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troscopy of selectively radical-embedded silica
nanoparticles†

Quy Son Luu,‡a Quynh Thi Nguyen,‡b Jiwon Kim,‡a Jeunghwan Kim,b Uyen Thi Do,a

Nicholas Whiting,c Jeong Hyun Shim,*d Sun-Joon Min *a,b and
Youngbok Lee *a,b

The embedding of radicals at different locations within core@shell

silica nanoparticles contributes to enhanced polarization capability

and can be self-polarized without adding external radicals. With

grafting the radical source homogenously inside of the nano-

particles, a significant 29Si hyperpolarization signal enhancement

of 49.4 was obtained.

Magnetic resonance imaging (MRI) has emerged as one of the
most powerful clinical tools for both functional and physio-
logical imaging. Owing to the advancement of this diagnostic
tool, the use of MRI molecular probes that enable the pro-
duction of a specific signal with high image contrast has sig-
nificantly increased in recent years.1 Typically, imaging probes
devised from low-sensitivity nuclei (13C, 15N, and 29Si)-based
materials2–4 have been developed using hyperpolarization
techniques, such as dynamic nuclear polarization (DNP).5

Among them, hyperpolarized 29Si has emerged as a promising
candidate for MRI applications owing to the high biocompat-
ibility and biodegradability of Si and its oxide derivatives and
the presence of extremely low amounts of Si in the human
body.6 Recently, background-free positive-contrast imaging
using hyperpolarized Si particles has been achieved in vivo
using 29Si MRI.4,7 Interestingly, hyperpolarized Si nano-
particles exhibit long 29Si hyperpolarization spin-lattice relax-
ation times (T1) of over 40 min, enabling an extended imaging

timeframe, thereby facilitating Si particles as ideal MRI con-
trast agents.4,8–10 However, the development of silicon nano-
particles for MRI applications is limited by certain challenges,
including their morphology and size control, dispersibility,
and surface modifications. The synthesis of monodispersed
spherical Si particles within the in vivo applicable size range,11

particularly 20–100 nm, is extremely challenging using both
chemical and physical approaches.12 In addition to mor-
phology and size control issues, several fabrication techniques
result in Si nanoparticles that are hydrogen-terminated and
possess poor water dispersion, thus limiting their biological
applications.13 Furthermore, the unfeasible large-scale syn-
thesis of silicon nanoparticles also becomes a challenge for
their applications.

Silica nanoparticles (SiO2 NPs) are prospective materials for
addressing the shortcomings of Si NPs as hyperpolarized 29Si
imaging probes because of their favorable dispersion, biocom-
patibility, easily tunable size, facile surface modification and
feasible large-scale production.14–16 However, SiO2 NPs lack
endogenous radicals, whereas dynamic nuclear polarization
requires free electrons to generate high electron-spin polariz-
ation, which is then transferred to 29Si nuclei via dipolar inter-
actions and enhances 29Si nuclear spin polarization.17,18 To
overcome this drawback, several studies have used organically
modified silica (ORMOSIL) materials with radicals.19 However,
these studies did not employ spherical and monodispersed
SiO2 NPs, and the samples could only be partially polarized.20

Herein, we developed radical-embedded SiO2 NPs in which
modified 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) acted
as an internal electron-spin source for hyperpolarization
during DNP. In particular, we synthesized radical-embedded
SiO2 NPs using tetraethyl orthosilicate (TEOS) and
1-[3-(triethoxysilyl)propyl]-3-[4-(2,2,6,6-tetramethylpiperidine-1-
oxyl)]urea (TEOS–TEMPO) through the Stöber method and
ORMOSIL NP approach (Scheme 1). To determine the ideal
radical-enriched structures for DNP signal amplification,
homogeneously embedded (HOMO), selectively core-
embedded (CORE), selectively shell-embedded (SHELL) SiO2
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NPs, and control sample without internal radicals (NORMAL)
were prepared and tested.

To study the characteristics of TEMPO-embedded silica NPs
and the preferred TEMPO distribution for signal amplification
using DNP, both homogeneous and selectively TEMPO-
enriched core@shell silica NPs with similar concentrations of
radicals were investigated. Herein, we synthesized 80 nm non-
porous spherical silica particles using the Stöber method, and
the same amounts of TEMPO–TEOS were selectively used
(along with the commercial TEOS precursor) for the radical-
enriched samples. While homogeneous TEMPO-embedded
(HOMO) silica NPs were prepared using one-pot synthesis, the
two-step synthetic procedure was utilized for core@shell
samples in which 60 nm silica cores were synthesized first, fol-
lowed by the formation of a 10 nm shell in the second step.
Here, TEMPO–TEOS was selectively added during core prepa-
ration for core-only radical-enriched (CORE) samples or in the
shell creation stage for the shell-only radical-enriched (SHELL)
samples. Additionally, for the control sample, we also syn-
thesized 80 nm silica NPs using only commercial TEOS via a
one-pot synthesis (NORMAL). Owing to the difference in the
structures of the silica samples and the necessity of verifying
the impact of the embedded TEMPO, we performed dynamic
light scattering (DLS) and scanning electron microscopy (SEM)
to characterize the particle size distribution and morphology
of each silica set. From the SEM results provided in Fig. 1 and
Table S1,† monodisperse SiO2 nanoparticles with a size of
approximately 80 nm were observed for both NORMAL and
TEMPO-embedded silica samples. The high monodispersity of
the silica samples was confirmed via DLS measurements,
which demonstrated a polydispersity index of approximately
0.07–0.13 (Fig. S1 and Table S1†). For CORE and SHELL
samples, after the coating step, the particle size increases from
58.0 ± 4.9 to 78.5 ± 6.9 nm and 62.5 ± 4.6 to 80.9 ± 5.6 nm,
respectively, (Table S1†), indicating that the shell component
of the core-shell particles were approximately 10 nm in thick-

ness. All particles exhibited a smooth surface and spherical
shape; hence, TEMPO addition or structural differences did
not cause any changes in the particle morphology and size.

In addition to morphological characterization, we also eval-
uated the internal structures of the silica particles (with and
without embedded radicals) using 29Si solid-state nuclear mag-
netic resonance (29Si SS-NMR). Two different resonance
signals that correspond to the surface silicon sites, mono-
hydroxy terminated Q3 (Si(OSiu)3OH) and sub-surface site non-
hydroxy terminated Q4 (Si(OSiu)4), at approximately −100 and
−110 ppm, respectively, were observed in all samples (Fig. 2).21

The fractions of Qn sites for the samples were determined
using the deconvoluted Gaussian peak areas in high-power
decoupling (HPDEC) 29Si SS-NMR spectra, which are shown as
multicolor curves in Fig. 2 (fitted by OriginLab Corporation,

Scheme 1 Schematic illustration of synthetic processes for
TEOS-TEMPO, and radicals embedded silica nanoparticles.

Fig. 1 Scanning electron microscopy (SEM) images of (a) NORMAL, (b)
HOMO, (c) CORE, and (d) SHELL samples.

Fig. 2 Deconvolution of HPDEC 29Si SS-NMR of (a) HOMO, (b) CORE,
(c) SHELL, and (d) NORMAL samples.
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MA, USA). Based on the calculated results, the Q4/Q3 intensity
ratios for all samples were relatively similar, with ratios of 1.1
for the NORMAL and 1.1, 1.2, and 1.4 for the HOMO, SHELL,
and CORE silica samples, respectively (Table S2†). Because of
the differing locations of the radicals embedded within the
nanoparticle of each sample, the surface site in SHELL nano-
particles and the sub-surface site in CORE cases become
broader than those in the NORMAL case. On the other hand,
due to the existence of radicals homogeneously inside par-
ticles, wider Q3 and Q4 sites are both observed in HOMO
sample spectrum. Although the linewidth of TEMPO-enriched
samples was slightly broader than that of NORMAL samples
(Fig. 2 and Table S2†) owing to the paramagnetic effect of
TEMPO-embedded radicals, the small amounts of embedded
TEMPO did not induce noticeable structural differences in the
SiO2 NPs.

In addition, electron paramagnetic resonance (EPR) ana-
lysis was used to obtain more information about the electron
spin states of the SiO2 NPs. The line shapes of the TEMPO-
enriched and NORMAL silica particles are clearly differen-
tiated, as shown in the EPR spectra in Fig. 3. While multi-peak
spectra were observed for the HOMO, CORE, and SHELL
samples, NORMAL sample demonstrated a background-like
EPR spectrum due to lacking internal radicals. The results can
be explained by the EPR signal arises from the electron
Zeeman interaction and the hyperfine interaction then causes
the splitting into an equal intensity triplet; however, hyperfine
anisotropy may contribute to the dominant effect for observing
line shape of organic radical at X-band frequencies in the solid
state.22 In particular, the electron Zeeman interaction (HEZ) is
occurred between the unpaired electron and the magnetic
field.23 While the electron-nuclear hyperfine interaction (HHF)
is between unpaired electron (S = 1/2) and 14N nucleus (I = 1)
of the nitroxide group (N–O•).22,23 Furthermore, the HEZ and
HHF interactions are described by the g and A tensors, respect-
ively (see Table S3†). The g tensor is a fingerprint of electron

environment, which consistent to chemical shift in NMR;
while the A tensor is similar to dipole–dipole interaction of
nuclear spin in NMR.22 According to the estimated results,
three different values were obtained for the g tensors for all
samples, in which gx, gy, and gz were approximately 2.003,
2.001, and 1.998, respectively. The as-determined g tensor
values were consistent with and those previously reported for
nitroxide radicals, and the g-factor (gx ≠ gy ≠ gz) is rhombic
due to the structure of the nitroxide moiety.22 In terms of the A
tensor, three distinct values of Ax, Ay, and Az were obtained via
hyperfine splitting from the TEMPO-embedded samples
because the tumbling is extremely slowed in a solid, the aniso-
tropic spectrum is observed.22 The A tensor values of three
embedded radical sample are similar to previously reported
literature,22,24 such as Ax = 6.2 G, Ay = 11.5 G, and Az = 37.0 G.
The Az is much higher than Ax and Ay due to the magnetic
field is parallel to the z-axis (parallel to 2pz orbital of nitrogen
atom) and the x-axis parallel to the N–O• bond.24 Hence, the
high field transition shift to higher field, consequently, the Az
has largest value and gz has smallest value as mentioned
above. In addition to the orientation of radicals, concentration
of radicals in each silica sample was a vital factor to be deter-
mined. Because the aim of this study was to compare the 29Si
DNP performance of the TEMPO-embedded silica samples to
determine the favorable TEMPO distribution for DNP amplifi-
cation, the concentration of TEMPO radicals between the
investigated samples needs to be similar. The concentration of
radicals was estimated based on the area under the curve cal-
culated after double integration of the EPR spectra.25 The area
under the curve of the TEMPO sample was specifically chosen
as a reference value for determining the radical-embedded
silica samples (see Fig. S2†). Further details of the calculations
are provided in the ESI.† The calculated TEMPO concen-
trations of the silica samples were summarized in Table S4,†
which indicated that the radical concentrations were con-
trolled at approximately 30 mM, which is suitable for conduct-
ing the 29Si DNP experiments.

Following extensive physical and chemical characteriz-
ations, the prepared SiO2 NPs were analyzed for their response
to DNP. 60 mg of the NORMAL sample was mixed with 30 mM
TEMPO solution to prepare a reference sample, which pro-
vided particles with exogenous surface-proximal electron spins
for hyperpolarization. As other radical-embedded silica
samples already contained TEMPO as an endogenous species,
they were mixed with 40 μL of solvent mixture only, which con-
sisted of dimethyl sulfoxide (DMSO) and D2O (1 : 1 v/v). After
preparation, samples were polarized in a home-built DNP
instrument (5 T) at 3.3 K.4 For the 29Si nuclear spin polariz-
ation build-up study to determine the time constant and
overall signal enhancement level, all samples underwent DNP
for 60 min and 29Si MR signal was recorded using a 10° pulse
applied once every 6 min. Fig. 4a and b show that the HOMO
sample experienced the highest 29Si intensity, which was 2.5-,
3.1- and 3.6-folds higher than those of the NORMAL, SHELL,
and CORE samples, respectively. As expected, because radicals
are only proximal to the outside surface of the NORMAL par-

Fig. 3 Electron Paramagnetic Resonance (EPR) spectra of (a) HOMO,
(b) CORE, (c) SHELL, and (d) NORMAL samples.
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ticles, the extent of polarization on those particles’ surface was
limited compared to that of the HOMO sample, for which rad-
icals were distributed homogeneously throughout the par-
ticles. This uniform radical distribution facilitated improved
29Si polarization because of the higher number of 29Si nuclei
in close proximity to TEMPO. However, the SHELL and CORE
samples (which also contained endogenous radicals in those
regions of the particles) possessed approximately 1.7 and 2.4
times higher local radical densities than the HOMO sample,
respectively (see ESI†). This may have resulted in the paramag-
netic quenching of the DNP signal, consequently resulting in
low intensities.20,21 Based on the build-up curves, the build-up
time constants of all samples were determined using a mono-
exponential function. Considering the fitted data, the CORE
SiO2 NP samples displayed the fastest build-up time constant
(16 min) compared to that of NORMAL (83 min), SHELL
(36 min), and HOMO (22 min) samples. In the case of radical-
embedded silica samples, as the radical density increases,
more 29Si spins that are in close proximity to endogenous
TEMPO are initially polarized; then, the enhanced signals are
efficiently transferred to further 29Si (in all directions) through
spin diffusion. Meanwhile, the NORMAL sample used external
radicals, which limited the induced spin diffusion to only be
from the surface inward, resulting in a longer time for 29Si MR
signal build-up. While it was expected that the SHELL nano-
particles would exhibit faster polarization times compared to
the HOMO particles because of the higher radical density that
was localized to the nanoparticle shell, the opposite was
observed. This behaviour presumably might be due to the
polarization transfer pathways in the Q4 sub-surface sites,
which are largely distributed within the core of the particles. It
is thought that these Q4 sites significantly contribute to the
build-up of 29Si MR signals during DNP,21 and the rate of
signal amplification depends on the proximity of these sub-
surface sites to the embedded radical. In the case of the
HOMO nanoparticles, the 29Si nuclei in Q4 sites can still be
polarized directly by the unpaired electron of the nearby
endogenous TEMPO radicals. However, in the SHELL sample,
the number of Q4 sites that are proximal to the shell-
embedded radicals is significantly less than in the HOMO

case, requiring the spins to be polarized primarily through
spin diffusion rather than directly through interaction with the
radical. This observation on the build-up time constant of
SHELL sample is quite interesting, additional researches need
to be carried out to understand this phenomenon deeply.

Following the 1 h of DNP, the longitudinal decay of 29Si
polarization was measured using a series of 30° pulses with a
6 min delay between each to determine the sample T1 value.
For each scan, the sin(α) of total longitudinal magnetization is
converted to the observable transverse magnetization using a
hard pulse with a fixed small flip angle, and cos(α) of the
longitudinal magnetization is preserved for the following
scans. As a result of this fixed flip angle scheme, signal decays
with a factor of λ = (−ln(cos α))/Δt where α is the flip angle and
Δt is the delay time between scans. Based on the λ-factor, the
real T1 was calculated by equation as following, 1/T1_real =
1/T1_apparent − λ. As shown in Fig. 4c, the longest T1 was observed
in the NORMAL sample (65 min), which was more than the T1
of SHELL (31 min), HOMO (14 min), and CORE (8 min)
samples. This tendency is consistent with the build-up time
constant and can be explained by the short distances between
the radicals and 29Si nuclei in the particle core (for the HOMO
and CORE particles), which is the primary limiter of T1 in
these samples.21 Because of the contribution of the Q4 sites to
the 29Si signal enhancement, the concentration of radicals in
the core region retained significant influence on the lifetime
of the polarized signal. As the CORE particles possessed the
highest density of radicals that were localized to the particle
core (e.g., Q4 sites), those particles exhibited the fastest
depolarization rates (followed by the HOMO particles). While
the radicals were not present in the core of the SHELL par-
ticles, they were embedded within the particle shells. This
caused a faster depolarization rate in the SHELL particles com-
pared to the NORMAL samples.

To demonstrate the signal enhancement obtained by DNP,
one-dimensional (1D) 29Si hyperpolarized spectra were
recorded with and without microwave irradiations. Then, the
DNP enhancement value of 29Si (εSi) in the solid state was
determined by comparing the integrated signal intensity of the
hyperpolarized sample with the thermal equilibrium signal.

Fig. 4 DNP signals of 29Si radicals-embedded silica NPs. (a) Build-up of hyperpolarized 29Si signal over time. (b) Hyperpolarized 29Si spectra at scan
12 (after 60 min of DNP). (c) Decay test of hyperpolarized 29Si signal over time.
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The direct DNP of 29Si nuclei significantly boosts the intensity
of silica samples (as shown in Fig. S3†). In particularly, the
DNP enhancement factors εSi of 49.4, 17.0, 14.1 and 19.9 are
achieved corresponding to HOMO, SHELL, CORE and
NORMAL particles. Although the lower local radical concen-
tration of HOMO sample might induce the weaker polarization
level of 29Si nuclei, more 29Si spins can be polarized in this
case (as explained previously); therefore, overall enhancement
factor of this sample is still highest. In contrast, higher local
radical concentrations of both CORE and SHELL samples
might provide stronger 29Si polarization level from one 29Si
nucleus than the value of the HOMO sample; however, less
nuclei would be polarized because the distance between rad-
icals with 29Si nuclei is shortened and nuclei which are located
too close to the radicals will not be observed as a consequence
of paramagnetic quenching effect.26 Signal loss due to the
paramagnetic effect can cause the significant smaller enhance-
ment factors of CORE and SHELL in comparison with HOMO
and even with the NORMAL sample. From the evidence above,
the HOMO sample exhibited the highest polarization
efficiency and has the best prospective to be used as an MRI
probe.

This hyperpolarization study is the first to demonstrate that
selectively radical-embedded SiO2 NPs can be a potential
probe for 29Si MRI and provides valuable insights into an
effective radical enrichment strategy using elaborate designs of
SiO2 NPs with different structures. Even though the homo-
geneous TEMPO-embedded SiO2 NPs yielded a higher hyper-
polarization enhancement, the relaxation rate of these par-
ticles was relatively fast, owing to the paramagnetic effect of
the added radicals. Therefore, future studies will concentrate
on extending the lifetime of the hyperpolarized state by regu-
lating radical concentration27 and adjusting the crystallinity
of the SiO2 nanoparticles via converting amorphous silica to
α-quartz structure, which has T1 relaxation time lasting for
hours, to improve their applicability for in vivo 29Si MRI.

In conclusion, we successfully synthesized selectively
radical-embedded SiO2 NPs with precise control over size, mor-
phology, internal structure, and radical concentration. The
polarization efficiency of the HOMO sample was significantly
higher than that of the other selectively radical-embedded
SiO2 NPs, which yielded significantly higher 29Si DNP intensity
than the NORMAL sample with the same concentration of rad-
icals added externally. This was due to the uniform distri-
bution of radicals throughout the particles, which facilitated a
better polarization with enhancement factor of 49.4. Overall,
the results demonstrate that this radical enrichment approach
can enhance the polarization extent in 29Si DNP experiments,
enabling us to probe not only the specific surface area but also
the internal environment of the particle.
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