND-PG(10B12H11
2–)-c(RGDyK) 

The loading amount of RGD peptide is estimated by integration value of tyrosine (Tyr) 

as shown in Table S5-7. The amount of c(RGDyK) is very small probably due to the 

unoptimized reaction condition. 

 

Table S5-7. Estimation of the amount of RGD peptide. 

Proportion of DND-PG-COOH in DND-PG(10B12H11
2–)-COOH 

(see S5-2-3, 100% ‒ 16.5%) 
83.5% 

PG/DND ratio (see S5-2-1(ii)) 71.3% 

Proportion of glycerol unit 88.8% 

Proportion of glyceric acid unit 11.2% 

Molar amount of monomer unit in 1 g of PG layer 12.7 mmol 

in DND-PG(10B12H11
2–)-COOH 7.53 mmol 

Average number of aliphatic protons in 1 monomer unit 4.80 

Ratio of integration value of Tyr (aromatic, 4H) to PG layer in 1H NMR 0.0015 

Molar ratio of Tyr to PG (monomer unit) 0.0018 

Molecular weight of c(RGDyK) (free form) 605.65 

Loading amount of c(RGDyK) on 1 g of DND-PG(10B12H11
2–)-COOH in mole 0.0136 mmol 

by weight 8.22 mg 

content in DND-PG(10B12H11
2–)-c(RGDyK) 0.82% 

10B content 7.91% 
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S5-3. Synthesis of [10B12H11S2–](Pgy) 

 

 

 

 

Scheme S5-1. Synthetic scheme of [10B12H11S2–](Pgy). 

 

 

 

Bis(tetramethylammonium) S-(2-propynyl)thioundecahydro-closo-dodecaborate(10B) 

([(10B12H11
2–)S](Pgy)·2TMA) 

Aqueous NaOH solution (10 wt%, 192 μL, net 19.2 mg, 0.48 mmol) was added in water (4.0 

mL) and the mixture was vacuum degassed with sonication. Sodium mercaptoundecahydro-closo-

dodecaborate(10B) (10BSH, 100.9 mg, 0.48 mmol) was dissolved, then acrylonitrile (60 μL, 0.92 

mmol) was added. The mixture was stirred at room temperature under nitrogen atmosphere for 5 

h. The aqueous solution was washed with ethyl acetate (ca. 10 mL) three times and the aqueous 

layer was evaporated to give colorless oil (204 mg) of S-(2-cyanoethyl)thioundecahydro-closo-

dodecaborate(10B) ([(10B12H11
2–)S](AN)). ESI-MS (negative, m/z): Anal. 108.6245 (M2−); Calc. 

for (C3H15
10B12NS)2− 217.2478. 

The oil of [(10B12H11
2–)S](AN) was dissolved in the mixture of acetonitrile (MeCN, 20.0 mL) 
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and water (5.0 mL), and added a solution of propargyl bromide (199 μL, 314 mg, 2.64 mmol) in 

MeCN (2.0 mL) and water (0.50 mL) slowly, then the mixture was stirred at room temperature 

overnight. The reaction was evaporated to dryness, and the residue was added with MeCN and 

evaporated again to remove remained water. MeCN (~10 mL) was added to the residue and 

insoluble salt was filtered off. The filtrate was evaporated to give a crude product of S,S-[(2-

cyanoethyl)-(2-propynyl)]sulfonioundecahydro-closo-dodecaborate(10B) 

([(10B12H11
2–)S+](AN)(Pgy)) as pale-yellow oil (170 mg). ESI-MS (negative, m/z): Anal. m/z 

256.2669 (M−); Calc. for (C6H18
10B12NS)− 256.2712. 

The crude [(10B12H11
2–)S+](AN)(Pgy) was dissolved in acetone (2.0 mL) and added with 

methanol solution of tetramethylammonium hydroxide (10 wt%, 1.04 mL, 0.96 mmol) resulting 

in white precipitate. The precipitate was collected by filtration. The residue was washed with 

small amount of acetone then dried in vacuo at room temperature to give 

bis(tetramethylammonium) S-(2-propynyl)thioundecahydro-closo-dodecaborate(10B) 

([(10B12H11
2–)S](Pgy)·2TMA) as off-white to pale yellow powder. Yield 151 mg (theoretical yield 

167 mg). The product was used for the click reaction without further purification although it might 

contain inorganic salt (NaBr) as an impurity. The filtrate was once evaporated to dryness and 

suspended in acetone to obtain pale yellow powder material (36.2 mg). ESI-MS (negative, m/z): 

Anal. m/z 101.1172 (M2−); Calc. for (C3H14
10B12S)2− 202.2369. 
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Figure S5-1. a) 1H NMR and b) 10B NMR spectra of [(10B12H11
2–)S](Pgy) in DMSO-d6, and c) 

ESI-MS spectrum of [(10B12H11
2–)S](Pgy). In NMR spectra, signal of DMSO at 2.50 ppm in 1H 

NMR and 10B(OH)3 at 19.49 ppm in 10B NMR are set as references. 
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S5-4. ζ-Potential of nanodrugs and protein corona formation 

 

ζ-potential of nanodrugs were measured in PBS as shown in Figure S5-2. The samples with 

10B12H11
2– moiety exhibited lower ζ-potential than the samples without 10B12H11

2– moiety. It may 

be because the boron cluster takes a divalent anion form making a 26 (4n + 2) delocalized electron 

system, and this negative charge is thought to be stable (strong). 

Then, the amount of adsorbed serum protein on each material was evaluated. Aqueous 

dispersion of nanodrug samples with and without 10B12H11
2– and targeting moieties, and 

unmodified DND core and DND-PG as references, were incubated in phosphate buffered saline 

(PBS) with 10% FBS. After washing with water, adsorbed proteins were detached and subjected 

to the bicinchoninic acid assay (BCA assay) to quantify as total protein. As the result, nanodrugs 

with 10B12H11
2– moiety exhibited protein corona formation in 88.7‒133.4 μg on 1.0 mg of 

nanodrug (purple bars in Figure S5-3), whereas almost no protein was adsorbed without 10B12H11
2– 

moiety as the surface should have negative charge by mild acidic ‒COOH (red bars). The stronger 

negative charge of 10B12H11
2– should have taken part in the electrostatic interaction with serum 

proteins. moiety Compared with DND core (blue bars), the amount of adsorbed protein on 

10B12H11
2– functionalized materials (purple bars) is moderate that does not make sedimentations 

in the presence of FBS, but it is larger than unmodified DND-PG (green bars) indicating some 

influences should have occurred by the protein corona formation. 
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Figure S5-2. ζ-Potential of nanodrugs in PBS (sample concentration: 0.1 wt%). 

 

 

Figure S5-3. The amount of adsorbed protein on the surface of unmodified DNDs (blue bars), 

DND-PGs (green) and DND-PG-COOH relevant nanodrugs with and without 10B12H11
2– moiety 

(red and purple, respectively). DND(+) and DND(‒) represent DNDs of positive and negative -1-

potentials, respectively. All DND-PG-COOH relevant nanodrugs in red and purple are made of 

DND(+). The contents of PG layer in DND(+)-PG and DND(‒)-PG are 66.3% and 62.5%, 

respectively.  
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Chapter 6: Conclusion 

In this thesis, the author first worked for precise and quantitative elucidations of the structure 

of PG functionalized NDs (DNDs and HPHT-NDs) with the development of the scalable and safe 

process that can control the amount of PG loadings (PG/ND ratio) precisely. Based on the results, 

further modification on DND-PG, quantitative characterization and biological evaluation were 

conducted for boron-10 carriers as BNCT agents. 

In the PG functionalization process, EG was used as a solvent along with dropwise-addition 

of GD, which would prevent unexpected runaway reactions to make the ring-opening 

polymerization of GD safer. It was found that PG/ND ratios in ND-PGs can be theoretically 

predicted and controlled by the properties of ND core, the diameter, the oxygen content, and the 

reaction conditions; the amounts (weights) of GD, ND and EG. In 13C NMR analysis of the 

resulting ND-PGs, the substructure abundances of monomer (glycerol) units were estimated, by 

which the amount of primary ‒OH group is quantified in combination with TGA result. In 

addition, behaviors in DLS measurement by the sample concentration and ionic strength in the 

dispersion were investigated to find the conditions to give reliable data. From DLS results under 

the conditions, the thickness of PG layer in aqueous dispersion, or the length of PG chain, was 

determined. The differences in the sizes determined by DLS and calculated by TGA indicate that 

the PG chain in DND-PG might be flexible to swell with water in aqueous dispersion probably 

due to the higher curvature of DND. 

Novel ‒COOH containing PG functionalized DNDs was developed via the oxidation of 

primary alcohol in PG chain to carboxy group with nitroxyl radical catalysts known as TEMPO. 

The reaction can be performed under aqueous conditions with inexpensive fundamental inorganic 

oxidant like NaClO2 with small amounts of NaClO. Behavior of the reaction was investigated to 

find that the amount of COOH can be precisely controlled in an almost stoichiometric manner for 
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a range of COOH content ≤ 1 mmol/g while the cleavage of PG chain occurs with the large amount 

of oxidant for the larger COOH content. The product with controlled COOH content can be 

applied to further functionalization for various applications. 

As for the biomedical application based on DND-PGs, PBA functionalized DND-PG for a 

BNCT agent was synthesized via multistep chemical transformation. 10B-enriched PBA moiety 

was introduced to contain the percent order of boron-10 atoms via reductive amination of the 

corresponding aldehyde with DND-PG-NH2 to give DND-PG-PBA. To grant the good 

dispersibility under physiological conditions, PBA with boronic acid moiety at the o-position of 

the aldehyde, corresponding to aminomethyl group after the reductive amination, was employed 

to form the Wulff-type coordination. To address the aggregation problem in the presence of serum 

protein, the amino groups of DND-PG-PBA were succinylated and methylated. The resulting 

nanodrug was confirmed to be accumulated in the tumor tissue and exert BNCT efficacy upon 

the neutron irradiation. 

Since BNCT efficacy of the above nanodrug was thought to be insufficient, another boron 

delivery agent with a boron cluster, 10B12H11
2‒ moiety, and an active targeting moiety, PBA or 

RGD peptide, was designed and synthesized. To construct the nanodrug, 10B12H11
2‒ moiety was 

first conjugated by click chemistry at the ‒OH groups of ND-PG-COOH, which was prepared by 

the oxidation of DND-PG described above. Then, PBA or c(RGDyK) moiety was introduced at 

the ‒COOH groups through amide linkage. The nanodrugs have 10B content of 7.6 ‒ 8.0% that is 

much higher than the previous one and exhibit good dispersibility under physiological conditions. 

In vitro neutron irradiation experiments exhibited high BNCT efficacies in nanodrugs with 

10B12H11
2‒ moiety, showing small differences with and without targeting moieties. TEM 

observations of the cells treated with the nanodrugs indicate that 10B12H11
2‒ moiety itself facilitates 

cellular uptake much more than the active targeting moieties of PBA and c(RGDyK) due to the 

negative charge of the boron cluster, resulting in similar BNCT efficacies among these nanodrugs. 
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The results in this thesis should provide useful information for the precise and quantitative 

design and preparation of ND-PGs including DND-PGs, and further chemical transformation of 

ND-PGs especially for biomedical application ranging from the laboratory scale to clinical and 

industrial purposes. In addition, through the precise control of ND-PGs and their related materials, 

the door to new insights in the behaviors of ND-PGs in vivo might be opened. The BNCT 

nanodrug based on ND-PG and ND-PG-COOH would serve as lead materials of BNCT agent, 

especially by combining with the prominent properties of ND core such as fluorescent property. 

The multiple functionalization process in this thesis can be applied to nanodrugs with a variety of 

structural and functional features. The author expects to create more effective nanodrugs for 

BNCT in near future. 
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