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Nanodiamond (ND) polarizer can be used for dynamic nuclear polarization (DNP), owing to unpaired
electrons provided by surface defects. However, 'H enhancement via Overhauser DNP (ODNP) using ND
in-situ liquid has been found much smaller than traditional radicals. Herein, we study the surface prop-
erties of ND using electron spin resonance (ESR) and Raman methods firstly. Then the enhancement of
TH ODNP is explored using ND as polarizer with different nanoparticle sizes and concentrations at home-
Keywords: built 0.06 T DNP spectrometer. The surface of ND with the size of 30 nm is further modification via high
ODNP temperature air oxidized and the enhancement was measured. The results show that nanoparticle sizes

Polarizer and Raman peak intensity ratio of sp?/sp® hybridization are approximate negative correlation and pos-
Nanoparticle itive correlation to enhancement, respectively. Furthermore, there is no significant enhancement in the
Enlt‘ani?me“t oxidation group, and a —22.5-fold 'H ODNP enhancement is achieved in-situ liquid at room temperature,
elaxation

which demonstrate the ND can be used as an efficient enhancer. We expect ND to play a greater role in

biomedical research, especially for multimodal imaging with improving the performance of ND surface.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nanodiamond (ND) has a promising application in drug deliv-
ery and fluorescence imaging, benefiting from its advantages of
chemical stability and surface modifiability [1-3]. Moreover, ND
can be used for Magnetic Resonance Imaging (MRI) as contrast
agent owing to surface defects. More importantly, because of these
excellent characteristics, ND provides the possibility of bimodal bi-
ological images (e.g., fluorescence image and MRI), thus offering
more information of tissue structure [4]. However, as an applica-
tion of nuclear magnetic resonance (NMR), the signal-to-noise ra-
tio of MRI is proportional to polarization of nucleus spins in ther-
mal equilibrium and is thus very low compared with highly sen-
sitive fluorescence method. How to improve the polarization of
nuclear spins even to achieve nuclear hyperpolarization has be-
come a hot topic of NMR [5,6]. Overhauser dynamic nuclear po-
larization (ODNP) is one of the widely used polarization methods
[7]. ODNP technique transfers larger polarization of electrons to
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nuclei via electron-nucleus interactions, so as to greatly increase
the polarization of 'H [8]. Theoretically, 'H polarization could be
enhanced about 660 times due to gyromagnetic ratio of electron
(ys) is approximately 660 times of proton ();). ODNP requires the
participation of unpaired electrons from radicals. The commonly
used organic radicals are toxic to organisms, which is not con-
ducive to biomedical research. It is highly urgent to find potential
biological safety radicals. This dilemma may be solved by ND [9].
Especially for study of biological models, the application of DNP in
low-field has broader prospects, since its advantages of weak mi-
crowave heating effect, larger skin depth, larger sample space and
in situ experiment compared with high-field DNP [10-12].

ND polarizer dispersed in liquid used for 'H enhancement via
ODNP has been reported. Waddington et al. achieved 'H NMR en-
hancement to —4-fold at 6.5 mT [13]. However, the yielded en-
hancement of 'H by ND polarizer is much lower than traditional
organic radicals which can achieve hundreds of times enhance-
ment [14]. As far as we know, 'H NMR enhancement via ND in
low-field liquid DNP is still very small and cannot fully meet the
demand for research. In order to realize the application of ND as
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Fig. 1. (a) Raman spectra of four sizes ND and illustration is peak intensity ratios
of sp?/sp?; (b) ESR spectra of 30 nm ND.

DNP polarizer, it is of great necessity to largely improve the per-
formance of ND polarizer.

Surface properties of ND and enhancement are tightly bound.
Herein, we investigate a series of different nanoparticle size of
NDs which may contain more unpaired electrons on surface. Elec-
tron spin resonance (ESR) and Raman spectroscopy are employed
to investigate paramagnetic defects and carbon dangling bonds on
ND surface, so as to evaluate the potential of ND used in ODNP.
Then, ODNP experiments of 'H NMR enhancements (Section 1
in Supporting information) in ND-dispersed water are carried out
on homemade 0.06 T DNP spectrometer [14]. The influence of
nanoparticle sizes and concentrations of ND on 'H enhancement
is explored. Finally, the factors affecting enhancement of actual ND
sample are discussed to further improve the performance of ND
polarizer via the experiments of 30 nm air oxidized ND.

According to Raman spectra of NDs including four sizes in
Fig. 1a, two types of carbon atoms are found. The sp? and sp?
hybridization come from the carbon phase in core of ND at
wavenumber of 1332 cm~! and on ND surface at wavenumber of
1580 cm~!, respectively [15]. The sp? carbon provides not only
unpaired electrons, but also adsorption sites for water molecules.
For spherical nanoparticle materials, the larger specific surface area
(SSA) arises from the smaller nanoparticle size (r) (SSA = 3/r). Ac-
cording to illustration of Fig. 1a, Raman peak intensity ratios of
sp?/sp3 with 30 nm ND is nearly 3-fold higher than large-size NDs,
which is coincident with SSA, indicating that sp2/sp? is positive
correlation with SSA: SSA~ &(sp?/sp?), where §(sp?/sp3) repre-
sents the weight of sp2? carbon. The 30 nm ND may contain more
unpaired electrons on surface than large-size NDs. We further ana-
lyzed ESR of 30 nm ND at 0.1 mg/pL, as shown in Fig. 1b. ESR spec-
tra comprised two components by fitting. The narrow component
is assigned to defects located in ND core, and broad component is
from carbon dangling bonds on ND surface [16]. The proportion of
broad component area in ESR spectrum is about 90%, and concen-
tration is approximately 10'® spin/g [17]. From these results, NDs
used in our experiments may be suitable as ODNP polarizer.

The schematic of ODNP process is exhibited in Fig. 2a. The 'H
NMR enhancement of ODNP with four nanoparticle sizes of ND at
0.06 T with 0.1 mg/uL are shown in Fig. 2b. With the increase of
microwave (MW) power, 'H NMR enhancement increases and fi-
nally tends to saturation. 'H enhancement (Eexp) with 30 nm is
higher than large-size NDs, which is consistent with the larger Ra-
man peak intensity ratio of sp2/sp? (Table 1). Consequently, Raman
spectra provides a good assistant method to evaluate the poten-
tial of ND for ODNP by crudely classifying ND based on sp?/sp3,
(Eexp ~ 8(sp?/sp)).

In order to explore the maximum enhancement of 'H NMR, a
series of experiments with 30 nm were implemented at different
concentrations as shown in Fig. 2c and we achieved experimen-
tal maximum values (Eexp) of —22.5-fold at 0.5 mg/uL in Fig. 2d.
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Fig. 2. (a) The transfer of polarization from unpaired electron on ND surface to 'H
with MW irradiation; (b) '"H NMR enhancements in four nanoparticle sizes ND so-
lution at 0.1 mg/uL vs. MW power; (c) '"H NMR enhancements in five concentrations
of 30 nm ND solution vs. MW power; (d) "H NMR spectra with and without ODNP
at 0.06 T.

Table 1
Raman peak intensity ratio of sp?/sp3, Ty, T>, and Eexp of 'H in four sizes ND
solution at 0.1 mg/pL at 0.06 T.

ND (nm) Sp2/5p3 Ty (ms) T (ms) Eexp
30 0.125 410 209 -13.7
80 0.044 478 312 -7.17
100 0.039 403 266 -10.7
125 0.054 450 315 —6.1

Table 2

Parameters of 'H enhancement in five concentrations of 30 nm ND solution at

0.06 T.
C (mg/uL) Ty (ms) T, (ms) Eexp Emax
0.5 150 43 -22.5 -24.2
0.2 240 82 -18.1 -19.5
0.1 410 209 -13.7 -149
0.08 635 260 -11 -124
0.05 750 373 -89 -103

To the best of our knowledge, this is the greatest 1H signal en-
hancement in liquid using ND polarizer in-situ low field DNP. The
approximate experimental (Eexp) and theoretical maximum values
(Emax) [18] as shown in Table 2, which indicated that the exper-
imental conditions were optimized and close to the theoretical
limit in every concentration [19]. From above results, we find that
TH NMR enhancement is positive correlation to MW power (P),
concentration of ND and Raman peak intensity ratio of sp%/sp3; on
the contrary, Eexp is approximate negative correlation to ND size
(r).

Theoretically, ODNP enhancement E can be described as Eq. 1:

E=1-&sflysl/ n (1)

where

s aP 1
T 1+aP 1+1/(aP)




Z. Zhang, E Chen, J. Feng et al.

and
10 _{_Vho

! To  1/T 3)

where & is the coupling factor, which is determined by the interac-
tion between nucleus and electrons. s is the saturation factor (0~1)
and related to MW power (P). « is a constant depending on the
relaxation times of electron spins. f is the leakage factor (0~1), re-
lating to the spin-lattice relaxation of the nucleus with (T;) and
without (T;) unpaired electrons from surface defects of ND.

The T; and T;g in ND-water mixture may be different form the
traditional organic small molecular radical (such as TEMPO), and
can be compared to the relaxation distribution of water dispersion
of paramagnetic protein solutions [20] or the effect of paramag-
netic ions on solid surface on liquid relaxation [21] as Eqgs. 4 and
5:

1 1 1
1l R ws= iR xSsAxC 4
To Tip Tig @
1 1
ﬁ:m—l-RexCe
- TL+Rsx55Axc+Rexcsx(55AxC) (5)
1B

where Typ is the bulk diamagnetic relaxation and Rs is the relax-
ivity constant arising from ideal ND surface without defect elec-
trons. C is the ND concentration per unit volume in solution. S is
the ND surface area per unit volume in solution. R, is the relax-
ivity constant arising from unpaired electrons on surface. Ce is the
unpaired electron concentration per unit volume in solution from
ND surface defects. Cs is the surface defect concentration per unit
area of the ND surface. SSA is the specific surface area of ND. For a
practical ND sample, r is the average nanoparticle size of ND, SSA
of practical ND sample can be expressed as (Eq. 6):

SSA = Spi*3/r (6)

Spi represents the effect of practical ND surface, including
roughness, irregularity and nanoparticle-size uniformity [22,23].
Here, we define Sg; as “surface shape factor”. If ND are ideal
smooth and uniform spheres, the Sg; can be set as Sy 1.
For a practical ND sample, the ODNP enhancement E can be re-
expressed from formulas 1-6 as (Section 5 in Supporting informa-
E~1-£& ls] 1

tion,):
s|
vi \1+1/(aP)

Tig*RexCsxCx8 (Sp?/sp°)
1+ Tip*(Rs + RexCs)*Cx8 (Sp? /sp?)
here the coupling factor £ is a positive value (0< & < 0.5) [13].
As is known, the first order derivative of function |E| can be used
as the criterion of function changes. When &sf|ys|/ v > 1, the
function |E| is positive correlation to the parameters P, C, Sg; and
§(sp2/sp3); on the contrary, the function |E| is negative correla-
tion to the parameters r. The theoretical derivations are consistent
with the above ODNP experimental results. The parameters C;, 1,
SSA, and Sg; belong to characteristics of ND. Based on the theo-
retical derivations, a better ND polarizer has higher concentration
of surface defect (Cs), smaller nanoparticle size (r), larger SSA, and
higher Sg; by surface modification. However, surface modification
via air oxidized reduced the weight of sp? hybridization and the
concentration of surface defects (Cs) (Fig. S3 in Supporting infor-
mation), resulting in no enhancement using air oxidized 30 nm
ND (Fig. S4 in Supporting information). The surface defects were
greatly reduced after air oxidized, which can be seen visually from
ESR spectrum (Fig. S5 in Supporting information). Surface modifi-
cation by oxidized provided a possibility for changing the surface

(7)
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properties of ND [24]. According to the above analysis, the larger
the nanoparticle size is, the smaller the enhancement. As was ex-
pected, there was no enhancement for 1000 nm ND, due to the SSA
of 1000 nm ND and the weight of sp? hybridization were much
lower than small-size NDs, resulting in the very low concentration
of surface defects (Fig. S6 in Supporting information).

Our study may provide a direction for further improving the
performance of ND as polarizer and even as MRI contrast agent.
Furthermore, the theoretical derivations may be also applicable
for other nanomaterials polarizers. Therefore, when using ND po-
larizer, a higher enhancement can be realized by improving Sg
which will be beneficial for biological research at low concentra-
tion [25]. And the improved enhancement without changing parti-
cle size is conducive to further development the application under
specific ND size [26]. Besides T; and T, are both influenced by ND
size and concentration (Table 2), which is useful to contrast agent
of MRI. Meanwhile, T, shows single-component distribution at all
ND-water mixtures, further demonstrating the consistency of sam-
ple distribution and enhancement (Fig. S7 in Supporting informa-
tion,).

In conclusion, we have achieved 'H NMR enhancement to
—22.5-fold in-situ liquid using ND polarizer at 0.06 T, proving the
possibility of further improving the enhancement using ND as po-
larizer. We find that enhancement is related to following factors:
Concentration of ND and Raman peak intensity ratio of sp2/sp?
are positive correlation to enhancement; on the contrary, ND size
is negative correlation to enhancement. Furthermore, Raman spec-
tra provides a good assistant method to evaluate the potential of
ND for ODNP by crudely classifying ND based on sp?/sp3, which is
beneficial to simplify the selection of NDs as polarizer. The greater
enhancement of 'H will further shorten experimental time and
provide the possibility of in-situ tracking of ND.
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