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SUPPLEMENTARY NOTE 1: ADDITIONAL CHARACTERIZATION OF

NANODIAMOND SOLUTIONS AND THE OVERHAUSER EFFECT

Nanodiamond (ND) solutions were prepared using high power probe sonication and an-

alyzed by dynamic light scattering (DLS). In Supplementary Fig. 1(a) we present the DLS

size distribution obtained for a solution of high-pressure, high-temperature (HPHT) 125 nm

ND which shows a median particle size of 125 nm. We note that particle sizes measured

with DLS were consistent with manufacturer specifications.

To quantify saturation of the electron paramagnetic resonance (EPR) transition, the

nuclear magnetic resonance (NMR) signal enhancement of ND solutions was measured as

a function of EPR power. As shown for HPHT 18 nm in Supplementary Fig. 1(b), the

enhancement begins to saturate at approximately 30 W. Thus, the Overhauser enhancement

is maximized in the spectroscopic measurements presented in Fig. 2, where 49 W of RF

power was applied to the EPR resonator.

The relaxivity of ND in water solutions was measured in terms of the longitudinal relax-

ivity (1/T1) and the transverse relaxivity (1/T2). The relaxivity of various ND types was

measured by fitting to the relaxivity equation:

1/T1,2 = 1/T 0
1,2 +R1,2[ND] (1)

Where T1,2 is the 1H relaxation time of the solution with ND, T 0
1,2 is the 1H relaxation time

in the absence of ND, R1,2 is the relaxivity coefficient, and [ND] is the concentration of ND.

In Fig. 2(d) we present T1 relaxation data of ND solutions. In Supplementary Fig. 1(c)

we present the corresponding T2 characterization data, obtained in a conventional Hahn

echo experiment. T1 and T2 values for our stock deionized (DI) water were 2.87 s and 2.60

s respectively.

SUPPLEMENTARY NOTE 2: CALCULATION OF THE COUPLING FACTOR

In Fig. 1(d) we present calculations of the dipolar coupling between 1H nuclei in water

and paramagnetic impurities, assumed to be at the ND surface. This calculation is based

on a translational Brownian diffusion model, which assumes that the spins are on hard,

noninteracting spheres (FFHS - force, free hard sphere model) [1–4].
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The dynamics of the ND surface and water molecule can be described by the translational

correlation time τt, defined as:

τt =
d2

DI +DS

(2)

where d is the distance of closest approach and DI and DS are the diffusion coefficients for

the nuclear spin and electron spin respectively.

Hydration models of ND in aqueous solution show that free diffusion of water occurs at

distances greater than 1 nm from the ND surface for particles of sizes up to 200 nm [5].

Within 1 nm of the surface, water diffusion becomes much slower due to the formation of

a nanophase of water. Hence, we assume a distance of closest approach between free water

molecules and the ND surface of 1 nm and use the diffusion coefficient (DI) of water at room

temperature 2.3×10−9 m2 s−1 [6]. With dynamic light scattering (DLS) we measured DS of

our 125 nm NDs to be 3.4×10−12 m2 s−1, consistent with other reported values [7]. These

values give a translational diffusion time of τt = 430 ps.

The coupling factor ρ can be expressed in terms of the reduced spectral density function

j, [1, 3]:

ρ =
5j (ωS, τt)

7j (ωS, τt) + 7j (ωI, τt)
(3)

We use Supplementary Equation 3 to calculate ρ as a function of ω0Sτt. We then plot

ρ as a function of magnetic field in Fig. 1(d), by calculating the electron spin resonance

frequency ω0S for ge = −2.002 and using τt = 430 ps.

This calculation assumes that the dipolar interaction is not limited by the relaxation time

of the electron, that is T1e, T2e � τt. A typical spin-spin relaxation time for electrons in the

surface shell of ND is T2 = 300 ns [8], much greater than τt.

We have also considered the possibility of the Overhauser effect mediated by rotational

diffusion of the nanoparticle. The rotational diffusion coefficient of a spherical particle in

solution can be estimated as:

τr =
4πηr3

kBT
(4)

Where r is the particle radius, η is the dynamic viscosity of the solution, kB is the Boltzmann

constant and T the temperature. For an 18 nm particle in water this gives τr = 2.3 µs for η

= 1.002×10−3 kg m−1 s−1 at T = 293 K [9]. This timescale, scaling as the cube of radius,

suggests that rotational diffusion will play a much smaller role than translation diffusion in
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mediating the Overhauser effect in our nanoparticle solutions, however we cannot rule out

a contribution, especially for our smaller detonation NDs.

SUPPLEMENTARY NOTE 3: IMPACT OF THE NANOPHASE ON THE

OVERHAUSER EFFECT

For HPHT 125 nm ND at 100 mg mL−1 we can calculate a leakage factor of f = 0.87

from the spin-lattice relaxation measurements in Fig. 2(d) and Eq. 2. However, if we take

ε = −4.0 from Fig. 2(a), s = 1, from Supplementary Fig. 1(b), and ρ = 0.42 from Fig. 1(e),

then we calculate f = 0.02 from Eq. 1. The difference between these two results is indicative

of water molecule exchange between the nanophase at the ND surface and free water outside

this layer. We expect that ρ, which we calculated for freely diffusing water in Fig. 1(e), is

suppressed in the quasistatic nanophase by slow diffusion of water molecules. Meanwhile,

1H nuclei in the nanophase are rapidly relaxed by proximate paramagnetic centers before

exchange out of the nanophase, giving the high leakage factor we observed and suppressing

the coupling factor observed in freely diffusing water.

Further, we have assumed that the saturation factor in ND solutions takes a maximal

value of 1. We note that in systems with multiple components in the EPR spectrum, such as

ND, the saturation factor can take values lower than 1 even at high EPR saturation powers

[10, 11].

SUPPLEMENTARY NOTE 4: PROBES AND IMAGING

All dynamic nuclear polarization (DNP) experiments were performed with one of three

double resonant probes. All probes are based on orthogonal solenoid (NMR) and Alderman-

Grant (EPR) resonators. Spectroscopic probe A is optimized for a large electron drive field

(B1e), with a high fill factor Alderman Grant resonator at 190 MHz and external solenoid at

276 kHz and was used for all spectroscopic measurements at 6.5 mT. Spectroscopic probe B,

used for field sweeps was optimized for high NMR sensitivity over a wide range of frequencies,

with an Alderman Grant resonator at 140 MHz. An imaging probe with a 33 mm diameter

sample region was built for ND Overhauser-enhanced MRI (OMRI) at B0 = 6.5 mT (fH =

276 kHz, fEPR = 190 MHz). All imaging was performed in our 6.5 mT open-access, human
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imaging scanner [12] with the OMRI balanced steady-state free precession (bSSFP) sequence

shown in Supplementary Fig. 3(c) [13].
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Further characterization of nanodiamond solutions. (a) Dy-

namic light scattering characterization of high-pressure, high-temperature (HPHT) 125 nm nan-

odiamond (ND) sample. The median particle size is 125 nm and the ζ potential in deionized water

is -55 mV. (b) 1H enhancement of ND solution as a function of electron paramagnetic resonance

(EPR) power. Enhancement is shown for a 100 mg mL−1 solution of HPHT 18 nm after a 500

ms EPR pulse at 190 MHz (blue markers). Dotted line is intended as a guide to the eye. (c) T2

relaxation times of ND solutions. Solid lines are a fit to the concentration dependent relaxivity

equation. The fit error on individual T2 measurements is smaller than the marker size. The T2

relaxivity coefficients are 6.5±0.4 × 10−2 mL s−1 mg−1 for HPHT 18 nm (blue), 2.9±0.1 × 10−1

mL s−1 mg−1 for air oxidized HPHT 18 nm (orange), 2.3±0.4× 10−2 mL s−1 mg−1 for HPHT 125

nm (yellow), 3.2±0.5× 10−2 mL s−1 mg−1 for air oxidized HPHT 125 nm (purple), 5.8±1.1× 10−2

mL s−1 mg−1 for natural (NAT) 125 nm (green), 1.3±0.2 × 10−1 mL s−1 mg−1 for air oxidized

NAT 125 nm (light blue) and 1.4±0.1 × 10−1 mL s−1 mg−1 for detonation (DET, red).
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Supplementary Figure 2. X-band EPR Spectra of Nanodiamond Solutions. Electron

paramagnetic resonance (EPR) spectra of nanodiamonds (NDs) in 100 mg mL−1 solutions of

deionized water. High-pressure, high-temperature (HPHT) 18 nm (blue), air oxidized HPHT 18

nm (orange), HPHT 125 nm (yellow), air oxidized HPHT 125 nm (purple), natural (NAT) 125

nm (green), air oxidized NAT 125 nm (light blue) and detonation (DET, red). Spectra are offset

for clarity. All spectra are well fit by a model employing broad and narrow spin-1/2 components,

with the exception of the HPHT 125 nm sample, which shows an additional component due to P1

centres. These P1 centres are known to be due to substitutional nitrogen atoms in the crystalline

core of the ND [14] and we expect that their interaction with water molecules will be much smaller

than that of surface defects. We note that detonation ND only shows the broad component from

our two spin fit and that natural ND shows a much smaller defect concentration compared to other

ND types.
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Supplementary Figure 3. Details of OMRI setup. (a) Double resonant Overhauser-enhanced

MRI (OMRI) imaging probe. The external solenoid was used for nuclear magnetic resonance

(NMR) acquisition at 276 kHz. An internal Alderman-Grant resonator was used to saturate the

electron paramagnetic resonance (EPR) resonance at 190 MHz. (b) Phantom with vials of ND

solution and vials of water, used for imaging in Fig. 3. Scale bar is 20 mm in length. (c) Balanced

steady-state free precession (bSSFP) OMRI imaging sequence used for imaging. Relative timing

of NMR pulses, EPR pulses, readout gradient (GRO) and phase encode gradient (GPE) are shown.

Imaging parameters were: repetition time (TR) = 86 ms, echo time (TE ) = 43 ms, acquisition

time (Tacq) = 28 ms, phase encode time (TPE) = 22.5 ms and α = 70◦.
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