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PREFACE

Fluorescence imaging is a powerful tool for visualizing how biological molecules be-
have in cells. As a novel imaging probe, fluorescent nanodiamond has been received
increasing attention. Its perfect photo-stability and optically detected magnetic res-
onance signal are expected to open up a new field of biology, especially magneto-,
electro- and thermo-sensing.

This thesis contains authors works and discussions at Department of Molecular
Engineering, Graduate School of Engineering, Kyoto University during the period
from April 2010 to March 2015. The main purpose of this thesis is to prepare the bio-
applicable nanodiamonds as optically detected magnetic resonance (ODMR) probe.
Part I Chapter I provides the studies of ion irradiation for producing nanodia-
monds containing negatively-charged nitrogen-vacancy centers. Chapter II provides
charge state conversion for enhancing the ODMR intensity. Chapter Il provides
a comprehensive analysis for controlling chemical/physical states and properties of
nanodiamonds subjected to annealing and oxidation processes. Chapter IV provides
a selective targeting method of nanodiamonds to bio-molecules of interest. The

summary of this thesis is provided in Part III.
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Part 1

General Introduction



Fabrication of diamond crystal

Diamond is one of the crystal form of carbon. They are naturally formed at high-
pressure (more than 30 kilobars) and high-temperature (more than 400 degrees) in
the Earth mantl,[1, 2] which occurs over long period of more than one billion years.
In recent years, artificial synthetic methods have developed such as High-Pressure
High-Temperature (HPHT), Chemical Vapor Deposition (CVD) and Detonation.
HPHT is the first developed synthesis of diamond by General Electric in 1954.[3]
This method essentially mimics the natural process; diamonds are created deep in
the earth where high-pressure high-temperature condition makes carbon crystals to

the high density structure such as diamond (Figure. 1). This process makes it easy
8 T

| H | . | )
B Natural genesis W
| Diamond stable

region
R HPHT synthesis

Graphite stable -
region

Pressure / GPa
'S
|

CVD synthesis I
T e e 1

0 500 1000 1500 2000
Temperature / °C

Figure 1. Phase diagram for carbon indicating main regions of pressure-temperature space
in which diamond growth occurs.

to control the quality and geometry of diamond crystal, however, the experimental
condition of pressure as 60,000 atmosphere is quite tricky and costly.

CVD is also the popular method for preparing synthetic diamond, which was
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first performed in 1952 and work leading to industrialized processes was reported
in the 1980s.[4, 5] The process generally takes place at below atmospheric pressure.
The starting material, typically a mixture of methane and 1 to 5% of hydrogen
gasses, is broke into fragments and reassemble into diamond on a surface of wafer
by arc jets, microwaves, blowtorches of laser. The method enables the relatively
large sized-diamond, but growth ratio is low (typically 1 pm per hour).

Detonation process is also famous method for the production of diamond. In
1963, Ukrainian physicist found that soot from the explosion of a 1:1 mixture of
TNT-hexogen, which is military explosive, contained nano-sized diamonds in high
concentration.[6] These diamonds are called detonation diamonds. They have been
produced on industrial scale mainly in Russia and China since about 1990s. Their
primary size is extremely small as 4-5 nm in diameter. Normally they form sub-
micron-sized aggregation, so beads milling is required for deaggregation. Such det-

onation diamonds are commonly used as lubricant and abrading agent.

Color centers in diamond

Diamond has a lot of color centers in the crystal structure, for example, neutral
vacancy (GR1), nitrogen-vacancy center (NVC), nitrogen-nitrogen-vacancy center
(H3) and nitrogen-nitrogen-nitrogen-vacancy center (N3) (Figure 2). Each color
center has been well characterized by optical.[7] In these centers, NVC is the well-
studied one, which is formed by a substitutional nitrogen atom combining with
an adjacent vacancy. NVCs absorb the photons in the range of green, and emit

fluorescence in the near-infrared region (Figure 3).
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Figure 2. Vacancy related color centers in diamond: (a) GR1, (b) NVC, (c)H3, (d)N3.

Table 1. Properties of some vacancy-related defects.?

Color centers ZPL (nm) A, (nm) 7 (ns) Q.Y.

GR1 741.2 898 2.55 0.014
NV~ 637.6 685 11.6  0.99
NV 575.4 600 - -

H3 503.5 531 16 0.95
N3 415.4 445 41 0.29

2 Listed are zero-phonon lines (ZPL), emission maxima
(Aem), emission lifetimes (7), and quantum yields

(QY)
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Figure 3. Fluorescence spectrum of NVCs.

In general, this color center rarely exists in natural diamond, so some additional
process are required for the introduction of NVCs. In type Ib diamonds, nitrogen
atoms are contained in the crystal as impurities for 1 to 100 ppm,[8] however, lattice
vacancies are very few.[9] To improve the concentration of vacancies, irradiation by
high energy particle such as electrons, protons, neutrons and ions is reported to be
quite effective technique.[10, 11, 12, 13, 14] Then the diamond samples are thermally
annealed at 800 °C in vacuum in order to pairing the each of nitrogen atom and
vacancy, then forming an NVC.[14, 15] Subsequently, oxidation process such as acid
treatment or thermal oxidation in air are applied for the elimination of surface
contamination and graphite caused by annealing process, and therefore increase the

brightness of NVCs.[16, 17]

Fluorescence properties of NVC

Nanodiamonds (NDs) emit visible fluorescence from intrinsic NVCs, but their
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wavelength of emission is influenced by the particle size, excitation source, as well
as how the diamond material is made.[18, 19, 20, 21, 22] There are two types of

NVCs, each with a different charged state (Figure 4).[23, 24]

ODMR-negative ODMR-active

Figure 4. Two types of NVCs: Neutral NVC (NV) and negatively-charged NVC (NV ™).

One is a neutral NVC (NV?, electron spin: S = 1/2), while the other is a negatively-
charged NVC (NV~| electron spin: S = 1), represented by zero-phonon lines at 575
and 637 nm respectively.[25, 26] Both NVCs show excellent photo-stability. They
emit fluorescence with a high quantum yield of 0.7, and it shows neither undesirable
photo-properties such as photo-bleaching nor photo-blinking.[11, 27] Its excellent
properties enable long-term in vivo and in vitro bio-imaging, which is not readily
achieved by commonly used fluorescent agents such as organic dyes and fluorescent
proteins.[13, 28, 29, 30, 31, 32| It has also been reported that the NDs are highly
bio-compatible and non-toxic to various kinds of cell types, and are thus superior to

quantum dots which often show cyto-toxicity.[33] Table 1 displays the comparison
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of the properties of ND, quantum dot, fluorescence dye and fluorescent protein.

Table 2. Properties of various fluorescent agents.

ND (NVC) Quantum dot Fluo. dye Fluo. protein

Photo-bleaching No Yes Yes Yes
Photo-blinking No Yes Yes Yes
Quantum yield 0.7 0.1~0.8 0.1~0.3 0.6
Fluorescence lifetime ~20 ns ~10 ns ~2 ns ~4 ns
Toxity No Yes - No
Chemical stability High Low - Low

It is found that NDs are superior to another fluorescent agent in many aspects.
These advantages of the NDs over conventional fluorophores could make them a

potential candidate for optical bio-imaging probes.

Optically detected magnetic resonance

NVC has another unique optical property in addition to the the perfect photo-
stability. Both NVCs (NVY and NV™) emit fluorescence, but only NV~ allows for
optical read out of electron spin (ODMR: optically detected magnetic resonance).
NV~ has trigonal Cs, symmetry and ground state forms a spin triplet (S = 1). The

spin dynamics is governed by the following Hamiltonian,
1
H = gupBS + D[S? — gS(S +1)] + E(S2 - 5)), (1)

Where g, pug, B, S, D and E are g-factor for electron, Bohr magneton, external
magnetic field, electron spin vector (S = 1 for triplet state), fine-structure zero-field

splitting and strain induced splitting coefficient, respectively. The working principle
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of ODMR is following. Figure 5 shows the schematic energy diagram of NV .

m,==*1
3
E— m=0
m,= =1

. NG
Fast relaxation

pathway (~20 ns)

3A2 —

Ay
— Az
\
E \ Intersystem
B \ crossing (~50%)
\
E \
\
$ '
1A1
/
/
/
E 7 Slow relaxation
// pathway (~500 ns)
b
Ay

8

o
D
L]

Fluo. intensity (%)
o o
2 &

0.92}

ugu}

2750

2800 2850 2900
RF frequency (MHz)

2950 3000

Figure 6. ODMR spectrum.
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The crystal fields together with the on-site magnetic interaction separate three de-
generated spin state into two energy levels of ms = 0 and degenerated ms = +
1, which is split by 2.87 GHz without external magnetic fields. Microwave (MW)
irradiation at this frequency induces electron spin magnetic resonance between ms
= 0 and degenerated ms = * 1 spin levels, which results in a reduction of the fluo-
rescence intensity from NV~ due to spin-dependent intersystem crossing.[34] Thus
ms = = 1 fluorescence less than the ms = 0 state, with a difference in initial fluores-
cence of ~20 to 40%. Namely, MW-assisted electron spin resonance can be detected

by the fluorescence intensity. Figure 6 shows the typical ODMR spectrum.

Recent studies of biological investigation through nanodiamonds

A lot of papers have reported the biological investigation using ND as fluores-
cence or ODMR probes. Chang et al. demonstrated three-dimensional tracking of a
single ND particle within the cell over 200 s.[13] Wu et al. showed fluorescent ND can
identify transplanted CD45—CD54+CD157+ lung stem /progenitor cells in vivo, and
track their engraftment and regenerative capabilities with single-cell resolution.[35]
Kusco et al. demonstrated that NV~ in diamond can be used as robust temperature
sensors that combine the virtue of submicrometre spatial resolution, subdegree ther-
mal sensitivity and biocompatibility.[36] McGuinness et al. measured the location,
orientation, spin levels and spin coherence times with nanoscale precision in living
cells.[37] Geiselmann et al. showed the three dimensional spatial manipulation of
individual NDs hosting a single NV spin.[38] Igarashi et al. demonstrated real-time

back-ground free selective imaging of NDs in cell and C.elegan.[31] In spite of these
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excellent studies, single molecule measurement has not been demonstrated yet. As
NDs can determine the orientation of nitrogen-vacancy axis towards external mag-
netic fields with 1 degree precision, molecular dynamics of ND-labeled protein can

be precisely measured in real-time and in vivo.

Preparation of bio-applicable nanodiamonds

Application of NDs to biological investigation is restricted by following problems.
Concentration of NDs containing NV~s is too low to perform ODMR experiments.
For improving the concentration of NV~s in NDs, ion irradiation is the potential
method. In my study, I elucidated the optimal condition of ion irradiation for
producing the NDs containing NV~s (Chapter I, Part II). Particle size of NDs are
also important for bio-imaging, because protein labeling of too much large sized
NDs hampers the protein dynamics. Ideally, it is preferable that the size of NDs
is single-digit nanometer, however, magneto-sensing from such small NDs have not
been achieved yet. Here I report the magneto sensing by detonation synthesized nan-
odiamonds (DNDs) (Chapter II, Part II). Particle properties and physical/chemical
states of NDs through annealing and oxidation process, which are indispensable steps
for producing fluorescent NDs, are still remains unknown. Specifically, the weight
loss, particle size, crystal quality, chemical bonding states of carbon and oxygen,
zeta potential, dispersibility, and fluorescent and optically detected magnetic reso-
nance (ODMR) properties were determined using x-ray diffraction (XRD) analysis,
transmission electron microscopy (TEM), elemental analysis, dynamic light scat-

tering, Raman analysis, x-ray photoelectron spectroscopy (XPS), IR spectroscopy,
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and a home-made fluorescence and ODMR microscope (Chapter III, Part II). Dis-
persibility of NDs in physiological media is quite low, and non-specific adsorption
of biomolecules on the surface through hydrophobic interaction lead to decreased
of reliability for target specificity. Here, I quantitatively elucidated that a hyper-
branched polyglycerol modified NDs realize both excellent dispersibility and marked
suppression of non-specific adsorption to proteins. Moreover, selective targeting to
the proteins of interest, and a measurement of optically detected magnetic resonance

from the NDs on living cells are demonstrated (Chapter IV, Part II).

Experimental set-up

In my study, I try to apply those excellent optical properties of NDs for bio-
logical investigation. Figure 7 is a schematic diagrams of the experimental set-up.
The field of view was illuminated with a 532-nm Nd:YAG laser, and fluorescence
images were measured by an electron multiplying charge coupled device (EMCCD)
camera. The emitted light was collected by an oil immersion 60 or 100 x objective
(NA=1.49), passed through a dichroic mirror centered at 575 nm and a long-wave
(short-wave) pass filter longer than 590 nm (shorter than 845 nm) to detect the
fluorescence signal from NVCs. The microscope was equipped with a MW coil and
triaxial electron magnet above sample stage for irradiating the resonant frequency

and external magnetic fields.
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Figure 7. Schematic diagram of the experimental set-up.
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Abstract

Fluorescence fom negatively-charged nitrogen-vacancy centers (N\&) in dia-
monds has unique optical properties with none of the undesirableftects such as
photo-bleaching and photo-blinking. In addition, the spin-dependent fluorescence
intensity of NV~ allows us to perform optically detected magnetic resonance (ODMR)
investigation for evaluating the presence of NVs and for the electronic local environ-
ment. In this work, we irradiated H *, He*, Li* and N* ions to nanodiamonds with
a median size of 26 nm at various irradiation energies and doses for improving the
NV~s concentration. ODMR observations of the nanodiamonds showed that ion ir-
radiation increased the number of nanodiamonds containing NVs up to 200 ppm,
whereas without ion irradiation, only few NV ~s were found. The number of nanodi-
amonds containing NV's at various ion irradiation doses was not monotonous, but
had maxima at certain irradiation doses. These results suggest a competition in two
opponent roles of vacancies,fective for pairing with nitrogen atoms and as defects
for developing damage in crystalline. We also found that sharp and strong ODMR
signals were obtained from nanodiamonds irradiated at the optimal condition for
the highest yield of NV's. We concluded that He ion irradiations with 60 or 80 keV
at a dose of 1x 10 ions per cn? are the conditions required for the most dficient

production of a high quantity of nanodiamonds containing NV's.
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1. Introduction

Fluorescennhanodiamonds (FNDs) have been attracting much attention as new bio-
imaging probes due to their unique optical properties. The negatively-charged nitrogen-
vacancy color center (NVj in FNDs, which is formed by a substitutional nitrogen atom
combining with an adjacent vacancy, is responsible for fluorescence that is emitted in
the near-infrared region (600-800 nm) with a high quantum yield of 0.7.[1, 2] Its well-
known photo-stability of displaying neither photo-blinking nor photo-bleaching enables
long-term in vivo and in vitro imaging, which is not readily achieved by commonly used
fluorescent agents such as organic dyes and fluorescent proteins.[3-5] It has also been re-
ported that FNDs are highly bio-compatible and non-toxic to various kinds of cell types,
and are thus superior to quantum dots which often show cyto-toxicity.[6, 7] These advan-
tages of FNDs over conventional fluorescent dyes could make them a potential candidate
for optical bio-imaging probes.[5, 8, 9]

Optically detected magnetic resonance (ODMR) has been demonstrated for detection
of a single NV at ambient conditions[10], and significant attention has been paid in the
field of quantum information[11], magnetic sensing[12, 13] and bio-application[14, 15].
In particular, advanced applications in the nano-scale sensing of magnetic[16, 17] and
electric fields[18] and temperature[19] require a long-time coherence of spin state, which
strongly depends on the quality of the diamond matrix. For this reason, methods for
synthesizing high quality nanodiamonds and thient production of NVs are highly
desired. Here, we report the effects of ion irradiation on the production oé\Vnan-
odiamonds.

There are two types of nitrogen-vacancy centers (NVCs), each witteaatit charged
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state.[20, 21] Onés a neutral NVC (NV, electron spin: S= 1/2), while the other is a
negatively-charged NVC (NV, electron spin: & 1), represented by zero-phonon lines at
575 nm and 637 nm respectively.[22, 23] Both NVCs emit fluorescence, but only the NV
allows for measurement by ODMR. The ground state of \/a spin-triplet, and the spin
sublevels, ms- 0 and ms= + 1 are split by 2.87 GHz. The spin sublevels s 1 are
degenerated in the absence of an external magnetic field. Microwave (MW) irradiation at
this frequency induces electron spin magnetic resonance betweeg arsd degenerated
ms= = 1 spin levels, which results in a reduction of the fluorescence intensity from NV
due to spin-dependent intersystem crossing. On the other hantijsNksensitive to
MW irradiation. By comparing the fluorescence intensity upon MW irradiation, we can
distinguish the two types of NVCs, as shown later.

In general, the concentration of NVCs in diamond is on the order of sub ppm.[16]
The existence probability of NVCs contained in nanodiamonds is lower than that of in
bulk diamonds, because vacancies are annihilated at the surface.[24] In order to increase
the concentration of NVCs in nanodiamonds, the method of ion irradiation is commonly
used for creating carbon vacancies.[3, 25] In this technique, ionized atoms are acceler-
ated and are allowed to penetrate into nanodiamonds, where collisions of the ions with
atoms force the carbon atoms to be expelled, resulting in the creation of vacancies. Sub-
sequent thermal annealing at 80D leads to trapping of moving vacancies by nitrogen
atoms which pre-exist in the diamond lattice, thereby forming an NVC.[26] Although
this method is quiteféective, optimal conditions for producing a high quantity of &V
in nanodiamonds are still unknown. In this study, we also investigated how ion irradiation

affects the production of nanodiamonds containing 8)\and their ODMR spectra when
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irradiated by H, He*, Li* and N ions. Furthermore, we elucidated the optimal irradia-

tion condition.

2. Experimental section
2.1 Sample preparation

In our experiments, we used synthetic type Ib nanodiamonds which contain typically
100 ppm nitrogen atoms (MicrerMDA Element Six). A suspension of nanodiamonds in
Milli-Q water was centrifuged at 15,000 rpm for 20 min, and the supernatant was freeze-
dried. The median size of the nanodiamond particles was determined by dynamic light
scattering (DLS) to be 25.9 nm (Figure 1).

2 ul of a nanodiamond suspension in Milli-Q water at a concentration of 2 mg/ml
was dropped on the surface of a silicon wafer measuring one centimeter square, and sub-
sequently spin-coated at 7,000 rpm for 20 s. To estimate the number of nanodiamonds
on the silicon wafer, we carried out atomic force microscope (AFM) measurements and
obtained the images of prepared samples (Figure 2), from which we directly counted the
number of nanodiamonds which cover an area of 1?mma wafer to be 1.6 10° par-

ticles.

2.2 lon irradiation

The samples were irradiated by HHe", Li* and N ions in vacuum at  1¢& Pa under
various energy and dose conditions at Takasaki Advanced Radiation Research Institute
JAEA. The ion penetration depth and the number of vacancies created per incident ion

at a given irradiation energy were evaluated in advance by SRIM ftipw.srim.org)
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Figure 1. Rrticle-size distribution of nanodiamonds as measured by dynamic light scattering
(DLS).

Figure 2. (a)AFMimage of spin-coated nanodiamonds on silicon wafer. (b) Close-up image of

(a).
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(Table 1). For obtaining desired dosages, ion beam currents in the range of 0.1 nA to
300 nA and the exposure times were adjusted. Under the conditions employed in this
experiment, most ions passed through the nanodiamond arrays. After the irradiation, the
samples were thermally annealed at 8@under a reduced pressure~df Pa for two

hours, for the purpose of pairing nitrogen atoms and vacancies. Since the graphite layer
on the surfaces of nanodiamonds interferes with fluorescence emission fros) e

layer was removed by oxidizing at 500 under atmospheric conditions for two hours.

2.3 Count of nanodiamonds containing N\vand measurement of its ODMR

The number of nanodiamonds containing é\generated by ion irradiation was coun-
ted by the following method using a home-built fluorescence microscope. In our experi-
mental set-up, the field of view was illuminated with a 532-nm Nd:YAG laser at 7 mW,
and fluorescence images (4th x 40 um) were measured by an electron multiplying
charge coupled device (EMCCD) camera. The emitted light was collected by an oil im-
mersion 60x objective lens (NA=1.49), and passed through a dichroic mirror centered
at 575 nm and a long (short)-wave pass filter longer than 590 nm (shorter than 842 nm)
to detect the intrinsic signal. The microscope was equipped with a computer-controlled
moving stage. Firstly, the sample was roughly scanned in a broad range of areas in steps
of 50 um. At each position, fluorescence images were measured while MW was swept
point-by-point across the resonant frequency from 2.865 to 2.875 GHz. The intrinsic flu-
orescence from NVs was deduced by the selective imaging protocol reported by Igarashi
et al..[15] This procedure provides a conventional fluorescence image as well as a se-

lective one, the latter displaying only a signal arising from N\orescence. Typical
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Table 1. Mean penetration depths and the distribution widths of stopped iohsHEt, Li* and
N*) implanted into a diamond crystal of sefént thickness. The calculation was made by SRIM.

lon Energy(eV) Range (A) Straggle (A) Vacancy (/ion)
H* 20 1281 229 4.7
H* 40 2135 248 5.4
H* 60 2903 258 5.7
H* 80 3647 298 6.2
He* 20 936 220 37
He* 40 1594 287 44
He* 60 2157 321 49
He* 80 2671 357 51
Li* 25 879 222 59
Li* 50 2135 320 76
Li* 75 2903 359 85
Li* 100 3647 406 91
N* 100 1150 218 190
N* 150 1650 271 224
N* 200 2126 293 245

N* 250 2565 335 265
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(b)
&

Figure 3. (a)Conventional fluorescence and (b) selective images of$\af the same area in the
sample [Hé, 60 keV, 1x 10'9]. Yellow circles indicate an area of co-existence of fluorescence
signals from NV's and non-NVs. The selective imaging as shown in (b) clearly eliminates
extrinsic fluorescence. Scale bar showsuir)

obtained images are shown in Figure 3. After the pre-scanning, the allocation numbers of
images which contained the fluorescence from BlWere listed and stored. In order to
precisely measure the entire ODMR spectrum for each nanodiamond containitsgiNV

the allocated field, a second run was performed with the MW swept widely from 2.820
to 2.920 GHz point-by-point. After acquiring hundreds of images in the latter process,
the number of nanodiamonds containing MWvas counted. The extraction of intrinsic

signals was done by setting a threshold for the signal intensity, so as to pick up the nanodi-
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amonds which contairoughly more than two NVs. Below, we abbreviate a particular
condition of ion irradiation by the notation [ion species, energy, dose pé soch as

[He*, 20 keV, 1x 104.

3. Results and Discussion

The numbers of nanodiamonds containing \produced per mfmas a function of
energy and ion dose for'fHe", Li* and N irradiation are listed in Table 2. Figure 4
shows a bar chart representation of the values given in Table 2. The resultsrcddi-
ation show no or very few instances of nanodiamonds containingsN¥ter irradiation
with less than or equal to ¢ 10'2 ions per cm. Production of nanodiamonds contain-
ing NV~s increased as ion dose increased, but doses higher that(* ions per cm
caused a decline in NVproduction. This turning point indicates the optimal condition
for NV~ production by H ion irradiation. The results for Hdon irradiation were found
to be similar to those observed for ktradiation, with the dose being one order lower in
magnitude. Lf ion irradiation showed a significantly loweffieiency of NV- production,
and N ion irradiation was observed to produce no é$\not shown). The results indi-
cate that the ion doses exert significant influence on NMduction, and that the optimal
conditions appear to be shifted to lower doses as the irradiation energy decreases. Consid-
ering our irradiation energies and the corresponding depth profiles (Table 1), some of the
incident ions may be trapped in the nanodiamonds at a finite probability and contribute
effectively to create vacancies. As a consequence, we found that the optimal conditions
for producing nanodiamonds containing N8/are 1x 10*ions per cm for H* and 1x

10'3 ions per cm for He*.
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Figure 4. Numbersf nanodiamonds containing N'¢ created by ion irradiation of H He" and
Li* ions as a function of irradiation energy and dose. The bar height indicates the number per 1
mm?. The Dose axis is a log scale.
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Table 2. Numbers of nanodiamonds containing N&/per 1 mm versus irradiation energy and
dose of H, He" and Li" ions.

lon Energy(eV) Dose (ions/ cn¥)

1x 10" 1x 102 1x 108 1x 10% 1x 10% 1x 10
H* 20 - 9 173 322 14 0
H* 40 . 4 77 246 152 2
H* 60 - 7 60 255 290 134
H* 80 - 5 31 281 231 4
He" 20 20 140 184 37 6 -
He* 40 20 110 300 157 3 -
He* 60 8 99 244 103 5 -
He* 80 9 59 318 198 4 -
Li* 25 19 211 64 4 0 -
Li* 50 11 178 105 4 1 -
Li* 75 24 104 163 3 0 -
Li* 100 6 65 148 14 5 -
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The number ohanodiamonds containing N8 produced by ion irradiation was es-
timated as follows. In our experimental set-up, approximatelyx1.60° nanodiamond
particles cover an area of 1 mron a silicon wafer. As 322 nanodiamonds containing
NV-s were observed for [H 20 keV, 1x 10*], one nanodiamond containing NV is
created per & 10° particles, yielding a density of 200 ppm. This number is a marked
improvement as compared to the case of non-irradiated nanodiamonds, in whiclrao NV
were observed.

In order to investigate the damage in the diamond crystal due to ion irradiations, the
ODMR spectra of the nanodiamonds containingWere evaluated, since the line shape
of the magnetic resonance spectra are is sensitive to distortions in the crystal lattice around
NV-s. We analyzed the spectra taken for $\treated by H, He" and Li* irradiation at
various conditions. Each ODMR spectrum was then fitted to a Gaussian function (Figure
5a):

y—y
Ay

f(v) = const- anQ—%( 92y, (1)

wherev, vg, a andAv are the MWfrequency, resonance frequency, depth and frequency
width, respectively. We focused on the deptland widthAv because they are good
indicators for the evaluation of inhomogeneity around§VIn particular, electrical in-
homogeneity caused by ion irradiation induces a distribution of the local crystal field
around NV's, thus causing broad line width and weak signal depth in the spectrum. As
shown in Figures 5b and 5c, the histograms of the parametansl4v of the spectra of

ion irradiated nanodiamonds have maxima around 3% and 12 MHz, and spread asymmet-

42



o
S—
o

gi.ﬂo- . - oot 20t )
§ 098¢ ; 15
£ g
g 0.96 3 10}
3 o
§ 0.94 5t
s
= 093g50 3540 2860 2880 2000 2920 g L3
o e o 0 2 4 6 8 10
Frequency (MHz) Signal depth & (%)
(c) (d)
30
40F 5 = fClass 1 Class 2
§ 25
g 30 =50 -
g < X,
5 20} s 15— .
i 3 10 .'.:.;_U'- .‘.-. . i
100 = G :!.‘#‘ ‘p' ""“'.. e
Eﬂ 5 - &
7
0t = 0 iClass 3 Class 4 Class 5 Class 6
0 5 10 15 20 25 30 0 B 4 6 8 10
Slgna.l width Av (MHz) Slgﬂﬂl deplh @ (%)

A
o
=)

—

Fluorescence intensity (a.u.) ..‘..E..
o
O
o0

0.96

0.94 .

0.92L . L " .

2820 2840 2860 2880 2900 2920
Frequency (MHz)

Figure 5. Numbersf nanodiamonds containing N'¢ created by ion irradiation of H He" and
Li* ions as a function of irradiation energy and dose. The bar height indicates the number per 1
mn?. The Dose axis is a log scale.

43



rically from 1%to 10% and from 5 MHz to 30 MHz, respectively. We further made in
Figure 5d a correlation plot between these two parameters to investigatéeitis ef ion
irradiation on the ODMR spectra, and divided the domain into six segments (classes 1 to
6). This classification made it easy to compare the spectral profiles belonging to these
categories. For example, the spectra of samples at, [B@keV, 1x 10 (blue dots

in Figure 5d) shown mainly in the lower-right area (classes 5 or 6) exhibit strong signal
depth and narrow widths. These features indicate that the irradiation condition produces
NV~s without large perturbation of the crystalline lattice. In contrast, the spectra of sam-
ples at[He, 80 keV, 1x 10 (green dots in Figure Fig. 5d) shown in the upper-left area
(classes 1 or 3) show shallow and broad signals. Figure 5e displays examples of ODMR
spectra picked from each class for comparison. The spectra from class 5 (brown) or 6 (or-
ange) show strong and narrow signals, which are suitable for application using ODMR. In
contrast, those from class 1 (blue) yielded shallow and broad signals, thus indicating that
such NV is not suitable. Consequently, a search for optimal conditions for irradiation
was conducted by calculating the ratio of the number of Bl#lassified in class 5 or 6 to

the total number of NVs. The results are listed in Table 3. The most suitable condition
for generating nanodiamonds giving high-quality ODMR was found to bé,[Bi@ or 80

keV, 1 x 10%], where more than 40% of the generated f8\belonged to class 5 or 6.

[H*, 40, 60 or 80 keV, x 104 and [He', 40 keV, 1x 10%] are in second place, with
approximately 30% of the generated N8/located in class 5 or 6. These conditions co-
incide with those producing the largest number of i$Vas seen in Figure tirradiation

was not effective both for producing a large number of Bl'eind for the creation of N\

yielding high quality ODMR signals.
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Table 3.Ratios of the number of nanodiamonds containing N¢lassified in class 5 or 6 to the
total numbers of nanodiamonds containing NMvith H*, He* and Li* ions irradiation.

lon Energy(eV) Dose (ions/ cn¥)

1x 102 1x 108 1x 10% 1x 10%
H* 20 - 0.06 0.11 -
H* 40 - 0.10 0.30 0.00
H* 60 - 0.13 0.28 0.15
H* 80 - 0.00 0.32 0.00
He' 20 0.05 0.18 0.00 -
He' 40 0.12 0.29 0.00 -
He* 60 0.15 0.44 0.05 -
He* 80 0.11 0.40 0.04 -
Li* 25 0.01 0.00 0.00 -
Li* 50 0.03 0.00 0.00 -
Li* 75 0.01 0.00 0.00 -

Li* 100 0.00 0.01 0.00 -
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Figure 6. Examplesf Raman spectra of nanodiamonds irradiated with lbas at 20 keV and

dose 1x 10 (red), 1x 10 (blue), 1x 103 (brown), 1x 10" (orange) and k 10 (green)
ions per cm. The signal intensities are normalized for comparison at 1332 cm

We also carried out Raman spectroscopic measurements to elucidate why the irradi-
ation with heavy ion species or an excess dose of lighter ions leads to a decrease in the
generation of NVs and the low quality of ODMR. Raman spectroscopy enables us to
evaluate the crystalline quality of diamonds.[27, 28] Diamond has a strong and sharp Ra-
man signal at 1332 cm attributed to spbonding carbon, while disorders of the crystal
lattice cause the appearance of a broad signal at 1568 cm

Figure 6 shows examples of Raman spectra of the nanodiamonds containitsg NV
created in this study. At all irradiation energies, the 1332'csp® peak decreased with
an increase in ion irradiation dose, while the band around 1458, evhich is attributed
to disorders of crystal lattices, increased. We evaluated the quality of the crystal structure
of the nanodiamonds containing N¥in terms of the intensity of the $piamond peak

divided by that of the disorder-originating band peak (Table 4). The ratio decreased as the
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Table 4. Crystal quality of nanodiamonds irradiated by ldr He* ion. The number in each
column is a ratio of Raman signal intensity ofdmwnding carbon (~1332 cmh) divided by that
of disorder induced band peaki500 cn1?).

lon Energy(eV) Dose (ions/ cn¥)

1x 102 1x 10%® 1x 10% 1x 10%
H* 20 - 1.34 0.75 -
H* 40 - 2.95 1.58 1.04
H* 60 - 3.49 1.11 0.44
H* 80 - 2.38 2.36 1.30
He* 20 2.61 1.06 - -
He" 40 4.46 1.22 0.61 -
He* 60 3.78 1.65 0.88 -
He* 80 5.89 1.24 0.70 -

irradiation dose increasehdicating that the high dose perturbed the crystal structures.
These results suggest that the generation of vacancies and the disruption of the crystalline
structure are competitive events. Generation of vacancies contributes to the formation of
NV~s until ion irradiation reaches the optimal dose, after which disruption of the crys-
tal structure is dominant, preventing the formation of l8\and enhancing the electrical
inhomogeneity that causes weak and broad ODMR signals. For similar reasons, ion irra-
diation of heavy ion species not only creates excess vacancies in nanodiamonds, but also
significantly disrupts the crystalline structure, resulting in no functionat NV
4. Conclusion

We explored the optimal conditions of ion irradiation for creating nanodiamonds con-
taining NV"s with a median particle size of 26 nm. The obtained best conditions were

He" ion irradiation at 60 keV or 80 keV with a dose of<l 10* ions per cm for the
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production of high-quantityand high-quality nanodiamonds containing NV The con-
sequent NVs exhibited strong intensities and narrow widths in ODMR spectra, which is
generally an indication of good crystalline. We also demonstrated that irradiation with
heavy ion species or an excessive ion dose leads to the destruction of nanodiamond crys-
tals, resulting in a decrease in the quantity and quality of §VIn particular, Raman
spectroscopy clearly revealed the gradual deterioration of crystalline upon those irradia-
tions, evidenced by the observation of the intensity shifted gradually from the diamond
sp® peak to the band characteristic of crystal disorder. The optimal irradiation condition
seems to imply a subtle competition of the role of vacancies not dfdgtese for pairing

with nitrogen atoms but also as defects for developing damage in crystalline. Our experi-
mental data supplies a guideline for optimal conditions of ion irradiation and facilitates a

wide range of studies involving N\8.
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Abstract

Negatively-chaged nitrogen-vacancy center (NV) in nanodiamond is one of the
prominent candidate for magneto-sensing probe, however such sensing have not
achieved by detonation nanodiamond (DND, size 5 nm). Here we report the magneto-
sensing by a single NV contained in a DND through optically detected magnetic
resonance (ODMR) signal. However, the signal is too small to conduct such exper-
iment, so we first demonstrated the ODMR signal can be enhanced by the surface
chemical termination of nanodiamonds (size 25 nm). We then elucidated that this
enhancement is ffective for DNDs. Furthermore we demonstrated the determina-
tion of orientation towards external magnetic field of ODMR enhanced single DND,
indicating such small nanodiamond can be used for single spin probe for nanomag-

netometry in biological system.
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1. Introduction

NVCs are well-studied chromophore centers in diamond crystal, each of which con-
sists of a substitutional nitrogen atom and adjacent vacancy in the crystal lattice of a dia-
mond. NVCs form in two difrent types of charge state, neutral-charged NVCs @)V
and negatively-charged NVCs (NY¥), characterized by their zero-phonon line at 575 nm
and 638 nm, respectively.[1] Among these two states, optical read out of the electron spin,
which is perfectly polarized in the triplet ground state m6 sublevel, is possible only
for NV~s.[2, 3] Owing to this property, single electron spin resonance can be measured
by optically detected magnetic resonance (ODMR) with high sensitivity even at room
temperature.[4, 5] Recently, many challenging studies such as ultrasensitive magnetome-
try in a nanoscale region,[6, 7] temperature sensing with sub-micrometer spatial resolu-
tion and sub-degree thermal sensitivity in a single cell,[8] and long-term tracking of cells
in vivo have been reported[9]. However, most of these studies used diamond nanoparti-
cles with the size of larger than 40 nm, and have not achieved withsN\@ntained in
detonation synthesized nanodiamonds (DNDs).

DNDs are currently produced in bulk scale as colloidal dispersion with primary parti-
cle size of 5 nm.[10, 11] Their mechanically rigid core and easiness of the surface chem-
ical modification is attractive for various fields of science.[12] Owing to their small size,
they are attracted in the application for bio-medical application.[13, 14] DNDs with NVCs
has reported by Smith et al[15], and Bradac et al and Baranov et al have reported the
ODMR signal arise from NVs contained in DNDs[16, 17], but single N\detection has
not been experimented. Generally, knowing the position of an i\diamond crystal is

quite dfficult, so the spatial resolution of those sensing is determined by the size of a nan-
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odiamond particle. Hencégtection and control of the spin in such Nyive promising
applications for the sensing with ultra-high resolution.

In the natural state, DNDs are supposed to contain thesNar effective concen-
tration, so we are tried to the charge state conversion by surface termination. Recently,
charge state conversion from RY6 NV~ has attracted a great deal of attention owing to
growing interest in ODMR experiments. Because ODMR intensity is determined by the
ratio NV-/ (NV° + NV-), charge state conversion from RY6 NV~ enables more sensi-
tive ODMR detection. It has been reported that the charge state of NVCs located close to
the surface are largely influenced by chemical terminations on the surface.[18, 19] Sur-
face termination by hydrogen, which has lower electron negativity than carbon, exhibits
negative electronfinity on the diamond’s surface. Water layers adsorbed on the surface
of the diamond accept electrons and lead to the surface band bending upwards, resulting
in an accumulation of hole and enhancement of the population 86N&0, 21] By con-
trast, surface termination by atoms such as oxygen that have higher electronegativity than
carbon results in a higher density of N&/ From this point of view, fluorine termination
is reported to be more efEtive for charge state conversion from f\tg NV~ as compared
with oxygen termination.[22] Nevertheless, previous studies have provided only limited
information such as the ratio NY (NV° + NV~) by comparing individual fluorescence
intensity of zero-phonon lines. Direct measurement of how much the ODMR signal is
enhanced by surface termination would be informative; however, studies that report the
intensity level have not been reported so far. At first, we investigatediibet ef surface

chemical terminations in nanodiamonds (NDs, size 25 nm) on ODMR intensity.
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2. Results andDiscussion

We prepared bare-, COOH- and OH-terminated NDs (ND-bare, ND-COOH and ND-
OH, respectively) (see experimental section). ND-COOH and ND-OH were expected to
enhance ODMR intensity because the charge state of NVCs is converted from ODMR-
inactive N\s to ODMR-active NV's. In addition, these groups are easily activated
through carbodiimide chemistry or silanization unlike fluorine termination[23] So they
are favorable for chemical, medical and biological applications of NDs.

The ODMR signal is detected as a decrease in fluorescence intensity when micro-
wave (MW) irradiation is applied at a frequency of 2870 MHz. The ground state of
NV~ is a spin-triplet, and the spin sublevelss g 0 and degenerated g = 1, are
split by 2870 MHz.[24] MW irradiation at this frequency induces electron spin magnetic
resonance between the |0 and m = = 1 spin levels, which results in a reduction in the
fluorescence intensity from NVdue to spin-dependent intersystem crossing. Here, we
measured ODMR signals arising from NDs with a chemically modified surface. To detect
the ODMR signals, we used a custom-built microscope established by Igarashi et.al.,[25]
comprising an inverted fluorescence microscope equipped with a MW irradiation system
to manipulate the electron spin of the NVCs. We used this microscope to monitor the
fluorescence intensity of NVCs while sweeping the MW frequency.

First, we observed the fluorescence of NDs scattered on glass plates. Figure 1a shows
an example of the time course of the fluorescence intensity of an ND without MW irradi-
ation and the corresponding histogram of fluorescence intensities. It can be observed that
the fluorescence intensity is constant without photo-blinking or photo-bleaching, and the

histogram shows a single peak in distribution without MW irradiation. Figure 1b shows
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Figure 1. Exampldime course of the fluorescence intensity of an ND and its corresponding
histogram. (a) Without microwave irrradiation. The histogram is fitted with a single Gaussian.
(b) With MW irradiation alternatively OFF and ON at 2870 MHz. The histograms are fitted with
Gaussians.

the time course of fluorescence intensity and the corresponding histogram of the same
ND, with alternately on-and{birradiation at 2870 MHz. Synchronization of the fluo-
rescence intensity modulation with the MW alternation can be observed, in contrast to
Figure 1a. The histogram of Figure 1b shows two peaks in distribution corresponding to
intensities with and without MW irradiation. This newly emerged distribution exhibits a

reduction in fluorescence intensity due to MW-assisted ESR. These data verify that it is

possible to detect ODMR signals by our system. We determined the ODMR intensity of
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Figure 2. Probabilityof the occurrence of NDs emitting ODMR intensities larger than the values
indicated on the horizontal axis. Data were fitted to Gamma cumulative distribution functions. For
each surface-terminated ND, 100 samples were measured.

one ND by the following equation:

loomr = (lore — lon) / lore (1)

wherelopwmr, lorr, @ndloy indicate the intensity of the ODMR, and the peak intensities
of the distribution when the external magnetic fields afeand on, respectively. Next,
we measured the ODMR signal of surface-terminated NDs.

Figure 2 shows the relative frequency of the occurrence of NDs giving an ODMR
intensity larger than the values indicated on the x axis. Data were fitted to Gamma cu-
mulative distribution functions. The particle shapes of NDs are not perfectly spherical

but have an irregular shape, so tieeet of surface termination on NVCs is likely to be
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highly random. Th&amma function was thought to be optimal for describing these data
because it is often used for the representation of random variables. In fact, the Gamma
distribution was in good agreement with the data. The results indicated that ODMR inten-
sity is enhanced by surface modification with COOH- or OH- termination. The average
ODMR intensity calculated by the fitting was 0.7%, 1.2% and 1.9% for ND-bare, ND-
COOH and ND-OH, respectively. This indicates that the ODMR intensity increased 1.7-
and 2.7-fold for COOH- and OH-termination, respectively, as compared with non-surface
modification. Thus, as predicted by previous studies, COOH-terminatidterstige for
enhancing ODMR intensity. Moreover, we revealed that OH-termination is nfi@etiee

than COOH-termination by means of directly measuring ODMR signals.

We next investigated whether the exff of ODMR enhancement by surface modifi-
cation would be applicable to DNDs. Owing to their small size, DNDs are the leading
candidate for novel ODMR probes for analyzing nanometer-sized bio-molecules. How-
ever, there has not been reported about the magneto-sensing afddtained in a DND
despite recent increasing attention in ODMR. An easy method for the preparation of
ODMR-detectable DNDs and its sensing would open up novel biological applications.
Because DNDs are so small, almost all NVCs are thought to exist close to the surface.
Hence, modifying the surface termination of DNDs is expected to have a stffew e
on ODMR signals. We therefore synthesized OH-terminated DNDs. Since DNDs are
very small-sized nanodiamonds, there is a possibility that the diamond crystal structure
Is disturbed by the process of chemical treatment. We measured XRD spectra, and con-
firmed that the crystal structure is maintained for OH-terminated DNDs (Figure 3). We

then measured the ODMR spectra of them.
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Figure 3. XRDspectra of DND-bare and DND-OH. Three peaks corresponding to (111), (220)
and (311) diffraction of diamond are observed, indicating that each sample mainteins a diamond
crystal structure.

First, we measured the ODMR signals from bulk DNDs. Figure 4 exhibits the fluo-
rescence images and ODMR spectra of bulk DND-OH and DND-bare (ODMR spectra
correspond to the yellow square in the fluorescence image; 3 typical images of each DND
are shown). From the spectra of DND-OH, a reduction in fluorescence intensity caused
by MW-induced magnetic resonance of electron spin in the Wes clearly observed at
around 2870 MHz. By contrast, ODMR-detectable DND-bare were not observed even in
bulk measurements. As a result, bulk measurements indicate that ODMR intensity can be
effectively enhanced by OH-termination also in DNDs.

Next, we demonstrated the detection of a single spin from a DND-OH and magneto-

sensing of them. Figure 5 shows the 3 samples of ODMR spectra from an OH-terminated
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indicated in the yellow square (right column) for bulk DND-OH and DND-bare. Bulk DND-bare
could not be detected by ODMR. Scale bar show a0
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single DND. Greemand red plots show the ODMR spectrum without and with the external
magnetic field, respectively. Each plot are fitted by two Lorentz function (solid line). A
reduction in fluorescence intensity is clearly observed in the spectrum around 2870 MHz
under zero magnetic field. The degenerate spin sublevetsi 1 are lifted by the Zee-
man effect in the applied external magnetic field; we then observed two dips correspond-
ing to the electron spin resonance frequencies betweea to +1 and m = 0 to -1,
indicating the detection of external magnetic fields by means of the singte Nws, the
ODMR signal can be successfully detected from not only bulk DND-OH, but also a sin-
gle DND-OH. In addition to this result, selective imaging protocol experiments[17] were
performed, which suggested that the quantity of ODMR-detectable DNDs is increased by
OH-termination (Figure 6).

Taken together, these results indicate that OH-termination might éemtiee method
for manipulating the electron spin of a single NM a DND. Furthermore, we tried to de-
termine the orientation of NVtowards the external magnetic field. The spin Hamiltonian

of NV~s is given by:
H = gusBS + D[S? - %S(S +1)] + E(S; - S)), (2)

Whereg, ug, B, S, D andE areg-factor forelectron, Bohr magneton, external magnetic
field, electron spin vector (S 1 for triplet state), fine-structure zero-field splitting and
strain induced splitting coefficient, respectively. So the strength of the external magnetic
field and the orientation of nitrogen-vacancy axis towards the fields can be determined

from the ODMR spectrum. These magnetic and angular parameters of eacin NV
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Figure 5. Fluorescendenage, ODMR spectrum and orientation towards applied magnetic field
of a NV axis estimated by the corresponding ODMR spectrum (3 samples). Scale bar in the
fluorescence image showsydn. Red and green plots represent the ODMR spectrum with or
without the external magnetic field, respectively. Schematic illustration indicate the direction and
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DND-OH DND-bare

fluorescence fluorescence
image image

Figure 6. Fluorescencieft column) and selective imaging protocol images (right column) of
DD-OH and DD. This protocol is a technique established by Igarashi et.Nalnq Lett. 2012,

12, 5726), which enables the detection of intrinsic fluorescence from ODMR-active.NDND-

OH exhibits some ODMR-active nanodiamond patrticles; by contrast, DND rarely shows ODMR-
active fluorescence.

DND are displayed in Figure 5. Blue plot in Figure 5 is the theoretical ODMR spectrum
calculated from these parameters, note that the vertical axis is inverted for facilitating
visualization. These results showed that the experimental and theoretical data were in

good accordance, indicating that a single DND is applicable for magneto-sensing such as
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the orientation tracking.

In summary, we have demonstrated that the enhancement of ODMR signals depends
on the surface chemical termination. As expected from previous studies, COOH-termination
of the surface of NDs isféective for augmenting the ODMR signal. In addition, we have
shown that OH-termination is moréfective than COOH-termination. This effect is like-
wise valid for DNDs: OH-terminated DNDs yield a strong ODMR signal, even under an
externally applied magnetic field. This termination enables the detection of a single spin
within a DND. Furthermore, we first demonstrated the orientation detection of nitrogen-
vacancy axis towards applied external magnetic fields. Our results will contribute to the
measurement of dynamics of proteins or organelles, which requires the small-sized probes
for preventing interfere to the dynamics, and are an important step for controlling and uti-
lizing ODMR spectroscopy from DNDs. We believe that the findings of this study will

open up a high-sensitive and high-resolution magnetometry for biological research.

3. Experimental Section
3.1 Surface modification of NDs

NDs (Micror+ MDA Element Six) in water were centrifuged at 15,000 rpm for 20
minutes, and the supernatant was lyophilized. The median size of the NDs was determined
to be 25.9 nm by dynamic light scattering (DLS). These samples were thermally annealed
at high temperature (80) for two hours under vacuum, yielding NVCs in NDs (ND-
bare); the surface graphite layer and volatile impurities were then removed by oxidation
at 550°C for two hours under atmospheric conditions. The oxidized samples were treated

with a mixture of HSO, : HNO; (9:1 vA) at 70°C for three days, and then centrifuged
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for 30 minutesat 15000 rpm, and the supernatant was discarded. Next, 0.1 M NaOH was
added and the suspension was stirred for two hours &C9@\fter centrifugation, the

NDs were stirred in 0.1 M HCI for two hours at 9C. Lastly, the NDs were centrifuged

and washed three times with milli-Q water, yeilding ND-COOH. In addition, the oxidized
samples were treated with borane in THF (1 M) under nitrogen atmosphere with refluxing
for 12 hours. The reaction was quenchinched with HCI aqueous solution. The samples
were centrifuged and washed three times with milli-Q water, yielding ND-OH. Synthesis

of these NDs was confirmed by IR spectroscopy (Figure 7a).

3.2 Surface modification of DNDs

DNDs (NanoAmando, size 58 1 nm) were provided by Dr. Eiji Osawa. They
were freeze-dried and thermally annealed at high temperature°@0fbr two hours
under vacuum, and then oxidized at 4Z5for five hours. COOH-termination and OH-
termination were conducted by a method similar to that of surface modification of NDs.

Synthesis of these DNDs was confirmed by IR spectroscopy (Figure 7b).

3.3 ODMR measurements

The field of view was illuminated with a 532-nm Nd:YAG laser, and fluorescence
images were measured by an electron multiplying charge coupled device (EMCCD) cam-
era. The emitted light was collected by an oil immersionx6@bjective (NA=1.49),
passed through a dichroic mirror centered at 575 nm and a long-wave (short-wave) pass
filter longer than 590 nm (shorter than 845 nm) to detect the fluorescence signal from

NVCs. The microscope was equipped with a MW coil and detachable neodymium mag-
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Figure 7. IRspectra of (a) ND-bare (brown), ND-COOH (blue) and ND-OH (red), and (b) DND
(brown), DND-COOH (blue) and DND-OH (red). Typical adsorption bands in the area are labeled.
COOH-termination was confirmed by the emergence of C=0 vibration band of 1740-1780 cm

and OH-termination was confirmed by C-H stretching vibration band of 2850-296bamd O-H
deformational vibration band of 1250-1300 T

net above sample stage for irradiating the resonant frequency and external magnetic fields.
By means of this experimental set-up, ODMR intensity was calculated according to Equa-

tion (1), and ODMR spectrum was measured with the MW swept widely from 2670 to

3070 MHz point-by-point with or without external magnetic fields.
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Chapter I

Comprehensive and Quantitative
Analysis for Controlling the
Physical/Chemical States and Particle
Properties of Nanodiamonds for

Biological Applications
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Abstract

The physicajchemical states and properties of nanodiamonds subjected to ther-
mal annealing and air oxidation, which are indispensable processes for the prepa-
ration of fluorescent nanodiamonds, were investigated. Specifically, the weight loss,
particle size, crystal quality, chemical bonding states of carbon and oxygen, zeta
potential, dispersibility, and fluorescent and optically detected magnetic resonance
(ODMR) properties were determined using transmission electron microscopy (TEM),
elemental analysis, dynamic light scattering, Raman analysis, x-ray ffraction (XRD)
analysis, x-ray photoelectron spectroscopy (XPS), IR spectroscopy, and a home-
made fluorescence and ODMR microscope. The study focused on small-sized nan-
odiamonds (~50 nm), which are applicable for biological research. The obtained
results should be useful for controlling the mutually-related physical/chemical states

and properties of diamond nanoparticles.
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1. Introduction

In recent years, numerous reports have appeared in the literature on the properties
of nitrogen-vacancy centers (NVCs) as lattice defects in nanodiamonds (NDs).[1] Fluo-
rescence arising from NVCs exhibits perfect photo-stability, undergoing neither photo-
bleaching nor photo-blinking,[2] a long fluorescence life time[3], and a high quantum
yield.[4] These photo-properties, along with the ability to achieve diverse surface modifi-
cations [5] and a reduced cytotoxicity[6], make NDs promising candidates as novel bio-
imaging agents.[7, 8] In addition, optically detected magnetic resonance (ODMR) has
been demonstrated for the detection of a single spin ESR of an NVC under ambient con-
ditions, which has attracted significant attention in the fields of quantum information,[9]
magnetic sensing[10, 11], and biomaterials.[12, 13]

For the preparation of NDs containing NVCs, thermal annealing and air oxidation
processes are indispensable. Thermal annealing at@0@der a vacuum results in the
trapping of a moving vacancy by a substitutional nitrogen atom, leading to the formation
of an NVC.[14] Subsequent oxidation in air at 5@DO0 °C removes the graphite on the
ND surface, yielding a fluorescent ND. Many scientists have investigated and reported the
optical properties of small-sized NDs50 nm) with potential bio-applications.[15, 16]
However, although annealing and oxidation processes affect physical/chemical properties,
such as the particle size, crystal quality, and surface chemical termination, little has been
learned about the chemiggalhysical states of NDs.

Gabel et al reported that air oxidation of NDs fEegtive for particle size-reduction,[17]
with an average crystal size reduction of 10.6/hrat 600°C during air oxidation un-

der atmospheric conditions. Havlik et al reported that annealing at@@6r one hour
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resulted in 3-foldorighter ND particles compared to particles annealed under commonly
used conditions (temperature and time).[18] In addition, several researchers have reported
that high-temperature annealing introduces a graphite on the surface, while oxidation ef-
fectively removes this graphite.[19, 20] However, a comprehensive understanding of these
physical/chemical states for bio-applicable NDs has not been established. Furthermore,
the relationship between these states and ND patrticle properties, such as dispersibility, flu-
orescence, and ODMR, has not been reported to date. Changes in these states are expected
to afect these important particle properties. By elucidating the relationship between the
chemical/physical states and the particle properties, it should be possible to readily pre-
pare fluorescent NDs bearing desired properties. For biological investigations, controlling
important factors such as the particle size, crystal quality, surface chemical termination,
dispersibility, and fluorescence and ODMR signals will strongly facilitate ND research.
Herein, we report the physigahemical states and particle properties of pristine NDs
and NDs annealed and oxidized at various temperatures and for various lengths of time.
The properties were investigated using transmission electron microscopy (TEM), Raman
and infrared (IR) spectroscopy, x-ray photoelectron spectroscopy (XPS), xfi@ction
(XRD) and elemental analyses, and dynamic light scattering. Fluorescence and ODMR

signals were detected using a home-built microscope.

2. Results and Discussion
2.1 Weight loss of the nanodiamonds
NDs (MD50) purchased from Tomei Diamond Co. Ltd. were used in this study.

The NDs were annealed at 890G for two hours under a vacuum in order to pair each
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nitrogen atom witha vacancy. Subsequently, the NDs were oxidized at°&)®25°C,
550°C, 575°C, or 600°C for 1, 2, 3, 4, or 5 hours. First, the weight loss of the NDs
during annealing and oxidation was investigated. Due to annealing, 7% of the weight
of the NDs was lost. Figure 1 shows the weight loss of the annealed NDs versus the
oxidation time at various oxidation temperatures. The degree of the weight loss highly
100}
80|
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0 1 2 3 4 5
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Figure 1. Veeight loss of the NDs versus oxidation times with different oxidation temperature.

depended on the oxidation temperature and time. After 5 hours of oxidation, the weight
of the NDs remained nearly unchanged at 300while at 550 C and 600C, significant
losses of approximately 40% and 99% were observed, respectively. This weight loss is
thought to be due to the isolation of carbon atoms at the surface, which then react with the
oxygen and hydrogen in the air to generate carbon oxide. Trerelt degrees of weight

loss for the different samples are thought to be related to their physical/chemical states.
These three oxidation conditions were thus expected to result in notélgleedces in the

physical/chemical states and were therefore the focus of the present study. Samples are
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abbreviated a®llows: Pristine NDs: ND-pris; NDs subjected only to thermal annealing
at 800°C for two hours: ND-800; NDs subjected to thermal annealing at’8for two
hours and subsequently oxidation at 500, 550, or’@Dfor five hours: ND-500, ND-550,

and ND-600, respectively.

2.2 Physical state: Particle size and crystal quality

The ND samples were observed via TEM in order to elucidate any changes in particle
size as a function of the annealing and oxidation processes. Figure 2 shows photos, TEM
images, and Figure 3 shows size distributions determined from the corresponding TEM
images for each of the samples. It can be seen in the photos that ND-pris was a dark-gray
color, while ND-800 was black. This change of color may be due to the graphitization
of the surface of the NDs during annealing. This graphite was removed by air oxidation,
and the degree of whiteness was enhanced with increasing oxidation temperature (a de-
tailed analysis of the surface chemical structure is given in a later section). From the TEM
images, it can also be seen that the NDs were not spherical, but had edges. The particle
size distributions were similar for ND-pris, ND-800, and ND-500, while the particle sizes
for ND-550 and ND-600 were smaller at 35.6 and 14.5 nm, respectively. These results
suggested that the surface of ND-800 was graphitized due to annealing, and subsequent
oxidation contributed to the removal of the graphite. However, the remdkeaiemcy
appeared to depend on the oxidation temperature, because the colors dietfemtox-
idized samples were fierent. In addition, particle shrinkage occurred when oxidation
was performed above 55C, and the degree of the size reduction was also temperature

dependent.
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ND-Pris ND-800 ND-500

Figure 2. Picturegupper line), TEM images (lower line) of the samples.
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Figure 3. particlesize distributions measured form corresponding TEM images of the samples.

To obtain further insight into the particle shrinkage and crystal qualities, a Raman
spectroscopic analysis was performed. Figure 4a presents the Raman spectra of the sam-
ples. Each spectrum has a D-bancf(sarbon), a strain-induced band, and a G-bané (sp
carbon) near 1332, 1450, and 1550 ¢mmespectively. ND-pris exhibited a sharp D-band
peak, but the signal for the strain-induced band and the G-band were weak. In contrast,
the D-band in the spectrum of ND-800 was drastically enlarged. This result indicated that
graphitization of the NDs occurred during annealing, which is supported by the change
in color from gray to black (Figure 2). Because this graphite was readily removed by
oxidation at 500C, it is thought that it covered only the surfaces of the NDs. Additional
notable changes in the Raman spectra for ND-550 and ND-600 were also observed. The
G-band was reduced in the spectra of both ND-550 and ND-600, as was the case for
ND-500; on the other hand, the strain-induced bands in the spectra of the former sam-

ples were largely enhanced. These results indicated that oxidation abo%€ S4%fliced
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Figure 4. (a)Raman spectra of ND-pris (brown), ND-800 (orange), ND-500 (green), ND-550
(blue) and ND-600 (red). Raman peaks D-band (sarbon), strain-induced band and G-band
(sp* carbon) around 1332, 1450 and 1550 ¢rare observed in the spectra. (b) The ratios of
Raman signal intensity of diamond’s peak divided by that of amorphous carbon’s peak intensity
calculated for all the prepared samples as function of oxidation time and temperature.
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Figure 5. XRDpatterns of ND-pris (brown), ND-800 (orange), ND-500 (green), ND-550 (blue)
and ND-600 (red).

distortion of the crystal structure, resulting in an increase in the intensity of the strain-
induced bands. Such distortion was likely caused by the annihilation of carbon atoms at
the surface. Figure 4b shows a contour map of the ratio of the Raman signal intensity for
diamond divided by that of the strain-induced band for each of the prepared samples. The
black points represent the individual oxidation conditions. It can be seen from the figure
that crystal destruction was triggered in the oxidation temperature range froArC585
550°C and appeared to be more temperature-dependent than time-dependent.

XRD analyses supported the particle shrink and crystal distortion suggested by TEM
and Raman spectra. Figure 5 shows XRD spectra of the samples. Each spectrum shows

diffraction peaks at 43:8111), 75.2 (220), and 91.4(311). ND-pris, TD-800, and
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TD-500 exhibitednearly the same peak intensities, while those of ND-550 and ND-600
were lower. This decrease in the intensities of the XRD signals imply both a reduction
in the crystallite size and a distortion of crystal structure. Calculation of the crystallite
size using Scherrer’s equation from (111) peak was attempted, but proper values were not
obtained (Figure 6 and Table 1) because Scherrer’s equation does not apply to particles

with unusual shapes, such as the NDs used in this study (Figure 2).

1r

Intensity (a.u.)
o
Lh

42 43 44 45 46
26 degree

Figure 6. Preciselyneasured XRD spectra of (111 )idaction pattern of ND-pris (brown), ND-
800 (orange), ND-500 (green), ND-550 (blue) and ND-600 (red).

Table 1. Bragg angles and FWHMSs of the (111) peaks of the ND samples in Figure 4 determined
via Lorenzian fitting and their crystal sizes estimated using Scherrer’s equation.

Parameter Braggngle () FWHM (°) Crystal size (nm)

ND-pris 43.85 2.52 41.0
ND-800 43.87 2.36 44.3
ND-500 43.87 2.37 43.9
ND-550 43.82 2.44 42.6

ND-600 43.87 2.46 42.0
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To summarizejt was revealed that annealing at 800 introduced graphite on the
surfaces of the NDs. Air oxidation at 50Q was dfective for removal of the introduced
surface graphite, but not for changing the particle size. On the other hand, air oxidation
above 550°C led to both removal of the graphite and particle size reduction, and the

degree of eachffect increased with increasing oxidation temperature.

2.3 Chemical state: bonding state of carbon

Next, the types and numbers of atoms contained in the samples were investigated.
Table 2 shows the elemental analysis results for the samples. All of the NDs contained
carbon as the major component, along with minor amounts of oxygen and hydrogen and
negligible amounts of nitrogen. The results also indicated that the annealing process
reduced the number of oxygen atoms below the detection limits for elemental analysis.
However, the desorbed oxygen atoms were recovered following oxidation abov€500
These results indicated that nearly all of the oxygen atoms existed on the surfaces of the
NDs, which was in agreement with the Raman data. In addition, the oxygen to carbon
atomic ratios increased with increasing temperature. To learn in more detail about the

Table 2. Elemental analysis results for the ND samples.
Element H C N O

ND-pris 0.22 96.28 0.1 2.45
ND-800 0.05 98.89 037 O
ND-500 0.24 96.06 0.1 2.03
ND-550 0.06 9494 0 3.04
ND-600 0.26 7651 O 2.88
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concentration of thalifferent elements at the surfaces of the NDs, XPS spectra were
obtained.

XPS is a favorable method for characterizing material surfaces because the escape
depth of an electron is localized to within a few nanometers of the target surface. The
survey XPS spectra are shown in Figure 7a. Each spectrum exhibited C1s and O1s peaks
at approximately 285 eV and 533 eV, respectively, but their intensities wiezatit for
the diferent samples. The atomic concentrations of carbon and oxygen were calculated
from the corresponding intensities of the C1s and O1s peaks. Notably, 13% of the carbon
atoms on the surface of ND-pris were oxidized, which dropped to 8% for ND-800 and
then recovered to 12% for ND-500. ND-600 had a relatively high oxygen to carbon ratio
of 32%, which can be attributed to the high surface-area-to-volume ratio induced by size
reduction. A plot of the ratios of oxygen to carbon estimated from the elemental analysis
and XPS results is displayed in Figure 8. It can be seen in the figure that the XPS
and elemental analysis results were similar, although the XPS data were larger than the
elemental analysis data. Thigldirence occurred because XPS only measures the surface
area of a particle, while elemental analysis evaluates the entire ND patrticle. It should also
be noted that even for the most oxidized ND sample (ND-600), the oxygen accounted for
only 32% of the total atoms on the surface. This low concentration of oxygen limits the
surface functionalization of the NDs.

Figure 7b presents the deconvoluted high resolution C1s spectra of the samples along
with a comparison plot of each component for all of the samples. Each spectrum was
calibrated against the 374 eV Ag 3d peak as an internal standard, and survey spectra are

shown in Figure 9. The Cls spectra were curve-fitted into three peak components with
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Figure 7. (aSurvey XPS spectra of ND-pris (brown), ND-800 (orange), ND-500 (green), ND-550
(blue) and ND-600 (red). Atomic concentration is calculated form the peak intensities of C1s and
O1ls. (b) Deconvoluted high resolution C1s spectra of ND-pris (brown), ND-800 (orange), ND-
500 (green), ND-550 (blue) and ND-600 (red), and comparison plot of each component among
samples.
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binding energiesf 284+ 0.5, 285+ 0.5, and 286t 0.5 eV, which were attributed to

sp, sp’, and C-O bonds. Each of the peak components was also fitted using the Lorenz
model, and the existing ratios were estimated. Table 3 shows the probability for each
component in the dierent ND samples. The major component for ND-pris, ND-500, and
ND-550 was spbonding, while those for ND-800 and ND-600 weré spnding and C-

O groups, respectively. As mentioned above, the annealing process introduced graphite,
which was then removed during oxidation. Oxygen-containing groups were simultane-
ously introduced, and the graphite-removal/oxygen-introductiiniency appeared to

be temperature dependent.

The ratios of the shto s carbons in the dierent ND samples estimated from their
Raman and XPS spectra were then compared. Because Raman spectroscopy provides
information about the carbon bonding state, the ratios of the Raman signal intensities
for the sg and strain-induced bands divided by that of thé Ispnd were calculated for
guantitative comparison of the carbon bonding states in tiierdnt samples. Values
of 4.1, 1.4, 3.1, 3.8, and 9.5 were obtained for ND-pris, ND-800, ND-500, ND-550,

and ND-600, respectively. A plot of the ratios of the® $p sp bonded carbons in the

Table 3. Existence probabilities for the?spp?, and CO components estimated from Figure 4b.
Component sp sp® CO

ND-pris  0.33 0.34 0.33

ND-800 0.42 0.31 0.27
ND-500 0.27 0.39 0.34
ND-550 0.29 0.41 0.29
ND-600 0.22 0.38 0.40
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ND samples estimatefdlom the elemental analysis and XPS data is shown in Figure 10.

In both cases, the ratio decreased following annealing and increased as the oxidation
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Figure 10. Ratiosf sp® to sp” of the samples estimated from Raman and XPS.

temperature increased. The differences in the XPS and Raman plots can be attributed to

the diferences in the observation depths of these analytical techniques.

2.4 Chemical state: bonding state of oxygen

Given the experimental results described above, it was anticipated that oxygen species
reacted with the carbon in the graphite removed from the ND surface to form alcohol,
carboxyl, lactone, and/or epoxy groups. To determine which types of oxygen-containing
species were formed in the oxidized samples, FT-IR, and zeta potential analyses were
performed. FT-IR spectra of the ND samples are shown in Figure 11a. A stretch vibra-

tion of O-H around 3400 cm; adsorbed water derived band around 3200%®liphatic
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Figure 11. (aFT-IR spectra of of ND-pris (brown), ND-800 (orange), ND-500 (green), ND-550
(blue) and ND-600 (red). (b) in the spectral range 1000-2000'cm
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Figure 12. Zetaotential of the prepared samples (dot). Square plot indicate the NaOH aqueous
solution treated sample.

C-H stretching vibrations at 2832849 cn1!; carbonyl G=O peak at 17501778 cni;

C=C and/or adsorbed waters peak at 1631%cr@O0 peak at 1401-1468 crit C-O

peak at 12631310 cnt!; C-O-C stretching peak at 1091 cinand C-H bending peak

at 814-861 cnt? are observed in the samples. Interestingly, significafidinces in the

FTIR spectra of ND-500 and ND-550 were not observed, while notable changes were
seen in the spectrum of ND-600. Figure 11b shows the spectra in the range20000

cm . The relative intensity of the C-O at 1310 chand COO at 1401 cm! are dimin-

ished, while C-O at 1332 crhare emerged. We assumed that these spectral changes are
attributed to the changes of the oxygen containing groups, possibly due to the conversion
from carboxyl groups to a ffierent species such as carboxylic anhydrides. To confirm

this, ND-600 was then treated with an aqueous NaOH solution in order to facilitate the
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hydration ofthe surface anhydride groups and thus the formation of free COOH groups.
Gray spectrum in Figures 11a and 11b show the NaOH treated ND-600. It is observed
that the disappeared peaks at 1310 and 1401 ane regenerated, and the emerged peaks
at 1332 cm* are disappeared. This data supported the conclusion that the surface COOH
groups were dehydrated in the ND-600. To gain further evidence for this dehydration, the
zeta potentials of the ND samples were also determined.

Figure 12 shows plots of the zeta potentials for the samples. Note that it was not
possible to disperse ND-800 in water, and thus no data was obtained for this sample

(Figure 13). The zeta potentials were determined te-B#&.5,-31.5,-38.8, and-4.9

Precipitate

Figure 13. Picturef dispersion state of ND-800. This sample is immediately precipitate in water
before measurement, so the proper experimental data is not obtained.

mV for ND-pris, ND-500, ND-550, and ND-600, respectively. The negative charges are
attributed to the presence of COOH groups on the surfaces of the NDs. The very small

zeta potential value for ND-600 indicated that dehydration of the COOH groups occurred,
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leading to thdormation of carboxylic anhydrides. After this treatment, the zeta potential
was found to be-34.2 mV (square point in Figure 12). Based on these results, it was
concluded that excess oxidation led to size reduction accompanied by the introduction of
carboxylic anhydride groups on the surfaces of the NDs, which in turn had a lower zeta
potential. We further experimented XPS analysis, and the results are given in Figure 14

and Table 4. Thus, the overall changes in the physical/chemical states of NDs due to
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Figure 14. Schematitlustration of the changes of physicaemical state of the annealing and
oxidation process.

Table 4. Existence probabilities of the COOH;@, and OH components estimated from Figure
14.

Element COOH €O OH
ND-pris 0.19 0.46 0.35
ND-800 0.06 0.46 0.47
ND-500 0.12 0.48 0.40
ND-550 0.29 0.39 0.32
ND-600 0.30 0.50 0.19
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Figure 15. Schematitlustration of the changes of physicelfemical state of the annealing and
oxidation process.

annealing and oxidation have been revealed, and a schematic illustration of the results is

presented in Figure 15.

2.5 Dispersibility

The colloidal stability of nanoparticles is well described using Derjaguin and Lan-
dau, Verwey and Overbeek (DLVO) theory.[21, 22] This theory treats the interactions
among particles in terms of a balance between attractive van der Waals forces and repul-
sive electrical double layer forces. According to this theory, the size and zeta potential of
particles, as well as the ionic strength of a solution of the particles, are important factors
for determining their dispersibility. Therefore, the dispersibility of the ND samples was

investigated from both theoretical and experimental points of view. Figure 16 shows a
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plot of theinteraction forces calculated using DLVO theory and experimental data for the

time-dependent changes in the intensities of dynamic light scattering for the NDs in salt-

containing aqueous solutions. Photos of their dispersion states are presented in Figure 17.
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Figure 16. Plobf interaction forces calculated by DLVO theory, and experimental data of time-
dependent changes of intensity of dynamic light scattering in 1, 10 and 100 mM salt-containing
agueous solution. ND-pris, ND-500, ND-550 and ND-600 are represented by brown, green, blue

and red color plot, respectively.

The DLVO plots are given in units of KT versus the separation distance between particle

surfaces. In a 1 mM salt-containing solution, all of the samples except for ND-600 ex-

hibited a positive local potential energy maximum at a surface distance of approximately

2 nm (plots of the surface distance versus solid fraction for the ND samples are shown

in Figure 18). These samples may exhibit good dispersibility because the energy beyond

99



1 mM NaClaq 10 mM NaClaq 100 mM NaClag

Pristine 500 550 600 Pristine 500 550 600 Pristine 500 550 600

)

_ |‘!li
ol 4

Figure 17. Picturesf time-dependent changes of dispersion state.

1000
500

L
=
—

—
=
T

Surface distance (nm)

0o 10 20 30 40 50 60
Sohd fraction (vol%)

Figure 18. Sumiice distance versus solid fraction of of ND-pris (brown), ND-800 (orange), ND-
500 (green), ND-550 (blue) and ND-600 (red) calculated by woodcock theory.
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this maximum igequired for aggregation. On the other hand, ND-600 would be expected

to readily aggregate, because the potential energy of the encountered particles dropped to
a primary minimum. Notably, the experimental data was in agreement with the theoreti-
cal results. ND-pris, ND-500, and ND-550 exhibited constant scattering intensities, even
after 60 minutes, indicating good dispersibility in solution. In contrast, ND-600 displayed

a lower dispersibility in three élierent salt solutions (1 mM, 10 mM, and 100 mM). In ad-
dition, for the calculations in a 10 mM salt solution, ND-pris, ND-500, and ND-550 each
exhibited a local maximum near zero, and thus the samples were assumed to be rapidly
dispersed and then gradually aggregated over an extended period. The experimental data
also supported this result; the samples did not precipitate in as short a period. For the 100
mM solutions, the samples were predicted to precipitate immediately, and this result con-
firmed experimentally. Few literature reports mention the dispersibility of NDs in terms

of DLVO theory. These results demonstrated that this theory provides valid information
on the dispersion state of NDs. Furthermore, it can be concluded from the results that
in order to maintain dispersion in high-concentration salt-containing solutions, chemical
modification of the surface is required. Dendrimer and lipid coatings have been reported

to enhance the dispersibility of NDs.[23, 24]

2.6 Fluorescence and ODMR properties

Next, the fluorescence and ODMR spectra of the ND samples were evaluated. There
are two types of nitrogen-vacancy centers in NDs, each witffardint charged state. One
is neutral (N\?), while the other is negative (NY, and they appear as zero-phonon lines

(ZPLs) at 575 nm and 637 nm, respectively.[25] Both NVCs emit fluorescence, but only
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NV~ can be detectedsing ODMR.[26, 27] The ground state of N\s a spin-triplet, and

the spin sublevels ms 0 and ms= = 1 are split by 2870 MHz. In addition, the spin
sublevel ms= = 1 is degenerate in the absence of an external magnetic field. Microwave
(MW) irradiation at this frequency induces electron spin magnetic resonance (ESR) be-
tween ms= 0 and the degenerate ms= 1 spin levels, which results in a decrease in

the fluorescence intensity from N\due to spin-dependent intersystem crossing. ODMR
functions via detection of ESR through changes in the fluorescence intensity. ODMR
signals are assumed to beeafied by the surface chemical termination, crystal quality,
and particle size of NDs. Thus, the fluorescence and ODMR signals for the NDs pre-
pared in this study were investigated. Figure 19 shows the fluorescence spectra of the
bulk samples. The data for ND-pris is not shown because this sample was not subjected
to annealing, and thus no NVCs were introduced into the NDs. ND-800 exhibited a
very weak fluorescence intensity, possibly due to absorption of the fluorescence from the
NVCs by the surface graphite. The other samples exhibited similar fluorescence spectra,
with ZPLs for NV and NV~ at 575 and 637 nm, respectively. The ODMR spectra of
ND-800, ND-500, ND-550, and ND-600 are shown in Figure 19b. Each sample clearly
exhibited MW-dependent reduction of the fluorescence intensity at 2870 MHz. Notably,
in the spectrum of ND-800, the signal was weaker and broader than that in the spectrum
of ND-500, which was likely caused by thegraphite. The strongest ODMR signal of 4.7%
was observed for ND-500. The ODMR signal then deceased for ND-550 and ND-600
to 3.6% and 2.4%, respectively. This decrease in the intensity is assumed to derive from
the decrease in the total number of NVCs (both®Nand NV-) contained in the NDs

due to their reduction in size. However, it must be considered that the ODMR signal is
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Figure 19. (aFluorescence and (b) ODMR spectra of ND-800 (orange), ND-500 (green), ND-550
(blue), and ND-600 (red).
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determined as shen in Equation (1):

loomr = (lore — lon) / lore (1)

wherelopmr, lorr, @ndloy indicate the intensity of the ODMR, and the peak intensities
of the distribution when the MW irradiation aréf@nd on, respectively. Thus, the signal
may not be influenced by the number of NVCs if N&nd NV~ randomly exist in the
NDs. In addition, the strain induced splitting d¢beient values (E-values) of the ND

samples were notable. The spin Hamiltonian of arrN8/expressed using Equation (2):
1
H = D[S? - §S(S +1)] + E(S; - S)), (2)

whereS, D, andE are theelectron spin vector (S 1 for the triplet state), the fine-
structure zero-field splitting, and the strain induced splittingftodent, respectively.
Thus, crystal distortion near the NVCs is estimated by measuringtedue. Table 4
shows the intensity, half-width at half-maximum (HWHM), aBevalues for the ODMR

spectra of the ND samples. The values were estimated by fitting the ODMR spectra us-

Table 5. ODMR signal data for Figure 16b.
Element Intensity (%) HWHM (MHz) E-value (MHz)

ND-800 2.3 16.8 13.0
ND-500 4.7 13.7 115
ND-550 3.6 14.5 12.3
ND-600 2.4 12.9 11.6

ing two Lorenz functions. Unlike for the results of the Raman spectroscopic analysis,
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no dependence de crystal distortion on the oxidation process was observed, These re-
sults implied that ODMR-active NVsites that caused distortion of the crystal structure
rarely existed close to the surface. In other words, the charge states of the NVCs were
converted from NV to NV° close to the surfaces of the NDs, resulting in lower-intensity
ODMR spectra. It has been reported that surface termination using fluorine enhances the
NV~/NVP ratio. Fluorine termination may thus result in restriction of such an undesirable
conversion of NVCs.[28] Finally, the ODMR intensities of all of the prepared samples

were plotted as a function of the oxidation time and temperature (Figure 20). A discrete

600

Ln
-1
Ln

550

Temperature (°C)

Time (h)

Figure 20. ODMRIntensities for all of the prepared ND samples as a function of the oxidation
time and temperature.

maximum for the ODMR intensity was identified in the samples oxidized at626r 1
hour. Oxidation at temperatures above 8Z5esulted in NDs with a weak ODMR inten-

sity of less than half the maximum value. It is possible, therefore, that particle shrinkage
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may critically &fectthe ODMR intensity.

3. Conclusion

Changes in the physigahemical states of NDs due to annealing and oxidation have
been quantitatively analyzed, and several key points have been elucidated: Weight loss in
the NDs occurred via several processes; a surface graphite introduced during annealing
was oxidized in air at temperatures above 5G3Qdistortion of the crystal during oxida-
tion at 525-550 °C was accompanied by particle shrinkage; th&sgp ratio increased
with increasing temperature, and COOH groups introduced at lower oxidation tempera-
ture were dehydrated at higher oxidation temperatures, resulting in NDs with low zeta
potentials.

In addition to these results, it was found that the dispersibility, fluorescence, and
ODMR properties of the NDs are related to their physical/chemical properties. Notably,
there is a strong relationship between the dispersibility of NDs and their phy$ieatiical
states, and the dispersibility can be estimated in advance using DLVO theory. In addition,
it was determined that the ODMR signal intensity for an ND may be influenced by its
sp’ ratio and particle size; the ODMR signal decreased with decreasing particle size, but
crystal distortion around NVwas not observed, indicating that an NVC existing at the
surface was converted from N\to NV°. Furthermore, the optimal oxidation conditions
for a discrete maximum ODMR intensity were determined. These experimental results
suggest that it should be possible to control the phy&icbamical states and properties
of NDs through adjustment of the annealing and oxidation processes, and will thus open

avenues for facilitating their bio-application.
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4. Experimental Section

TEM images were obtained using a Hitachi H-7650. Raman spectra were obtained
using a Horiba XploRa in the range from 1200 to 1650 tin order to evaluate the dis-
tribution of the diamond sjband (1332 cm'), the strain-induced band (1450 cij and
the graphite spband (1550 cm'). A 488-nm excitation laser was used. X-ray difftion
patterns were recorded using a power X-rairdctometer (MultiFlex DR, Rigaku, Tokyo
Japan) with a Culk source (x-ray wavelength 0.15405 nm) and an acceleration voltage
and anode current of 30 kV and 30 mA, respectively. XPS spectra were recorded using
an ULVAC PHI 5500MT system. Samples mounted on indium foil were analyzed using
MgKa radiation (15 kV, 400 W) in a vacuum chamber (x110°8 Torr). Precise mea-
surement and characterization of the energies of the C1s and O1s peaks were achieved by
referencing them to the 3d peak of Ag at 374 eV. FTIR spectra were obtained on a JASCO
FT/IR-4200 using standard KBr-pellets with a resolution of 2tnThe zeta potentials of
the samples in neutral water were measured using a Malvern Zeta sizer Nano instrument.
The concentration of each ND sample was Ymgn a salt-containing aqueous solution,
and the samples were sonicated for 5 minutes prior to measurement. Time-dependent
changes in the dynamic light scattering intensities of the samples (hing Milli-Q
water) were determined using a Wyatt DynaPro NanoStar. Fluorescence and optically
detected magnetic resonance spectra were recorded using a home-built microscope estab-
lished by Igarashi et al.[29] The field of view was illuminated using a 532-nm Nd:YAG
laser at 7 mW, and fluorescence imagesy(@0x 40um) were obtained using an electron

multiplying charge-coupled device (EMCCD) camera, while fluorescence spectra were
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recorded using &lamamatsu photonics PMA-12. The emitted light was collected using
an oil immersion 10& objective lens (Numerical Aperture1.49) and passed through a
dichroic mirror centered at 575 nm and a long (short)-wave pass filter longer than 590 nm
(shorter than 842 nm) to detect the intrinsic signal. The microscope was equipped with a
computer-controlled moving stage. Treatment of ND-600 in an NaOH aqueous solution
was performed using the following procedure. NaOH (0.1 M) was added to the NDs and
the suspension was stirred for two hours at @0After washing three times with Milli-Q
water, the NDs were stirred in 0.1 M HCI for two hours at@ The NDs were then

centrifuged and washed three times with Milli-Q water.
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Chapter IV

Suppression of Non-Specific
Protein-Nanodiamond Adsorption
Enabling Specific Targeting of
Nanodiamonds to Bio-molecules of

Interest
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Abstract

Applications of nanodiamonds (NDs) to a bio-imaging are restricted because of
the low dispersibility in aqueous solution and non-specific adsorption of bio-molecules
on the surface of NDs. Here, we quantitatively elucidated that a hyper-branched
polyglycerol modified nanodiamond realizes both excellent dispersibility and marked
suppression of non-specific adsorption to proteins. Moreover, selective targeting to
the proteins of interest, and a measurement of optically detected magnetic resonance

from this nanodiamond on living cells were demonstrated.
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1. Introduction

Nanodiamond$¢NDs) have attracted much attention in the fields of biology, and sev-
eral applications to fluorescence imaging were reported.[1-5] Fluorescence imaging is
a powerful tool for visualizing how biological systems function at the single-molecular
level. Nitrogen-vacancy center (NVCs), lattice defects in NDs, emit fluorescence in the
near-IR region.[6, 7] NVCs show neither photo-bleaching nor photo-blinking,[6] which
cause major problems in the use of conventional fluorophores such as quantum dots, flu-
orescent organic dyes and fluorescent proteins. Such a favorable photo-stability of NVCs
enables a long-term imaging of biomolecules in vivo.[2, 8] However, there are consider-
able problems in the application of NDs to bio-imaging. The surface of NDs is highly
hydrophobic, resulting in low dispersibility in aqueous solution, and leads to nonspecific
adsorption of biomolecules on the surface through hydrophobic interaction. In terms of
bioimaging, these undesirable properties lead to decreased of reliability for target speci-
ficity.

To solve these problems, we focused on hyper-branched polyglycerol (HPG) modi-
fication on ND surface. HPG are commonly used for surface modification of nanoparti-
cles. [9, 10] This highly-branched structure is expected to maintain dispersion state and
restrict nonspecific protein adsorption. Zhetoal. have reported that hyper-branched
polyglycerol modified NDs (ND-HPG) show good dispersibility even in physiological
media.[11, 12] However, quantitative data of dispersion state have not been presented. Be-
sides, the ability of non-specific adsorption of ND-HPG has not been investigated. Here,
we report quantitative results that HPG surface modificatioffessve for exhibited both

excellent dispersibility even in physiological solution and suppression of nonspecific ad-
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Figure 1. Schematitlustration of surface modified nanodiamond.

sorption to proteins. Furthermore, we present a method for specific molecular targeting

with suppressing the nonspecific adsorption.

2. Results and Discussion

In this study, we first chemically modified the surface of NDs by hydrophilic groups,
such as carboxyl (ND-COOH), polyethylene glycol (ND-PEG) or hyper-branched polyg-
lycerol (ND-HPG). ND particles with a median size of 53 nm were used in all experiments
(Figure 1). Synthesis of these surface-modified NDs were confirmed by IR spectroscopy,
Raman spectroscopy, thermogravimetry and elemental analysis.

First, we investigated the dispersibility of each sample in aqueous solution. Figure 2
shows time courses of the dynamic light scattering intensity of Inmhgf ND-COOH,
ND-PEG and ND-HPG in milli-Q water and phosphatefbted saline (PBS). Note that

the concentration of NDs was calculated in terms of core diamond particles without con-
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sidering the sudce-modified groups. As a result, ND-COOH and ND-PEG gradually
precipitated in milli-Q water, on the other hand, a precipitation was observed immediately
and they totally precipitated after 120 minutes in PBS. By contrast, ND-HPG was found
to be totally dispersed even after 120 minutes. Thefferdnces in dispersibility were
presumably due to low concentrations of surface chemical groups. From the results of el-
emental analysis, COOH groups, which were also used for substitution with PEG or HPG
groups, covered single-digit percentages of the surface area under the assumption that the
ND is perfectly spherical. This data is coincide with the data previously reported.[13] This
low proportion of COOH or PEG groups would provide iffszient surface hydrophilicity

to overcome theféect of hydrophobic interaction among NDs, resulting in aggregation
and precipitation. Note that the poor dispersibility was not improved even by modification
with 20 times longer PEG chains. By contrast, the highly-branched HPG group patched
the exposed hydrophobic surface areflisiently to prevent aggregation, resulting in ex-
cellent dispersibility of ND-HPG.

Surface hydrophobicity also causes nonspecific adsorption of proteins onto NDs. In

order to determine the amount of protein adsorption, we measured the adsorption isotherms
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Figure 2. Tme courses of scattering intensity of 1 fmgy of ND-COOH (red), ND-PEG (blue),
ND-HPG (green), after 120 minutes in milli-Q water (left) and PBS(right).
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of lysozymes orthe surface of NDs as shown in Figure 3. The adsorption isotherms were
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Figure 3. Adsorptiorisotherm of lysozyme on ND-COOH (red), ND-COOH (blue) and ND-HPG
(green). The approximation was performed with the Langmuir method of fitting.

best fit by the Langmuir adsorption model:

0= emaxm (l)

whereé is thenumber of occupied adsorption sites relative to the total number of sites
at saturation¢nay is the total number of adsorption sité§,is the Langmuir equilibrium
constant, and is the equilibrium protein concentration. A single adsorption plateau at
concentrations of 50-100M was shown in the isotherms of ND-COOH and ND-HPG,
which indicated that approximately 4000 lysozymes are adsorbed on the surface of an
ND. By contrast, the adsorption of lysozyme on ND-HPG was markedly suppressed on

ND-HPG, thereby making it impossible to fit of the isotherm. Furthermore, we also in-
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vestigatedhe non-specific adsorption of NDs onto cell membranes. Each type of surface-
modified ND was added to A431 cell culture media at a final concentration of/thing

After incubation for two hours, free NDs were removed by washing three times with PBS,
and the NDs that were nonspecifically adsorbed onto the cell membrane were observed
by bright-field microscopy (Figure 4). The bright-field images of A431 cells treated with
ND-COOH or ND-PEG at 1 mignl clearly revealed the non-specific adsorption of NDs,
observed as dark-black agglomerates, on the cell surface. It has been reported that PEG
modification on surface of the quantum dots and gold nanopatrticle$eistiee for the
suppression of nonspecific adsorption of bio-molecules[11, 14], but it isffexttige for

NDs. Contrary to this, no non-specifically bound ND-HPG particles were observed on
the cell surface. Notably, the same results were also obtained with a tenfold higher con-
centration (10 mgnl) of ND-HPG.

Collectively, HPG surface modification of ND highly enhanced the water dispersibil-
ity and markedly suppressed the non-specific adsorption of bio-molecules. Therefore,
ND-HPG is a potential candidate for the in situ specific targeting to bio-molecules. To
confirm this, we further modified the surface of ND-HPG by the covalent attachment of
an anti-epidermal growth factor receptor (EGFR) monoclonal antibody, and performed
immunohistochemical targeting of EGFR on the cell membrane of A431. To obtain anti-
EGFR-ND-HPG, unreacted COOH groups remaining on the surface of ND-HPG were
reacted with anti-EGFR. Synthesis of anti-EGFR-ND-HPG was confirmed by fluores-
cence spectroscopy and fluorescent microscope using fluorophore-conjugated secondary
antibodies.

The 50-nm sized ND is éicult to image by conventional fluorescence microscopy
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ND-COOH 1mg/ml ND-PEG 1mg/ml ND-HPG 1mg/ml

ND-HPG 10mg/ml control

Figure 4. Brightfield images of A431 cells after incubation with ND-COOH 1 mg/ml, ND-PEG
1 mg/ml, ND-HPG 1 mg/ml, ND-HPG 10 mignl and control in DMEM for 2 h, and then washed
three times with PBS.
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because it containgery few NVCs unless ion irradiation is applied (Chapter 1).[15] We
therefore labeled anti-EGFR-ND-HPG with fluorescein as an imaging agent. In this ex-
periment, the ND suspension was added to A431 cell culture media to a final concen-
tration of 10ug/ml before incubation at 37C for 1 hour. Unbound NDs were removed

by washing the cells three times with PBS. Figure 5 shows the bright-field images and
fluorescence images of living A431 cells treated with the NDs. Green fluorescence spots,
indicating the presence of fluorescein-labeled NDs, were observed on the cells treated
with anti-EGFR-ND-HPG, whereas almost no spots were observed on the cells treated
with ND-HPG. This result indicated that antibody-conjugated ND-HPG was specifically
bound to the target receptor, and that the HPG surface modification is feasible for in
situ molecular-specific targeting. In particular, the specific targeting of ND-HPG can be
readily be used for fluorescence molecular imaging. For example, NVCs in an ND are po-
tentially an ideal single-molecule tracking probe because of their perfect photo-stability,
which allows long-term tracking over days.

We further measured the fluorescence and optically detected magnetic resonance (ODMR)
signal arising from NVCs in the selectively-targeted ND. The ODMR signal is a potential
means to obtain valuable information in living cells such as dynamics of bio-molecules,
electromagnetic fields, and temperature.[16—19] However, ODMR measurements of NDs
specifically targeted to organelles or proteins have not previously been reported. There-
fore, we examined whether an ODMR signal would be detectable from an ND specifically
bound to an EGFR molecule on a living A431 cell. Figure 6a and 6b shows bright field
and fluorescence (532 nm excitation) images of an ND on A431 cells, respectively. The

red bright spots represent the fluorescence emitted by the ND. The NVC-selective image
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Figure 5. (a)Bright field images, (b) fluorescence images of A431 cells after incubation with 10
ug/ml of fluorescein conjugated anti-EGFR-ND-HPG. (c) is merge of (a) and (b). (d) Bright field
images, (e) fluorescence images of A431 cells after incubation witlg/A0l of fluorescein conju-
gated ND-HPG. (f) is merge of (e) and (f). Green spot indicate the fluorescence from Fluorescein.
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Figure 6. (aBright field images, (b) fluorescence images, (c) SIP image and (d) merge of (a) and

(c) of A431 cells after incubation with 1Q@/ml of anti-EGFR-ND-HPG. Red dot in (b), (c), and
(d) shows the fluorescence from NVCs. (e) ODMR spectrum of this ND.
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at 2.87 GHzof microwave (MW) [20] is shown in Figure 6¢, and merged on the bright
field image in Figure 6d. Figure 6e shows the ODMR spectrum acquired from this ND
by sweeping the MW range from 2830 to 2910 MHz. A decrease in fluorescence in-
tensity, derived from spin-dependent intersystem-crossing, was observed when the MW
frequency was irradiated at approximately 2870 MHz, as expected. As aresult, an ODMR
signal was successfully obtained from anti-EGFR-ND-HPG bound to EGFR. Hence, we
conclude that this specific molecular targeting technique using ND-HPG is likely to be
applicable to a wide variety of biological experiments via ODMR measurement.

In summary, we synthesized three types of ND surface-modified with COOH, PEG or
HPG, and tested them for dispersibility and non-specific adsorption of bio-molecules two
properties that have been considered as serious obstacles in utilizing NDs for biological
applications such as bio-imaging. ND-HPG was found to exhibit excellent water dis-
persibility and did not precipitate even after 120 minutes in milli-Q water and PBS. The
HPG surface modification of NDs also markedly suppressed the nonspecific adsorption
of biomolecules including cell membrane. In addition, ND-HPG could be used for in situ
specific molecular targeting to EGFR on A431 cells via the conjugation of anti-EGFR an-
tibody. Moreover, we demonstrated that ODMR measurement is possible for an ND that
Is selectively targeted to bio-molecules of interest. Our specific targeting strategy will
provided a way to obtain bio-applicable NDs, will contribute to improving bio-imaging

systems, and will open up new horizons for bio-application of NDs.

3. Experimental Section

3.1 Surface modification of NDs
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NDs (size: 53nm, Tomei Diamond) were annealed at 8@ for two hours under
vacuum to pair nitrogen atoms and vacancies, and then oxidized 4C560 two hours
to remove the surface graphitic layer. By these processes, NVCs are introduced into the
diamond lattice and emit fluorescence. The NDs were treated with a mixtureSaH
: HNO;3 (9:1 vp) at 70°C for three days, and then centrifuged for 30 minutes at 15000
g, and the supernatant was discarded. Next, 0.1 M NaOH was added and the suspension
was stirred for two hours at 9. After centrifugation, the NDs were stirred in 0.1 M
HCI for two hours at 90C. Lastly, the NDs were centrifuged and washed three times
with milli-Q water. The surface of the NDs was first modified by COOH groups to pro-
duce ND-COOH. Next, ND-COOH was dispersed in PBS buffer, and then water soluble
carbodiimide (WSC, Dojindo Molecular Technologies, Inc) and N-hydroxysuccinimide
(NHS, Wako pure chemical Industries) were added to activate the COOH groups. The
mixture was allowed to react with amino-terminal polyethylene glycol (PEG, Mw: 2000,
NOF) at ambient temperature in the dark for 8 hours. After the reaction, PEG-modified
NDs (ND-PEG) were collected by centrifugation for 30 minutes at 15000 g, and then
rinsed three times with milli-Q water. ND-COOH was also then dispersed in glycidol
(Sigma-Aldrich), sonicated for two hours, and then stirred for 10 hours at@40he re-
sulting gel was diluted with methanol, and centrifuge at 40000 g for 30 minutes to correct
hyper-branched polyglycerol-grafted NDs (ND-HPG). Then ND-HPG was washed four
times to remove free polyglycerol. Lastly, this product was dialyzed against Milli-Q water
to replace residual methanol with water. The synthesis of each surface-modified NDs was
confirmed by IR (Figure 7a), TGA (Figure 7b), Raman (Figure 7c), and elemental analy-

sis (Table 1). In the IR spectra, absorption corresponding t@ @rd C-O-C stretching
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Figure 7. (aFTIR spectra of ND-COOH (red), ND-PEG (blue) and ND-HPG (green). (b) TGA
profile of ND-COOH (red), ND-PEG (blue), ND-HPG (green), free PEG (brown) and free HPG
(orange). (c) Raman spectra of ND-COOH (red), ND-PEG (blue) and ND-HPG (green).

increased after PEG and HPG modification. Thermogravimetric analysis shows decom-
position of the PEG and HPG, which grafted on the surface of NDs, and Raman spectrum

indicate sharp diamond peak at 1332¢nElemental analysis also support these modi-

fication: Nitrogen and oxygen atoms are increased by the PEG modification, and oxygen

atoms are highly increased by the HPG modification.
3.2 Dispersibility test of NDs modified with long-chain PEG (Mw: 40 k) modified NDs

From our experiment, PEG (Mw 2k) modification of the ND surface with PEG (Mw

2k) was not effective for improving dispersibility. However, this low dispersibility might
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Table 1.Elemental analysis of the samples.
Element Hweight% C weight% N weight% O weight%

ND-COOH 0 96.84 0 2.15
ND-PEG 1.01 94.62 0.3 2.18
ND-HPG 7.58 49.82 0 42.44

be improwed by modifying the surface of NDs with longer PEG chain. Thus, we synthesis
NDs modified with PEG (Mw 40k) modified NDs, then investigated their dispersibility of
water and PBS. At the same time, we examined branched PEG (2 or 4 generation). Figure
S3 shows time-dependent changes in the states of dispersion for each type of surface-
modified ND. Each sample had relatively good dispersibility for water, but showed pre-
cipitation within 10 minutes in PBS (Figure 8). This results indicate that PEG is not

sufficient to enhance the dispersibility of NDs regardless of the length of chain.

3.3 Conjugation of anti-EGFR on ND-HPG

We confirmed that anti-EGFR (Sigma-Aldrich) was conjugated to ND-HPG via a sec-
ondary antibody (HiLyte Fluor 488, Funakoshi). {0of Hilyte fluor 488 was added to
a 1 ml solution of ND-HPG or anti-EGFR-ND-HPG at an ND concentration of irmhg
respectively. Each sample was incubated at@7or one hour, and then centrifuged
at 40000 g for 30 minutes to remove unreacted Hilyte fluor 488. This washing process
was repeated until fluorescence derived from Hilyte fluor 488 was no longer observed in
the supernatant. After these process, each ND pellet was resuspended in milli-Q water
and its fluorescence spectrum was measured (Figure 9). Fluorescence signal of Hilyte

fluor 488 was observed only from anti-EGFR-ND-HPG (Red), indicating the successful
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conjugation ofanti-EGFR and ND-HPG.
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Figure 9. Fluorescencgpectrum of anti-EGFR-ND-HPG (red) and ND-HPG reacted with Hi-

Iyte fluor 488. After the reaction, free Hilyte fluor 488 was removed by repeated washing. The
fluorescence signal around 539 nm indicates the fluorescence from Hilyte fluor 488.
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Part lll

Summary and General Conclusion
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Effective Production of Fluorescent Nanodiamonds Containing Negatively-Charged
Nitrogen-Vacancy Centers by lon Irradiation

In Chapter | of Part I, | demonstrated ion irradiation feetive method for improv-
ing the concentration of nanodiamonds containing negatively-charged nitrogen-vacancy
centers. It is revealed that Héon irradiation at 1x 10" is the most effective condi-
tion for producing nanodiamonds containing negatively-charged nitrogen-vacancy cen-
ters. ODMR observations of the nanodiamonds showed that ion irradiation increased the
number of such nanodiamonds up to 200 ppm. In addition, | elucidated that ion irradi-
ation leads a competition in two opponent roles of vacancigsctve for pairing with

nitrogen atoms and as defects for developing damage in crystalline.

Optically Detected Magnetic Resonance Signals Arising from Nitrogen-Vacancy Cen-
ters in Nanodiamonds as Small as 5-nm

In Chapter I, | elucidated surface termination of OH groups on nanodiamonds is
effective for enhancing ODMR signal. ODMR intensity is increased 2.7-fold for OH-
termination as compared with non-surface modification. We further demonstrated that
single spin detection of an OH-terminated detonation synthesized nanodiamonds (size: 5
nm), and determined the orientation of nitrogen-vacancy axis towards external magnetic

field.

Comprehensive and Quantitative Analysis for Controlling the Physical/

Chemical States and Particle Properties of Nanodiamonds for Biological Applica-

tions
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In Chapter ll, | comprehensively and quantitatively analyzed the phygbaimical
states such as particle size, crystal quality and chemical bonding state of carbon and oxy-
gen, and particle properties such as dispersibility, fluorescent and optically detected mag-
netic resonance of annealed and oxidized nanodiamonds. We then elucidated following
things: Weight loss in the NDs occurred via several processes; a surface graphene layer
introduced during annealing was oxidized in air at temperatures abov&5@listortion
of the crystal during oxidation at 52550 °C was accompanied by particle shrinkage;
the spg/sp? ratio increased with increasing temperature, and COOH groups introduced at
lower oxidation temperature were dehydrated at higher oxidation temperatures, resulting
in NDs with low zeta potentials. Furthermore, it was determined that the ODMR signal
intensity for an ND may be influenced by its’sjtio and particle size; the ODMR signal
decreased with decreasing particle size, but crystal distortion arourndadg not ob-
served, indicating that an NVC existing at the surface was converted fromtdNMV°.
Furthermore, the optimal oxidation conditions for a discrete maximum ODMR intensity

were determined.

Suppression of Non-Specific Protein-Nanodiamond Adsorption Enabling Specific
Targeting of Nanodiamonds to Bio-molecules of Interest

In Chapter IV, | demonstrated hyper-branched polyglycerol (HPG) modification on
nanodiamond surface realize both excellent dispersibility, even in salt-containing solu-
tion, and marked suppression of non-specific adsorption to proteins. These fefisitike e
were not obtained from COOH or polyethylene glycol (PEG) surface termination, which

are commonly used for surface modification of nanoparticles. | further modified the sur-
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face ofND-HPG by the covalent attachment of an anti-epidermal growth factor receptor
(EGFR) monoclonal antibody, and performed immunohistochemical targeting of EGFR
on the cell membrane of A431. As a result, antibody-conjugated ND-HPG was specifi-
cally bound to the target receptor, and that the HPG surface modification is feasible for in
situ molecular-specific targeting. Moreover, | demonstrated that ODMR measurement is

possible for an ND which is selectively targeted to a bio-molecule of interest.
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Concluding remarks

In this thesis,| demonstrated preparation of bioinvestigation-applicable fluorescent/
ODMR-active nanodiamonds. In the theme, | showed the optimal condition of ion ir-
radiation for producing nanodiamonds containing negatively-charged nitrogen-vacancy
centers; ODMR enhancement by surface OH-termination; chefpigedical states and
particle properties of nanodiamonds subjected to annealing and oxidation; selective tar-
geting method for proteins of interest. These works are expected to open up new horizons

for application of this novel material in nanobiology.
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