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Abstract

Electron paramagnetic resonance (EPR) spectroscopy is a tool that provides sensitive
detection of uncoupled electron spins for a variety of applications. This technique enables the
specific detection and quantification of radical species, while also being able of generating high-
contrast, background-free images. However, the EPR labeling and imaging techniques encoun-
ter limitations mainly due to the instability of organic radicals from organic probes, which can
influence the reliability and scope of the experiment. In that context, the use of nanodiamonds
(NDs) in EPR may be a promising route for understanding their unique properties and potential
biomedical applications. The ability to perform EPR imaging in combination with the stable
intrinsic properties of paramagnetic centers within these particles raises the possibility of ex-
tending nanodiamond-based imaging capabilities. Herein, we present a preliminary demonstra-
tion of a practical spectroscopy and imaging application using nanosized diamond particles (<
18 nm) for electron paramagnetic resonance imaging (EPRI). The discretization of two different

nanodiamond production sources among the most studied NDs (HPHT or detonation), allows
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further characterization of their physicochemical properties. In addition, we have investigated
variations in the physicochemical properties of nanodiamonds, including size effects and sur-
face treatments. Finally, we provide experimental evidence of the conditions required for opti-

mal spectroscopic and imaging resolution (R < 1 mm) as well as achievable EPR sensitivity.
Introduction

Electron paramagnetic resonance (EPR), as a spectroscopic technique, is specific to the res-
onance of paramagnetic species such as (in)organic radicals, complexes, crystallographic de-
fects, colored centers or transition metal ions when subjected to a magnetic field. Many con-
cepts in electron spin (or paramagnetic) resonance (ESR or EPR) spectroscopy are related to
similar notions in nuclear magnetic resonance (NMR) spectroscopy !; likewise what NMR
brings to MRI modality, EPR can enable EPR imaging (EPRI) using an additional magnetic
field gradient in a set of different orientations around the sample. High-resolution images using
a non-invasive imaging technigque enable specific detection and quantification of paramagnetic
species with optimal resolution. The choice of the probe depends on the specific application
and the physicochemical properties of the sample under study 2. Overall, the versatility and
sensitivity of EPR probes make them essential tools for a wide range of applications in medi-
cine, industry and environment. The best-known probes and their applications include: (i) ni-
troxides species for studying biological systems (i.e. superoxide spin trapping) *4, (ii) triaryl-
methyl radicals (TAM) for oximetry (i.e. to measure oxygen concentration in biological sam-
ples for in-depth assessment of tissue oxygenation, metabolism and redox evaluations) >, or
(iii) site-directed spin labeled (SDSL) nitroxides to evaluate structural and dynamic properties
of organic systems, such as transmembrane transport and transcription mechanisms or as Cu(ll)
spin-labels "°. However, the stability of paramagnetic organic compounds can be influenced
by a number of factors such as pH, temperature or redox environment, influencing the reliability
of the experiment. The probes, specifically tailored for paramagnetic labeling, can be assessed
through EPR studies to obtain valuable information.

While we focus on the capabilities of EPR spectroscopy to analyze paramagnetic materials,
a particular attention is paid to nanodiamonds (NDs), whose unique properties are attracting
growing interest in a variety of scientific domains. Integrating the EPR properties of NDs into
the EPR imaging modality enables in-depth characterization of these nanoplatforms, opening
up new perspectives in applications ranging from nanomedicine to materials science. Indeed,
nanodiamonds have emerged as promising carbon-based nanomaterials for a range of applica-
tions due to their unique advantages, particularly in the biological, medical and imaging fields
2



10-12 In these fields, the nitrogen-vacancies (NV) centers embedded in the core of the NDs are
exploited for their ultra-stable fluorescence properties, while some of the fluorescent probes are
limited either by their photostability or cytotoxicity 131°. Other interests include the use of crude
NDs as non-cytotoxic substrates for gene and drug delivery ¢ implants ¥, tissue engineering
or as powerful theranostic substrates for the targeted delivery of vaccines ¢, chemotherapy
agents 1°1° immunotherapeutics, Gd- and Mn-doped (grafted) DND MRI contrast agents 202
or for hyperpolarization MRI1 %28 using ND intrinsic impurities.

Apart from optical fluorescence, NMR or hyperpolarization purposes, options for non-in-
vasive in vitro and in vivo imaging of nanodiamonds are very limited. Three main advantages
of using NDs in EPRI can be noted; the first one is closely linked to the relative stability of the
radical-like paramagnetic centers (in the bulk and the core of the particle), compared with con-
ventional organic radicals (i.e. easy reduction through metabolic pathways) 2°. The second re-
sults from the nanoparticle unique characteristics; nanoparticles provide a versatile platform
that can be used in a variety of biomedical and technological applications regarding their dis-
tinct physicochemical properties (enhanced surface area, properties tailoring, biocompatibility,
tunable surface chemistry, surface charge or versatility) *°. The third results from the EPR sig-
nal; the EPR signal of NDs typically exhibits narrow line indicating well-defined electron spin
states resulting in a high signal to noise ratio (as a function of linewidth). In addition, the EPR
spectrum may display other specific features corresponding to (structural) defects or impurities
in the diamond lattice, depending on the material studied (hanodiamonds source, size, surface
graphitization, crystallinity).

Two primary methods for producing nanoscale diamond particles have been introduced
based on their production procedures; (i) a detonation-based synthesis where the carbon source
is derived from the explosives or (ii) a mechanical grinding of high-quality HPHT (high-pres-
sure high-temperature) diamond microcrystals into nanometric particles. Particles obtained by
detonation are rather small (< 10 nm) and relatively monodisperse but exhibit poor crystalline
quality, whereas those obtained by fragmentation of bulk material exhibit superior crystallinity,
albeit with a broader size distribution (from hundreds of micrometers to a few nanometers) 3132,
Depending on the nanodiamond synthesis procedure, their properties (size, structure, surface
composition, EPR or optical luminescence properties and crystallinity) can be significantly im-
pacted. For example, there are many more defects in NDpgr compared to NDrprt as a result
of the uncontrolled explosion event. These include vacancies, dislocations, domain boundaries

and amorphous carbon impurities, mainly on the surface and within the interface layer (i.e.



dangling bonds) 332, In contrast, NDypyr defects consist of vacancies, dislocations or stacking
faults in a crystalline lattice. Furthermore, their surface properties are very different, with
NDpet having a complex surface with a higher density of defects, amorphous and graphitic
carbons, and various functional groups, leading to aggregation due to weak electrostatic inter-

actions 3132,

Ultimately, the choice between both types depends on specific requirements such as
particle size distribution, purity, surface chemistry, or fluorescence stability. In general, small-
sized detonation nanodiamond is the typical choice for MRI imaging purpose while larger size

HPHT particles are suitable in tissue engineering or luminescence purpose .

Here, we present the physicochemical property variations from production source, size
and surface treatments effects and EPR investigation. By means of mathematical developments,
imaging optimizations and a reliable nanodiamond strategy, we demonstrate EPRI capabilities
using this nanomaterial. To our knowledge, it is the first experimental evidence of EPR imaging

using NDs.
Materials and methods
Materials

Monocrystalline synthetic microdiamond powder of HPHT origin (Microdiamant MSY 0 —
0.03) was supplied by Pureon AG (Lengwil, Switzerland). Primary particles of detonation
nanodiamond were manufactured by NanoAmando® (NanoCarbon Research Institute Ltd., Na-
gano, Japan). Branched poly(ethyleneimine) (MW = 1,200 Da, = 99%) and ICP zirconium
plasma standard were supplied by ThermoFischer Scientific (Merelbeke, Belgium). ICP multi-
element standard solution was supplied by Merck (Hoeilaart, Belgium). All chemicals used
were of standard purity grade. Stirred cells and membranes (MWCO = 100 kDa, RC) for ultra-

filtration were purchased from Metrohm (Antwerpen, Belgium).
Preparation of nanodiamond suspensions

Nanodiamond suspensions were prepared by dispersing diamond powders (200 mg) either used
as-received (written “asrec”) or thermally oxidized (written “ox’’) in deionized (DI) water. To
ensure a good colloidal dispersion, particles were sonicated in DI water for 90 minutes (10-min
steps) using a ultrasound probe (Hielscher, 200 W, 24 kHz) with an amplitude of 70% (duty
cycle: ¥2) and slightly centrifuged (670 g, 5 minutes) to exclude larger aggregates. Nanoparticle
density was obtained gravimetrically after freeze-drying 1 mL of the suspension followed by a
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drying step at 80°C for 24 hours. If necessary, nanodiamonds were concentrated by stirred ul-

trafiltration cell device (MWCO = 100 kDa) to reach a particle concentration of 20 mg mL™.
Oxidative treatment by air-annealing

A ceramic crucible filled with crude freeze-dried diamond powder was heated in a muffle
furnace (heating rate: 10°C min™*) in air at 400°C (written “0x-1""), 450°C (0x-2), 480°C (0x-3)
or 550°C (0x-4) for 4 hours (Nabertherm GmbH, Lilienthal, Germany) to remove the graphitic
shell and modify oxidation-sensitive chemical groups. The conditions of oxidative air treatment
by air-annealing were studied by thermal analysis (TGA) and carried out in accordance with
published procedures with some modifications 3%, The air-annealed (oxidized) NDs were then
dispersed in DI water as previously described to obtain a gray/black -colored nanodispersion
(20 mg mL1).

Size exclusion process

Sub-17 nm NDypyt fractions were obtained by successive high-speed centrifugation cycles on
ND&EES (5 mg mL™). Between each centrifugal treatment (IEC CL31R Multispeed Centrifuge,
16,800 g; 0 < n < 7 x 60-min steps), the supernatant was carefully isolated, characterized and
treated again. Their notations throughout the article are written as followed: NDj;pyr isolated
after a centrifugation cycle of 1 x 60 min; NDZp sample isolated after 2 x 60 min, etc. This
procedure was not applied to detonation nanodiamonds due to a lack of colloidal stability re-
sulting from their aggregation state.

Physicochemical characterization techniques

Hydrodynamic particle size and zeta potential were determined by photon correlation
spectroscopy (PCS) using a Zetasizer Nano ZS particle size analyzer (Malvern Instruments, He-
Ne laser, 633 nm, scattering angle 173°) (Worcestershsire, UK) on diluted suspensions (1 mg
mL™ in DI water, 25°C). The refractive index of bulk diamond (2.4 at 635 nm) was used to
evaluate intensity and number -weighted distributions. PCS measurements are presented as
mean values (hydrodynamic Dx"CS or number diameters, D+"“® and zeta potential, {) + standard
deviation. The evolution of zeta potential was investigated in relation to pH changes; the pH of
each nanodiamond sample was adjusted using diluted HNO3z or TMAOH solution.

TEM experiments were performed with a Fei Tecnai 10 electron microscope (Oregon,
USA) operating at an accelerating voltage of 80 kV under vacuum in order to obtain detailed
information on the morphology and the size distribution of a sample. Each specimen was pre-

pared following a procedure slightly adapted from Rehor et al. 6. Briefly, 300 mesh carbon-
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coated formvar grids (Ted Pella Inc, California, USA) were pretreated using an UV/ozonizing
chamber (AppliTek scientific instruments, Nazareth, Belgium) for 15 min. A mixture droplet
(4 pL) of a branched ethyleneimine polymer solution (MW = 1,2 kDa, 0.1 mg mL™?) and a 0.1
mg mL™ colloidal suspension was then placed on the grid allowing the liquid to dry in air at
room temperature. The statistical particle size distribution was obtained by examining multiple
images of each sample using iTEM software (Munster, Germany) using the Feret diameter as
size expression due to the irregular shape of the studied NDnpH particle. By measuring the
diameter size over 400 to 500 counted particles for each sample, the mean equivalent median
diameter (D™M), the polydispersity index (PDITEM) and a standard deviation (SD) from the
corresponding particle suspension were calculated *”. A size histogram showing the number-
weighted distribution was obtained and the resulted histograms were fitted with a log-normal
function.

Thermogravimetric analyses (TGA) were acquired on a TA Q500 device (TA Instru-
ments, New Castle, USA). The mass loss of pre-dried HPHT and DET samples monitored under
air was over the process for thermal stability investigation. After an isotherm at 120°C for 10
minutes (heating rate: 10°C min™), the temperature was increased from 120 to 800°C at a heat-
ing rate of 10°C min under air flow (25 mL min) and the temperature was maintained for 5
minutes.

The Boehm titration method was evaluated on ND33£5¢ NDS%-! and NDEESST nanopar-
ticles (10 mg mL™) under conductometric detection (SI Analytics, Lab 945, Xylem) to quantify
the oxygenated functional groups present on the particle surface according to a published pro-
cedure %,

Infrared spectra (ATR) of dried powders were recorded on a PerkinElmer FT-IR Spec-
trum 100 spectrometer (Manchester, UK) with an average of 4 scans and a resolution of 4 cm-
1.

Raman measurements were performed on a Xplora Raman spectrometer (Horiba) under
green wavelength laser excitation (532 nm, 0.79 mW) equipped with a 1800 tr/mm grating.
Prior to their characterizations, samples were dispersed in DI water and dispensed onto a Si
substrate by drop-casting for analysis. Spectra has been recorded with a 10 s acquisition time,
repeated 10 times. To ensure the representativeness of the spectra presented here, three different
areas of the samples were systematically probed.

The surface chemistry of the nanodiamond samples was characterized by X-ray photo-
electron spectroscopy (XPS) using a XPS Versa Probe Phi 5000 spectrometer (Chanhassen,
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USA). The X-ray source was a monochromatized Al Ka line (Ep = 1,486.7 eV). Measurement
of the deconvoluted C1s and O1s orbitals peaks energies were carried out using a linear baseline
and Gaussian line curves of variable widths.

The elemental composition of the nanodiamonds was determined by high-resolution
TEM energy-dispersive X-ray spectroscopy (HRTEM-EDX) scanning area with an average of
three measurements for the qualitative measurements (TEM grids: Formvar/Carbon supported
copper grids). Prior to quantitative analysis of impurities, the as-received detonation and HPHT
powders (250.0 + 0.1 mg) were calcinated in a muffle furnace (heating rate: 10°C minute™;
650°C for 3 hours) *°. The resulting yellow/light brown residues (6.3 — 3.4 mg, respectively)
were then quantitatively transferred into Teflon vessels for microwave acid digestion (Mile-
stone MLS 1200 Mega, Analis, Belgium). A level of total uncalcinated impurities of 2.52%ww
and 1.36%ww for DET and HPHT powders, respectively was measured gravimetrically, corre-
sponding to 95 — 98% of major carbon element in NDs. The volumes of the resulting acid-
treated samples were then adjusted to 25 mL using DI water. The impurities (ie. Ag, Al, Zn, Fe,
Cr, Cu, Zr, Mn) content was quantified by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES) under argon plasma on a Varian Liberty Series Il instrument (Varian Inc.,
Palo Alto, USA). Calibration curves (R? > 0.99) using different dilutions of an ICP multi-ele-
ment standard solution were constructed to ensure proper quantifications of each metallic im-

purities.
EPR spectroscopy and imaging

EPR spectroscopy. X-band electron paramagnetic resonance spectroscopy was used to
identify the paramagnetic contributions to the overall EPR spectrum and to obtain quantitative
information on paramagnetic centers. Samples (20 mg mL in DI water) were analyzed at room
temperature on a Bruker EMX nano (Bruker, Rheinstetten, Germany). The following spectro-
scopic parameters were used: 343.5 mT center field, the microwave frequency was ~ 9.8 GHz,
the magnetic field modulation amplitude was 0.1 mT and frequency 100 kHz and presented as
the derivative of the microwave absorption over the magnetic field. In the specific case of
nanodiamonds, their EPR spectra typically present a single line characterized by a narrow or
large resonant shape depending on the electron spin states. Therefore, the type of (isotropic)
broadening applied to a linewidth (Iw) is referred to as lwpp (pp, peak-to-peak) to measure the
horizontal distance between the maximum and the minimum of the first-derivative EPR line

shape. The g-factor refers to the spectroscopic splitting factor, characterizing the behavior of



species in a magnetic field and is extracted from the minima in the second-derivative EPR spec-
tra.

Spectroscopic simulation. EPR spectra were simulated using EasySpin software pack-
age (Matlab) #°.

Low frequency EPR settings. Low micro-wave spectroscopic EPR data were recorded
at 1 GHz (L-band) on a CW EPR E540L spectrometer (Bruker, Rheinstetten, Germany) at room
temperature.

Phantom preparation. Nanodiamond suspensions in DI water (filled with 100 — 200 pL
ata 10 mg mL™* particle density) were placed in EPR tubes (4 mm, 1 mm, 0.5 mm, 0.4 mm and
0.3 mm quartz capillary diameter size) inserted into a 23 mm birdcage resonator mounted inside
the device for phantom imaging study.

Phantom EPR imaging experiments. The EPR imaging was performed using the L-band
spectrometer 4. The continuous wave system was equipped with gradient coils to obtain infor-
mation about the spatial distribution of free radicals in nanodiamond samples. Spectrometer
parameters were as followed: microwave power: 50 mW; field of view (FOV) diameter: 82.4
mm; sweep width: 8.24 mT; Microwave frequency: 1.105 GHz; amplitude modulation: 0.2 mT;
frequency modulation: 50 kHz. Experimental resolutions were evaluated on the basis of images
of quartz capillaries (0.3 — 4 mm diameters) filled with nanodiamond suspensions with reposi-
tioning on anatomical images obtained via X-ray micro-computed (micro-CT) tomography.

Image reconstruction and mathematical procedures.

EPR image reconstruction were performed using a Total Variation algorithm-based 4,

published and usable online .

X-ray microtomographs. Micro-CT imaging was performed using a 1178 X-ray com-
puted scanner (Skyscan, Kontich, Belgium) with the following parameters setting: 65 kV, 615
WA, pixel size 83.82932 um. Spatial resolution of quartz capillary diameters was determined
by analyzing the micro-CT images using the Skyscan software suite. The images were co-reg-
istered using GIMP®,

Results and discussion
Physicochemical characterization of NDs (as-received NDpgr and NDyput)

For NDwprT, We used as-received (asrec) commercially available MSY 0 — 0.03 as these are the
smallest monocrystalline particles reported 3. TEM analysis revealed NDs with irregular

shapes with sharp edges and a large size distribution (17 nm, PDIT®M: 1.79). The particle size
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distributions obtained after sonication show narrow, almost monodisperse particle distributions
(24 nm in number-weighted distributions) (Fig. 1a), consistent with TEM observations. For
NDper, while small-sized particles were observed by TEM (5.2 nm, PDITEM: 1.44), a larger
average particle size was observed using DLS (63 nm and 32 nm in intensity- and number-
weighted distributions, respectively), suggesting the dispersion of aggregates rather than indi-
vidual particles. On the contrary to NDp57, NDET< were characterized by low colloidal sta-
bility ({ =- 39 and + 42 mV, pH 7.3), respectively, especially when the ionic strength of the
medium is increased, which could reflect significant differences in their surface chemical com-
position. IR analysis confirmed this hypothesis by revealing a characteristic band at 1766 cm™,
corresponding to the C=0 stretching of carboxylic acid groups, present only on ND{355 (Fig.
S2b). This feature is responsible for the negative zeta potential that ensures their colloidal sta-
bility. On both types, additional signatures of oxidized terminations, such as alcohols and epoxy
groups, are indicated by bands at 1290 cm™ and 1090 cm™, corresponding to symmetric and
asymmetric C-O stretching modes, respectively. Bands at 3670 — 2670 cm™! and 1620 cm™,
associated with O-H stretching and bending modes respectively, are also observable. These may
originate from alcohol functions or from adsorbed water on the ND surface. Finally, ND&}t¢
shows a structure between 2800 and 2950 cm™, corresponding to aliphatic C-H stretching
modes due to hydrogen terminations and/or non-diamond phases on the surface.
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Figure 1. Size measurements. (a) Size distributions obtained by PCS (intensity-weighted, (up)

and number-weighted (bottom) distributions. TEM images of (b) mean 17 nm NDgpnt and (C)



mean 5 nm NDper (scale bars: 100 nm) and their particle size distributions. The x axis for
NDypyt particle histograms is expressed as a 2-nm increment size diameter for clarity (1-nm
increment size for NDpgt). Extensions (yellow frames) show high-resolution TEM images
(scale bars: 20 nm) obtained by HRTEM-EDX experiment (as-received HPHT and detonation

samples: 200 k and 250 k x magnification, respectively).

Using high-frequency (X-band, 9 GHz) EPR acquisitions, we can assess that both samples
NDwpHt and NDper (10 mg mL™) contain electron spins with a main spectroscopic splitting
factor (g-factor) = ge = 2.0027 £ 0.0002. Among impurities other than carbon, some paramag-
netic and ferromagnetic impurities originating from transition metal ions (Fe3*, Cr®*, Mn?*,
Co?*, Ni?* or Cu?*) can be found in diamond suspensions. HR-TEM energy-dispersive X-ray
(EDX) have confirmed the presence of Al, Fe or Zr (Table S1) randomly distributed within the
bulk, among others elements, with uniform distribution 3944, As a result of the grinding and
explosion processes (milling with zirconium oxide micron-sized beads, sonic mechanical dis-
integration of corrosion products from the explosion chamber wall) non-carbon elements were
incorporated within suspension. ICP-AES analysis estimated the bulk composition of ND33¢
and ND{ip5T suspensions. The resulting concentrations normalized per NDs suspension are
listed in Table S2. Among the most notable differences between both samples, one has to men-
tion the high zirconium content detected in NDper sample (with around 14 ng per mg NDpet
and below LOD in NDnpnt Sample) as a consequence of their dispersion process (NDpet dis-
persion is achieved using zirconia beads-assisted method).

Figure 2 shows the main resonance EPR single lines at 343 mT (extension) for NDnpnt and
NDper samples, resulting mainly from structural defects (dangling bonds). For small-sized
nanodiamonds (< 70 nm), it can be assumed as a two component deconvolution, since the EPR
line has a larger linewidth, with a similar signal resonance g-factor, mainly attributed to the free
electron resonance (ge = 2.0027) but with different linewidth contributions “°: (i) a broad spin-
% Lorentzian component assigned to C-C carbon dangling bonds on the particle surface and in
the nanoparticle core, and (ii) a narrow spin-¥2 Lorentzian component attributed to defects in
the diamond lattice *°. Due to the relatively high local spins densities and their close proximity,
a main characteristic of a nanosized system, these defects are able to mutually interact, and
additionally, can interact with nearby P1 centers, increasing the linewidth. Here, the main dif-
ferences between nanodiamonds are the production origin, crystallographic core, internal/sur-
face defects, purification, surface chemistry, agglomeration state, presence of sp?-carbon and

10



the material size. The experimental resonance measured on the ND3E+¢ and ND{{p5T was char-
acterized by peak-to-peak linewidths of 0.96 mT and 0.38 mT, respectively, at a resonance field
Bo ~ 343.5 mT. In order to understand the surface etching modification, nanodiamond source,
or size effect, we compared the EPR signal peak-to-peak linewidth (Iwpp). It is worth noting
that similar 18 nm-ND"PHT particles from a different provider have been previously reported °,

with a focus on particles of similar size and characteristics.

3 ™ NDpgf™"*

asrec
NDpipi’

Intensity (a.u.)
T

I T T T T I T T T T I T T T T I T

335 340 345 350
Field (mT)

Figure 2. Typical analysis of high-frequency (X-band) EPR profiles of
ND&YLC (green) and ND&RSS (red) suspensions (10 mg mL™?) recorded at room temperature
(main resonance signal) around the resonant magnetic field of the signal (g = 2.0027). Micro-

wave frequency: 9 GHz.

Physicochemical modifications of NDs

Air oxidation process

NDpet have a complex surface nature with a higher density of surface defects, amorphous and
graphitic carbons and a wide diversity of functional groups, which can be modulated by surface
oxidation to generate acid functions. Oxidation by air-annealing provides an efficient method
for oxidizing ND surface and removing non-diamond carbon, including paramagnetic radical-
like centers (i.e. dangling bonds) **. Prior to this, thermogravimetric analysis (TGA) were per-
formed on these materials to evaluate their thermal behavior applying a heating rate of
10°C/min (Fig. S1a); NDpet and NDnpHT begin to decompose at 515 and 483°C, respectively,
with a weigh loss of 5%. A weight loss of 50% is observed between 546 and 560°C, respec-

tively. Based on information resulting from TGA analysis, air-annealing conditions at 400°C
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(ox-1), 450°C (0x-2), 480°C (0x-3) or 550°C (0x-4) for 4 hours were applied in order to eval-
uate the impact of oxidation on ND physicochemical properties, especially with regard to their
surface chemical composition, graphitization or dangling bonds onto ND surface. Thanks to the
annealing process, the weight decreases to 96 or 87% at 400°C, 90 or 86% at 450°C, 84 or 68%
at 480°C and to 31 or 1% at 550°C after 4 hours of air-annealing for NDnprt and NDper, re-
spectively (Fig. S2).

In NDpet samples, primary particles appear as tightly bounded clusters, forming large aggre-
gates in suspension as a result of their surface nature due to various functional groups (i.e. ether,
epoxide, hydroxyl, carbonyl, carboxyl). The first observation is that the applied treatments im-
prove the dispersion as well as the colloidal stability by preventing NDs from aggregation. This
observation is confirmed by PCS analyses. While no significant difference in the core size was
noted by TEM (5.2 + 1.4 nm vs. 4.5 = 1.2 nm), PCS indicates that this treatment has a consid-
erable decrease in the mean hydrodynamic size from 63 nm (D4"“® = 28 nm) for ND25<€ to 45
— 48 nm (D47 = 15 — 22 nm) for oxidized NDpet samples, respectively. The evolution of zeta
potential in relation to pH changes indicates a shift from positive to negative values (from { =
+ 46 mV to - 44 mV after oxidation, at pH 7.3; Fig. S3), suggesting an increase of colloidal
stability through ionic repulsion. Indeed, FT-IR analysis reveals the emergence of a carbonyl
C=O0 stretching band around 1780 cm™, indicating the formation of carboxylic groups on the
surface. This is responsible for the negative zeta potential, in concomitance with the disappear-
ance of C-H stretching modes previously observed. Figure S4 also shows that the annealing at
400°C leads to a similar spectrum to those obtained under other conditions (up to 500°C). In
accordance with FT-IR, XPS data (Fig. S5) showed an increase in the total oxygen content in
the ND&¥% sample after air-annealing (Table S3); their atomic concentrations were calculated
from the corresponding C1s and O1s core levels peak intensities (286 — 280 eV and 531 — 528
eV ranges, respectively). The main difference in elemental composition in relative percentage
terms is expressed by the O1s/C1s ratio. While NDJE+¢ nanodiamonds contain 3.80% oxygen
and 94.20% carbon (the remaining 2% consists of nitrogen) (O1s/C1s = 0.04), ND&¥%:* contain
9.41% oxygen and 89.19% carbon (O1s/C1s = 0.10). This corresponds to a 59% increase in
oxygen and a 5% reduction in carbon after air-annealing under ox-1 conditions. Following the
air-annealing treatment, the surface composition of NDnpHT Seems to be less affected as sug-
gested by the slight evolution observed in the various FT-IR spectra (Fig. S4). This observation
suggests that, unlike ND3E+¢, ND{{p5t surface was already completely oxidized due to the

grinding process nature 4’. XPS (Figure 3) confirms those observations with no significant

12



difference observed for NDnpxt Samples under the same air-annealing procedure (O1s/C1s =
0.11). After their US-assisted dispersion in DI water, PCS measurements indicate that con-
trolled air-annealing at 400°C, 450°C, 480 or 550°C for 4 hours compared to ND{j3 557 procedure
has no influence on their colloidal behavior based on their hydrodynamic particle size distribu-
tion profiles (around Dy 36 nm) and zeta potential values (around { = - 45 mV at pH 7.4).
Overall, the quantitative analysis of the evolution of the carboxylic acid content in NDpet sam-
ples indicated an increase of 19 to 27 nmol mg™ between ND33e¢ and ND3%:! conditions, as
determined by Boehm conductimetric titration. In the case of NDwpT, N0 significant difference
was noticed in these conditions (32 nmol mg?). This average amount corresponds to 0.36

COOH groups per nm? of spherical ND&%+* particle surface.
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Figure 3. XPS data. Deconvoluted and experimental C1s and O1s fits of NDpgr and NDypyr

(columns) obtained before and after air-annealing for 4 h. Highlighted C1s and O1s data can
be found in Table S3.

Size exclusion process

Due to the polydispersity of NDrpHT, We use a simple size exclusion approach to reduce the

particle size distribution, and approximate the distribution obtained for NDpgt after thermal
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treatment. Size sorting process using centrifugation is a common and simple approach to satis-
fying colloid fractionation **%°. Previous reports showed that MSY 0 — 0.05 (25 nm median
size) are composed of 59% (based in number-weight distribution) of NPs smaller than 17 nm,
in particular, 33% of 5 nm NDwpn, as revealed by TEM analysis . Herein, the high polydis-
persity (1.79) of the ND{p5 material offers the obvious advantage of being able to be separa-
ble into distinct subdivision fractions starting from the crude ND&3 55 (0.5%wt.n). We assumed
a similar distribution in the MSY 0 — 0.03 sample. To roughly evaluate the size distribution
influenced by centrifugation, we employed a constant high-speed (16,800 g) with extended du-
rations in 60-minutes increments to generate a series of sub-17 nm fractions. After each cen-
trifugation cycle, the supernatant was carefully separated to isolate the NDypyr Sub-17 frac-
tions. By following this procedure, we were able to systematically reduce the size of the NDrpnt
sample; substantial differences were observed between the recorded distributions, indicating a
shift towards smaller particle diameters, as confirmed by PCS measurements (Fig. 4). Starting
from the initial NDEE5S material (D#"CS: 24.2 nm; PDI: 0.188), the number size profiles clearly
show a significant reduction in size distribution well below D+"S 13.2 nm (PDI: 0.164) after

the first treatment cycle (1 x 60 min; ND#pyr sample).
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Figure 4. Size distributions. (a) Number size distributions obtained by size exclusion, starting
from raw ND{3 7. Only NDypyr fragments isolated after 1, 3, 5 and 7 cycles (16,800 g) of 60-
min of increment are shown for clarity. (b) Size distributions histograms by intensity- and num-
ber-weighted and TEM sizes + standard deviations plotted as function of the number of cycles
(NDZ3ES is written as “0”, NDipyp referred <17, etc) and comparison to NDper colloids. Note
that the y axis (D«"°®) for NDpgr and NDypyr samples is adjusted between nanodiamond sam-
ple type for clarity.
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Efficient size exclusion was observed from the third centrifugal treatment (ND3py Sample;
D4"¢S: 14.3 nm (PDI: 0.132)). In correlation with DLS, TEM analysis confirmed the PCS ob-
servations, showing an evolution of the mean size from 17.3 + 4.4 nm (PDI: 1.79) t0 8.4 £ 3.1
nm (PDI: 1.54) (Fig. 5) for raw to NDjpyr (37% in particle concentration) respectively, as
depicted in the proposed sorting process. The particle size of sub-17 nm HPHT thus approached
that obtained for detonation particles. No significant difference in the size profile could be no-
ticed between ND3pir compared to the other sub-fractions. Overall, this size treatment effec-
tively isolated the desired sub-17 nm particles, resulting in a relatively monodisperse fraction
(Table S4), despite a relatively low yield (around 7.5%w. in particle concentration), based on

the initial colloid concentration, as obtained grawmetncally (Flg S6, Table S4).
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Figure 5. Size measurements on NDypyr Size exclusion particles. TEM images from (a) to
(9) (scale bars: 100 nm) and statistical analysis after centrifugation with 60-minutes of incre-

ment starting from ND{p5 sample (core size approxim. 18 nm). The histogram diameter axis
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is set by 2-nm increment for clarity. (h) Dynamic size distributions (number-weighted distribu-
tions) of the isolated ND§i2;+7 fractions following centrifugation treatment at 16,800 g, starting
from ND&ES (0 min) showing a shift towards smaller D+ distributions (up). Comparison of

TEM size distributions using histograms fitted with a log-normal function (down).

It must be mentioned that the separation of detonation nanoparticle was not a straightforward
applicable process; indeed, 16,800 g speed treatment led to a non-stable suspension due to their
aggregation states caused by the complex structure of the isolated detonation shoot. Photos of
as-received and thermally oxidized particles treated for 60-min at 16,800 g are shown in Figure
S7. This procedure was not applied to the detonation nanodiamonds due to a lack of colloidal
stability resulting from their aggregation state. We note that these particles are usually tightly
bound into aggregates, despite many efforts (milling aggregates with micrometer-sized ceramic

beads) to stabilize individual spherical NP 8.
EPR spectroscopic and imaging study for spatial resolution
HPHT-synthesized nanodiamonds

Interestingly, a noticeable linewidth reduction effect can be observed in EPR spectroscopy from
0.38 mT onwards as the average particle size decreases through size exclusion. The EPR fea-
tures (signal width) of this series of HPHT are presented in Table 1. The linewidth decreased
and then reached a plateau from sample ND3pyyr t0 NDpyr (NDfjpgr; Ns= 1.3 10% spin/g)
for a value of around 0.23 mT, corresponding to a decrease in the broad component of nearly
40%, for which ND3,p;r sample appeared as an efficient sample for EPRI investigation (achiev-
able resolution < 0.5 nm). This set of size variations NDnpnt resulted in a weak decrease of
spins per g (Ns), however, strikingly, an efficient decrease in the broad component of the signal.
The comparison of physicochemical parameters collected for the different series of nanodia-

monds is summarized in Table 1.

Table 1. Comparison of physicochemical parameters of nanodiamonds.

Size EPR (X-band) EPRI
(g = 2.0027 +
0.0002)
Sample 4 D#PCS DHPCS lwpp Ns R
pH=7.3+0.1 | Num.-w Int.-w
(mV) (nm) (nm) (mT) | (spinfg) | (mm)
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NDpgr +42+2 | 284+19|629+07 | 096 | 6.610% >2
NDpr' -40+2 | 212+32|456+04 | 088 | 5810% >2
NDfipiir -39+2 [ 242+02[361+02| 038 | 1.510° | 0.7
NDjipht 372 | 271%06 | 27106 | 027 | 1.410° | >05
NDFprr -36+1 | 143+18|239+03| 023 | 1.310° | 05
NDipir -44+2 [ 122+02 | 193+04 | 023 | 1.010° | <05
NDfippr ~44+2 | 104+05 | 186+02 | 022 | 9810® | <05
NDgbir -43+1 | 226+06 35401 | 028 | 1610° | >05
NDgbT -46+1 |212+08 34502 | 027 | 9.110® | >05
ND{brr -46+1 |21.0+£12 |378+01| 026 | 6710® | 05
ND{bHT -47+1 | 156+1.1 | 326+05| 0.24 2.110'8 <05

Alternatively, thermal annealing of NDnpnt resulted in a decrease in the broad component of
the signal. In contrast to detonation nanodiamonds, the air-annealing process has minimal im-

pact on the spins located on the outer surface due to the surface nature of HPHT particles.

Although FTIR spectroscopy did not reveal any significant qualitative differences between the
samples after thermal treatments, there was a significant impact on their lwpp. Raman spectros-
copy was used to determine these differences. This technique provided additional information
on their structural changes. The Raman spectrum of NDnpnt is shown in Fig. S8a and displays
the following characteristics “°: (i) a peak at 1330 cm™ (dotted line) associated with the first
order diamond peak (C*, diamond phase); (ii) the deconvoluted peak at 1350 cm™ is assigned
to sp?-hybridized bonds deformation mode (D-band); (iii) 1470 cm™ could be attributed to the
presence of nitrogen-vacancy defects in the diamond lattice; (iv) a broad component at 1570 —
1590 cm due to allotropic forms of carbon sp?-graphitic carbon covering the diamond core
(G-band); (v) a band at 1685 cm™ characteristic of C-OH / C=0 bending vibrations at particle
surface. Within addition to the above-mentioned peaks, the NDwpnt 1580 cm™ peak (G-band)
decreases due to air-annealing progress of HPHT samples (400 to 550°C) among the others
non-diamond absorption (Fig. S8a). Indeed, Raman spectra of HPHT particles show a consid-
erable increase in the diamond peak (C*) intensity compared to the broad sp?-related band (1500
—1800 cm™?) of the air-annealed samples and its shift 1332 — 1333 cm™ becomes dominant (Fig.
S8Db). It is evident that the air-annealing of HPHT powder at 550°C for 4 hours (ND&%;) con-

siderably reduces the graphitic content as the G-band is further suppressed.
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For both strategies, these distinct treatments enabled adequate control of size and surface
area, leading to a fine tuning of parameters and lower Ns content. Overall, the EPR signal of
HPHT particles typically exhibits a narrower linewidth for the narrow component, compared to
other types of nanodiamonds. This suggests a higher degree of order in the material, although
linewidths are also influenced by other factors, such as the initial content of P1 centers and
exchange interactions between spins within the particle #°. This is particularly true as the size
decreases from micrometers (100 pm) to nanometers (20 nm) as reported in the literature °.
Distinctive modifications (including signal linewidth) have appeared in the EPR spectrum when

the average size of particles in polydisperse samples decreases *°.
DET nanodiamonds

In contrast, the EPR signal of detonation nanodiamonds typically exhibits a broad linewidth
(lwpp = 0.96 mT) due to the presence of multiple paramagnetic defects such as structural de-
fects, dangling bonds, impurities, graphite and diamond allotropes *. Overall, HPHT nanodia-
monds exhibit a narrower signal than ND3E+¢, representing a reduction of almost 60% of the
FWHM (full width at half maximum). In addition, the concentration of RPC (spin S = %2) was
estimated to Ns= 1.5 10%° spin/g on the HPHT colloid which is ~ 4.4 times less than detonation
sample (Ns = 6.6 10'° spin/g). Assuming that ND25i<¢ particles are spherical, an experimental
value of approximately 5 RPC/particle is obtained, and the spins are inhomogeneously distrib-
uted according to literature “®5, Interestingly, we observe a reduction in the EPR signal lin-
ewidth resulting from the decrease in spin density at the particle surface during air-oxidation
treatment. For comparison, oxidative treatment of NDpet reduces the broad component by 10%
associated with impurities near the particle surface (mainly dangling bonds) for ox-1 sample.

This fact illustrates the importance of surface properties and sets for surface development.

The main advantage of NDnpxt Over NDper is the uniform crystallinity and purity with a rela-
tively low and localized concentration of spin resonant lattice defects. This is crucial for their
spectroscopic characteristics and imaging applications, as they can stably host narrow single
line EPR components. The concentration of radical-like paramagnetic centers, including impu-
rities and dangling-bonds, can be well-suited to EPRI applications with significant decreases in
peak-to-peak derived linewidth after NDnput Size exclusion. Three centrifugation cycles of the
NDwnpHT Nanodiamonds yield to promising EPR features (minimal lwpp obtained = 0.22 mT).

In an interesting feature involving nanodiamonds, we highlight how the use of NDs can be
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relevant to afford a unique EPR contrast signature through long-term stable paramagnetic cen-

ters.
L-band EPR imaging study for spatial resolution

Imaging capabilities of NDs have been further evaluated in L-band (1 GHz) EPR spectroscopy
(Fig. S9) and imaging for low-field frequency measurements. EPR images are recorded simi-
larly as a conventional EPR spectrum, with magnetic field gradients applied in a range of dif-
ferent orientations around the sample (gradient = 4 mT/cm). The achievable resolution in an
EPRI experiment is based on concepts similar to those of MRI acquisition. Formally, a common
definition of resolution is the determination of the number of pixels in a specified field of view
(FOV). In this case, the theoretical spatial resolution in EPRI is closely proportional to the peak-
to-peak linewidth of the EPR spectroscopic absorption curve (lwpp) and the inverse of the gra-
dient intensity (), typically, R = lwpp/ V. Overall, a narrower linewidth and stronger gradients

allow for high resolution EPR images (éim R = 0), which is limited by the magnetic field pro-

duced by the gradients 2 for small gradient strength (7 < 10% principal magnetic field). Two-
dimensional imaging also implies spatial resolution represented by the pixel resolution (Rpixel
= FOV/Number of Pixel) of the imaging system with correct image reconstruction *. However,
broad peak-to-peak linewidths can limit the application of various types of NPs for resolution
enhanced imaging, which tends to give special attention to nanometric NDgpnt. In this case,
employing a deconvolution process to recover a spatially homogeneous spin density distribu-
tion, spatial resolutions of less than 0.7 mm could be obtained in the improved EPR imaging
system starting from the raw ND{p57 sample. Using mathematical algorithms and imaging
optimizations, we present promising preliminary EPRI acquisitions of capillary phantoms after
image reconstruction. The experimental resolution of ND#p 5 was evaluated by image analysis
based on quartz capillaries containing mean 18 nm size monocrystalline particles with inner-
diameter sizes ranging from 0.2, 0.3, 0.4, 0.5, 0.6, 1 and 4.0 mm. Imaging of raw ND{p55 (Iwpp
= 0.38 mT; RPC = 0.442 mM) filled into capillaries at a similar concentration (10 mg mL™?)
showed a strong detectable signal. An achievable resolution of < 0.7 mm was observed on Fig-
ure 6 with spatial registration and fusion of raw EPRI and X-ray micro-CT on the same object.
In contrast, NDpgr (Iwpp = 0.98 mT) did not provide the expected resolution since R > 2 mm
under the data acquisitions (R = 0.23 mm for a FOV of 32 mm) (data not shown). We can
mention that NDpgt EPR signal operating at microwave frequency of 1 GHz presents a known

spectral resolution limitation compared to NDypyt Sample. Despite a 4.4-fold decrease in RPC
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content compared with NDper, typically exhibiting a spin density Ns of 6.6 10*° spin/g versus
1.5 10¥ spin/g, for ND25-e¢ and ND&EES, respectively, the latter still demonstrates good sensi-

tivity and threshold detection.

1:4mm | 2,4:0.4 mm | 3: 0.2-0.3 mm |
5,6: 1 mm

# | -
,

mm

2 B 0 1 2 3 4 5 6 7 2 -1 0 1 2 3 4 5 L] 7
x-axis (milimeters) x-axis (millimeters)

Figure 6. L-band EPR imaging experiment of NDfpit sample. Anatomic Micro-CT image
(left), corresponding 2D image (ZY) of glass capillaries containing NDs suspensions imaged
by EPRI (middle) and the superimposed spatial registration of the EPR image to the corre-
sponding micro-CT scan (right). EPRI parameters: experimental time: 71 min; lwpp: 0.35 mT;
FOV: 37.55 mm.

Additionally, as previously mentioned, the spatial resolution of EPR images (R) depends on
probe linewidths and the magnetic field strength. Thus, reducing the linewidth of the sample
may enhance image contrast. From all the samples under study, we consider ND3;py1 colloid to
be the most promising (Iwpp = 0.23 mT). Furthermore, if the number of spins in a pixel or voxel
falls below the detection threshold (< 0.4 mm), no image can be acquired under these condi-
tions. On this basis, we investigate nanodiamonds density of ND3jpyr sample studying a 10 mg
mL™* (RPC = 0.221 mM) (Fig. 7; upper line) or 20 mg mL™* (RPC = 0.442 mM) (Fig. 7; lower
line) suspension. Full details specific to sampling imaging parameters can be found in the paper
from Abergel et al. #2. Images were processed according to the number of iterations.
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Figure 7. L-band EPR images of NDjpyr sample. EPRI and the phantom object anatomic
CT-microtomography (left) and 2D images (ZY) of glass capillaries containing aqueous sus-
pensions of NDs from left to right according to iteration number, regularity parameter A'. ND

densities of 10 mg mL™ (up) and 20 mg mL"* (down) were imaged.

The images above represent the first combined EPRI and micro-CT images offering good res-
olution of a phantom (R < 0.5 mm) and open the way to the utilization of NDs in the field of

EPR imaging.

Conclusion

This study explores the physicochemical properties of nanodiamonds, focusing on size and sur-
face treatments using commercial materials obtained by grinding or detonation synthesis. The
difference in production conditions allows to differ the chemical composition of impurities and
their distribution along the crystal as well as a control over a predetermined nanoparticle size
and shape. Using size exclusion on a polydisperse HPHT sample (mean size 18 nm), a particle
size distribution similar to that of detonation nanodiamonds was achieved, with improved struc-
tural quality and surface uniformity. In addition, we describe thermal oxidation because it is a
straightforward approach that allows surface chemistry uniformization leading to oxygen-ter-
minated particles and compared EPR features. Furthermore, EPR spectroscopy revealed the
promising properties of HPHT nanodiamonds for probing at smaller sizes, demonstrating the
capabilities of low-field (1 GHz) EPR imaging. Overall, this study highlights the unique EPR

22



properties of nanodiamonds, specifically ND3pr sample (mean size of 8 nm) and offers pro-

spects for applications in nanomedicine and materials science.

Associated content

The Supporting Information is available.
HRTEM-EDX data (Table S1), ICP data (Table S2), XPS data (Table S3), size data (Table S4).
Surface analysis (Figure S1), gravimetric measurement (Figure S2), zeta potential data (Figure

S3), IR (Figure S4), XPS spectra (Figure S4), size obtained by size exclusion (Figure S6), pho-

tographs of ND suspensions through size exclusion process (Figure S7), Raman spectra (Figure
S8) and L-band EPR spectrum of ND sample (Figure S9).
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