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Abstract

Nanodiamond (ND) is an attractive class of nanomaterial for fluorescent labeling, magnetic
sensing of biological molecules, and targeted drug delivery. Many of those applications require
tethering of target biological molecules on the ND surface. Even though many approaches have
been developed to attach macromolecules to the ND surface, it remains challenging to characterize
dynamics of tethered molecule. Here, we show high-frequency electron paramagnetic resonance
(HF EPR) spectroscopy of nitroxide-functionalized NDs. Nitroxide radical is a commonly used
spin label to investigate dynamics of biological molecules. In the investigation, we developed a
sample holder to overcome water absorption of HF microwave. Then, we demonstrated HF EPR
spectroscopy of nitroxide-functionalized NDs in aqueous solution and showed clear spectral
distinction of ND and nitroxide EPR signals. Moreover, through EPR spectral analysis, we
investigate dynamics of nitroxide radicals on the ND surface. The demonstration sheds light on

the use of HF EPR spectroscopy to investigate biological molecule-functionalized nanoparticles.



Introduction

Nanoparticles are emerging materials revolutionizing many fields including biology,
chemistry, materials science, medicine and physics. Among nanoparticles, nanodiamond (ND) has
recently been investigated extensively because of their physical and chemical stability and
biocompatibility. In addition, in a majority of cases, NDs contain nitrogen-vacancy (NV) centers,
which are atomic-scale fluorescent defects with excellent quantum properties. Thus, ND is a
promising material for applications of biological imaging, targeted drug delivery and nano-scale
sensing (/-13). In many of those applications, functional biological molecules need to be tailored
to the ND surfaces. Even though many approaches to attach biological molecules to ND surfaces
have been investigated (3, 8, 12, 14-16), it remains challenging to monitor behaviors of the grafted
molecules because the presence of ND hampers the employment of standard techniques (e.g.,
chromatography and optical spectroscopy).

Electron paramagnetic resonance (EPR) spectroscopy is a powerful technique to probe spin
states and dynamics of unpaired electrons. EPR spectroscopy is widely used to investigate
dynamical behaviors and microenvironments of various molecules including free radicals and
biological molecules (/7-19) In particular, for investigation of biological molecules, site-directed
spin labeling (SDSL) has been developed to introduce a spin probe at a specific site within
macromolecule (20, 21). Investigation using SDSL and EPR spectroscopy has been performed in
many biological systems including proteins (T4-lysozyme (719, 22), rhodopsin (23),
bacterirhodopsin (19, 24), proteorhodopsin (25) etc), DNAs and RNAs (26). Nitroxide radical is
the most common spin label used in SDSL. Nitroxide radical containing a stable and unpaired
electron consists of five or six membered rings containing a nitroxyl group surrounded by four
methyl groups that are attached to adjacent carbons. The unpaired electron in nitroxide radical
occupies a m-orbital that is delocalized over the nitrogen and the oxygen atoms, thus making its
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EPR g-values and hyperfine-coupling constants highly anisotropic (27). EPR analysis of nitroxide
radicals is a powerful tool to probe the dynamics of the molecules and their local environments
because the EPR spectrum representing their g-values and hyperfine couplings drastically changes
with the degree of the molecular dynamics, characterized by the rotation correlation time (zc). In
the case of nitroxide radicals grafted on a nanoparticle, the correlation time is influenced by
tumbling motions of the nanoparticles and side-chain motions of the nitroxide molecules.

In this work, we employ 230 GHz and 115 GHz EPR spectroscopy to study dynamics of
nitroxide-functionalized NDs in solution. High-frequency (HF) EPR spectroscopy is highly
advantageous to distinguish EPR signals of nitroxide radicals and NDs because of its high spectral
resolution. For the HF EPR investigation, we develop a sample holder for aqueous solution
samples to overcome water absorption of HF microwave. Using the sample holder, we perform
HF EPR spectroscopy of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radicals covalently
attached to NDs where the grafted TEMPO is positioned ~1.8 nm away from the ND surface. We
show that HF EPR spectroscopy allows the distinction of EPR signals between ND and the
nitroxide radicals spectrally. Furthermore, we perform EPR analysis of the obtained spectrum to

investigate dynamics of nitroxide radicals.

Materials and methods

Nanodiamonds

The NDs used in this work were produced by high-pressure-high-temperature (HTHP) process
with an average size of 100 nm (Engis, Inc.). HPHT diamond is classified as type-Ib diamonds.
Common paramagnetic impurities in HPHT diamond are nitrogen-related impurities whose
concentration is typically in the order of 10 to 100 parts per million (ppm) carbon atoms. For the

covalent attachment of nitroxide radicals on the ND surface, NDs were functionalized with azide
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groups using the salinization techniques. First, NDs were acid treated to increase the number of
carboxyl groups on their surface and remove any graphitic or metallic impurities. Second, the NDs
were subjected to borane-reduction to transform the carboxyl groups into hydroxyl groups which
were reacted with 3-bromopropyltrichlorosilane to yield bromine groups. Finally, the bromine
group was substituted with an azide (-N3) group to obtain azide functionalized NDs (N3-ND) (see

Ref. (28) for the details of the functionalization).

Nitroxide radicals grafted on the nanodiamond surface

Nitroxide radicals studied here were covalently attached on the ND surface. The nitroxide was
attached to the surface of the ND using copper free click reaction. In copper free click reaction,
we employed succinimide-amine chemistry to add a dibenzocyclooctyne (DBCO) moiety to a 1-
oxyl-2,2,6,6-tetramethylpiperidine (TEMPO) radical. Then, without further purification, the
mixture containing DBCO functional TEMPO (TEMPO-DBCO) was added to 0.3 mg N3-NDs.
The reaction mixture was ultrasonicated overnight. Finally, the resulting NDs (TEMPO-NDs) were
purified by repeated washing with acetonitrile followed by centrifugation until no free TEMPO

was detected in the supernatant by EPR spectroscopy (see Ref. (29) for detailed method).

230 GHz/115 GHz EPR spectroscopy

The 230 GHz/115 GHz EPR system employs a high-power solid-state source consisting of 8—
10 GHz synthesizer, PIN switch, microwave amplifiers, and frequency multipliers. The output
power of the source system is 100 mW at 230 GHz and 700 mW at 115 GHz. The 230 GHz/115
GHz excitation is propagated using quasioptical bridge and a corrugated waveguide, and couples
to a sample located at the center of a 12.1 T, cryogenic-free, superconducting magnet. EPR signals
are isolated from the excitation using an induction mode operation. For EPR detection, the system

employs a superheterodyne detection system in which 230 GHz or 115 GHz is down-converted
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into 3 GHz of intermediate frequency (IF), which is then down-converted again to in-phase and
quadrature components of DC signals. (see Ref. (30, 317) for details of the system). The microwave
power and magnetic field modulation strength were adjusted to maximize the intensity of EPR
signals without distorting the lineshape (typically, the microwave power is 2 mW and the
modulation amplitude is 0.1 mT with modulation frequency of 20 kHz).
X-band EPR spectroscopy

X-band cw EPR spectroscopy was performed using the Bruker EMX system (Bruker Biospin)
equipped with a high-sensitivity cavity (ER 4119HS, Bruker Biospin). For each measurement,
samples were placed in a quartz capillary (inner diameter: 0.86 mm), with the typical sample
volume being 1-5 pL. cw EPR spectra were obtained by optimizing the microwave power and
magnetic field modulation strength to maximize the amplitude of EPR signals without distorting
the lineshape, with a typical parameter set being: microwave power of 2 mW; modulation

amplitude of 0.03 mT; and modulation frequency of 100 kHz.

Results and Discussions

Design of the sample holder for EPR measurement of aqueous samples at 115 GHz

While HF EPR is advantageous for high spectral resolution, a large amount of water absorption
of HF microwave often challenges the implementation of HF EPR experiments at physiological
conditions, i.e. room temperature aqueous samples. In particular, the absorption is significant at
0.1 — 1 THz. (32). For example, 1 mm thickness of water absorbs 10 % of microwave power at 10
GHz while at 115 GHz it absorbs 99.98 %. As demonstrated in Ref. (33), one way to overcome
the water absorption of HF microwave is to employ a thin layer of the aqueous sample where the
thickness of the layer (/) is much smaller than the microwave wavelength (1). As shown in Figure

la, the magnetic component of the microwave (B;) is maximum at a conducting surface (i.e.

6



aluminum tape) while the electric component of the microwave (E;) is minimum. This allows to
“mask” thin aqueous samples from the electric field, resulting in reduction of the microwave

absorption.

To implement this idea for our HF EPR system, we designed a sample holder as shown in
Figure 1b. The sample holder made of Teflon is designed to hold an aqueous sample in a cylindrical
well (Figure 1b). In the present design, the sample holder is used with no microwave cavity and
aqueous sample solution is placed on a conducting surface which is the node of the microwave
electric component as well as the antinode of the magnetic component (Figure 1a). To minimize
the microwave absorptions and to maximize the sample volume, the well height (#) was chosen to
be ~100 um and the well diameter (D) is ~5 mm where D is similar to the aperture of the corrugated

waveguide. The sample well is sealed by an aluminum tape. Moreover, the sample well is located

at a distance (d) from the corrugated waveguide that satisfies the condition dn; + hny, =24 where

n,— refraction index of Teflon (nT = 1.44), ny,— refraction index of water (nw = 1.33) and A—

microwave wavelength at 115 GHz.
Paramagnetic impurities in NDs

Figure 2 shows continuous-wave (cw) 230 GHz EPR spectrum of the 100 nm-ND sample. cw
EPR spectrum was obtained from a dry powder of NDs. The ND sample was placed in a Teflon
sample holder (5 mm diameter) with the volume of 1 pL. The obtained 230 GHz EPR spectrum
shows two kinds of EPR signals which are well-understood by considering the substitutional single
nitrogen impurity (N spins, also known as P1 centers) and the S=1/2 surface impurity in diamond
(28). N spins are well-characterized paramagnetic impurities within the diamond lattice (S = 1/2,

I=1, gxy=2.0024, g, = 2.0024, and the "*N hyperfine coupling 4x = Ay = 82 MHz, 4,= 114 MHz).



The surface S = 1/2 paramagnetic impurities were also observed previously (gxy=2.0029 £+ 0.0001

and g, = 2.0027 £ 0.0001) (28).

Nitroxide grafted on NDs through copper free click reaction

Here we discuss EPR analysis of nitroxide radicals grafted on the ND surface. First, Figure 3a
shows 115 GHz EPR spectrum of the 100 nm N3-ND sample. The spectrum shows a signal from
4.098 Tesla to 4.108 Tesla (Figure 3a, blue). To confirm that the observed signal corresponds to
the paramagnetic impurities in the diamond, we simulated EPR spectrum using the same
parameters described above. As shown in Figure 3a, we showed that the simulated result of ND
EPR spectrum agreed reasonably well with the experimental data (Figure 3a, red), which confirms
that the azide functionalization does not change the EPR of NDs as we expect. Moreover, the N3-
ND sample was measured by X-band EPR spectrometer. As shown in Figure 3b, the two EPR
signals largely overlapped because of the small difference in their g-values. The obtained EPR
data showed a prominent signal at ~0.3328 Tesla and two other signals at ~0.3300 Tesla and
~0.3357 Tesla (Figure 3b, blue). Using the same parameters and following the same procedure as
the HF EPR analysis, we demonstrated that the simulated X-band spectrum of N3-ND (Figure 3b,
green) agreed with the experimental results too.

After functionalizing the ND with nitroxide radicals (29), HF EPR and X-band EPR were
measured for the product (TEMPO-ND). As shown in Figure 4a, HF EPR spectrum of the
TEMPO-ND sample was different from ND EPR spectrum (Figure 3a) and showed a distinct
signal at around 4.095 Tesla in addition to the ND signals (Figure 4a, blue). In addition, we also
performed X-band EPR measurement of the TEMPO-ND sample. As shown in Figure 4b, the
TEMPO-ND spectrum is represented by a broad peak at 0.3325 Tesla. When nitroxide radicals are

free in solution, a fast rotational tumbling of the molecules (z. = 0.03 ns) averages out the g- and



A-anisotropies, and the EPR spectrum is dominated by isotropic hyperfine coupling. Consequently,
the EPR spectrum appears as three signals of comparable intensities as shown in Figure 4c. When
7c of nitroxide radicals increase due to slower rotational motions, it causes different degrees of the
averaging which will translate into spectral broadening and uneven changes of the EPR signal
intensities. Furthermore, we estimated the amount of TEMPO loaded on the surface of ND by
analyzing the intensity of the obtained signal. By comparing the intensity of the simulated TEMPO
(Figure 4b, magenta) with that of known concentrations, the number of TEMPO on ND surface
was estimated to be 0.05 nmol, corresponding to 3x10'3 molecules. Giving a density of ND of 3.51
g/cm? and ~5.2 x 10716 cm?® for the volume of one 100-nm diameter spherical ND, the number of
ND particles in the measured sample was estimated to be ~5.5x10'°. Thus, the surface load of
TEMPO was estimated ~550 TEMPO molecules for each ND particle.

To verify the EPR signals of TEMPO grafted on the ND surface, we performed EPR spectrum
analysis of the TEMPO-ND sample. In the analysis, we took into account the simulated result of
ND (Figure 4a, green) and simulated EPR spectrum of TEMPO radicals (S=1/2, /=1, gx=2.0086,
gy =2.0056, g- = 2.0033, Ax = 6.5, Ay = 5.6, A = 37 MHz) (Figure 4a, magenta). By combining
those EPR signals (Figure 4a, red), we found a good agreement between the experimental data and
the simulation with the TEMPO spectrum. From the analysis, we obtained that the correlation time
of TEMPO on the ND surface is zc =4.1 ns. Moreover, X-band EPR of the TEMPO-ND sample
was also performed. Although X-band EPR spectrum of the TEMPO-ND sample showed that EPR
signal of TEMPO at ~0.3308 Tesla largely overlaps with the ND spectrum (Figure 4b, blue), we
found a good agreement between the observed X-band spectrum and the simulation using the
parameters obtained from the HF EPR analysis (Figure 4b, red). Therefore, the result confirms the

observation of EPR signals of TEMPO grafted on the ND surface. As seen in Figure 4b and c, the



EPR spectrum of the TEMPO grafted on the ND surface was much broader than that of the free
TEMPO sample because of the slower correlation time. The simulation of the EPR spectrum was
done using the Easyspin’s slow-motion function which simulates EPR spectrum by calculating the
spin dynamics with the Stochastic-Liouville equation formalism (34-39).

When TEMPO is tethered to the ND surface, two modes of motion contribute to the dynamics
of the nitroxide radical. The first one is the rotational tumbling of the TEMPO which is greatly
affected by the rotational tumbling of the ND particle itself (Figure 5i1). The second one is the
rotation of the TEMPO molecule that is allowed due to four torsional rotational motion about the
bonds that links the nitroxide to the nanoparticle, called internal motion (Figure 5ii). By modeling
the rotational tumbling of ND by rotational diffusion of a spherical particle, the rotational

correlation time of the 100 nm ND 1is given by the Stocks-Einstein-Debye equation (40):

r=ill M
k,T

where ks is the Boltzmann constant, 7 is the sample temperature, # is the viscosity of water (~
8.9x10™* J s/m®), and V4 is the hydrodynamic volume (~5.2 x107** m?). Using Equation (1), we
estimated the rotational correlation time of 100 nm-NDs to be 113 us. This correlation time is
much slower than the observed 7, thus the observed EPR spectrum is dictated solely by the internal
motion of TEMPO. Furthermore, the slower correlation time (zc = 4.1 ns) than that of the free
nitroxide suggests that the internal motion of the nitroxide molecule is greatly slowed down due
to the short and solid C-C linkers connecting it to ND (~1.8 nm distance between TEMPO and ND
surface).
Conclusion

In this work, we used HF EPR spectroscopy to investigate motions of nitroxide radicals grafted

on the ND surface. Using the HF EPR, we demonstrated to spectrally separate EPR signals of NDs
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and nitroxide radicals. In addition, we showed the investigation of dynamics of nitroxide radicals
through EPR spectral analysis. The investigation sheds light on the use of HF EPR spectroscopy
to investigate dynamics of biological molecules grafted on the surface of nanoparticles.
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Figure 1. Aqueous sample holder. a) Electric and magnetic field components of microwave in
the sample holder. The sample is positioned on the aluminum tape. b) Schematics for aqueous
sample design. The top and bottom caps are made of Teflon. Doted lines indicate threads and
volume for screws that are used to tighten top and bottom caps.
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Figure 2. Spectral analysis of 100 nm-ND EPR signals. 230 GHz EPR of the NDs is shown by the
solid blue line. The spectrum of the N spins was simulated using S = 1/2, I = 1, gxy = 2.0024, g
= 2.0024, and the '“N hyperfine coupling Ax = Ay = 82 MHz, 4, = 114 (magenta). S = 1/2 spins
was simulated with § = 1/2, gxy = 2.0029 £ 0.0001 and g- = 2.0027 £ 0.0001 (violet). The green
dotted line is the sum of the N and S = 1/2 EPR spectra. The simulations were performed using
Easyspin (41).
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Figure 3. EPR analyses of the N3-ND sample. a) 115 GHz EPR of N3-ND and b) X-band EPR of
N3-ND are shown by the solid blue lines. a) and b) also show the contributions of N (magenta) and
the S'= 1/2 spins (purple) obtained by simulating the experimental EPR spectra. The dotted green
lines overlaid with the experimental data shows the sum of the N and S = 1/2 contributions. The
simulations were performed using Easyspin (41).
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Figure 4. EPR analyses of the TEMPO-ND sample. a)115 GHz EPR data. The experimental EPR
data of nitroxide radicals is magnified by 4 times. The solid blue line is experimental data, and the
green and magenta solid lines are simulated EPR spectra of ND and nitroxide radical. The red
dotted line shows the sum of the simulated spectra. b) X-band EPR data are shown by the solid
blue lines. The green and magenta solid lines show the contributions of ND and nitroxide EPR
signals. The sum of the ND and nitroxide signals is shown by the red dotted lines. Note that
samples in a) and b) were suspended in phosphate-buffered saline pH 7 at a concentration of 0.1
mg/uL and the spectra were recorded at room temperature. ¢) X-band EPR spectrum of free
nitroxide in aqueous solution. The simulated spectrum is shown by the magenta dotted line. The
simulations were performed using Easyspin (47).
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Figure 5. Motions of grafted nitroxide radical. 1) Global rotational tumbling of ND. ii) Internal
motion of nitroxide radical.
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