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ABSTRACT: 29Si silica nanoparticles (SiO2 NPs) are promising
magnetic resonance imaging (MRI) probes that possess advanta-
geous properties for in vivo applications, including suitable
biocompatibility, tailorable properties, and high water dispersibility.
Dynamic nuclear polarization (DNP) is used to enhance 29Si MR
signals via enhanced nuclear spin alignment; to date, there has been
limited success employing DNP for SiO2 NPs due to the lack of
endogenous electronic defects that are required for the process. To
create opportunities for SiO2-based 29Si MRI probes, we
synthesized variously featured SiO2 NPs with selective 29Si isotope
enrichment on homogeneous and core@shell structures (shell
thickness: 10 nm, core size: 40 nm), and identified the critical
factors for optimal DNP signal enhancement as well as the effective
hyperpolarization depth when using an exogenous radical. Based on the synthetic design, this critical factor is the proportion of 29Si
in the shell layer regardless of core enrichment. Furthermore, the effective depth of hyperpolarization is less than 10 nm between the
surface and core, which demonstrates an approximately 40% elongated diffusion length for the shell-enriched NPs compared to the
natural abundance NPs. This improved regulation of surface properties facilitates the development of isotopically enriched SiO2 NPs
as hyperpolarized contrast agents for in vivo MRI.

■ INTRODUCTION
Recent advances in magnetic resonance (MR) techniques
provide high resolution, non-invasive soft tissue contrast
without exposing patients to ionizing radiation. As such,
magnetic resonance imaging (MRI) is a powerful diagnostic
tool for providing three-dimensional anatomical imaging in
humans.1 Both MRI and magnetic resonance spectroscopy are
extensively utilized in the clinic to detect changes in metabolic
processes caused by various diseases and their corresponding
treatments. However, because it is arduous to observe
metabolites of intermediates and products with undetectable
concentration level in MRI and magnetic resonance spectros-
copy, it is challenging to obtain detailed mechanism about
rapid biochemical reactions.2,3 Therefore, the development of a
new technique that can provide critical insights regarding
physio/pathological conversions at the cellular level is
warranted. Similarly, research on tumor-targeted molecular
imaging has recently been highlighted as an effective strategy
for early-stage cancer diagnosis, which can identify disease
locations using the specific binding of imaging probes.4−6

Multiple approaches have been proposed to increase the
accumulation of contrast agents at tumor sites, including the
modification of Gd3+ and the development of nanoplatform-

based targeting.7−12 However, these approaches lack a
fundamental solution to overcome the inherent insensitivity
of MR-based approaches. “Hyperpolarization” refers to a
variety of techniques that temporarily enhance MR signals by
several orders of magnitude through improved nuclear spin
alignment and can be applied to low-γ nuclei such as 13C, 15N,
and 29Si to boost their MR sensitivity and aid in the
development of targeted nanomaterial-based MR probes.13−20

Dynamic nuclear polarization (DNP) is a promising hyper-
polarization technique, whereby high electron spin polarization
is transferred to target nuclei via saturation of the spin
resonance frequency of nearby electrons, typically at cryogenic
temperatures and moderate magnetic field (e.g., >3 T). As
interest in nanosystem-based molecular imaging probes has
increased, the hyperpolarization of 29Si nuclear spins in
nanoparticles (NPs) using DNP has been demonstra-
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ted.17,21−30 Silicon NPs exhibit several advantageous character-
istics that make the material well-suited to serve as an MR
imaging probe, such as high biocompatibility, biodegradability,
and long spin−lattice relaxation times at room temperature
and in vivo.21 Moreover, endogenous electronic defects present
in both the Si/SiO2 surface interface and within the particle
core are pivotal to generate a significant MR signal enhance-
ment by providing electron spin sources to the DNP
process.21,30 However, the practical implementation of silicon
NPs as targeted MRI probes still have some functional
difficulties, such as precise size control and distribution, low
dispersibility in biological conditions, and uncontrolled surface
modification. Overcoming these drawbacks will positively
affect the stability, circulation time, and cellular uptake of
NPs and allow them to serve as platforms for deep tissue MR
imaging.31,32

Silica NPs (SiO2 NPs) possess several advantages compared
to many other NPs, such as high biocompatibility, chemical
inertness, water solubility, optical transparency, and ease of
preparation. Additionally, they possess a smooth surface that is
easily modified with functional moieties such as aptamers,
peptides, or other specific receptors for effective tumor
imaging.33,34 Despite this potential of SiO2 NPs to serve as
next-generation 29Si MR imaging probes, few studies have been
reported concerning DNP properties and 29Si T1 relaxation
times for the particles, with the aim of future MRI
implementation.35−37 One reason for this lack of preliminary
results is due to the insufficient density of intrinsic electronic
defects in SiO2 NPs that can serve as an endogenous radical
source for DNP. Silica can be locally polarized on its surfaces
that directly contact exogenous radical species, leading to
“surface-enhanced DNP-NMR” studies based on this fea-
ture.38−42 As such, chemical or physical modifications are
needed to overcome the deficient SiO2 DNP signal improve-
ments that are due to the lack of requisite endogenous free
electrons.38

One approach to improve MR sensitivity of non-1H spin
systems include isotopic enrichment of the sample to increase
the spin density of the MR-detectable isotope.29 In this
research, we selectively enriched the synthesized SiO2 NPs in
the 29Si isotope, whereby the isotopic enrichment was either
homogeneously enriched throughout the particle, or selectively
enriched in the surface shell or particle core only. The goal was
to effectively amplify 29Si MR signals and examine the
hyperpolarization characteristics of the particles in order to
go overcome the DNP inefficiencies of silica NPs and
maximize their potential as MRI probes. One aim of this
work was to observe the effects of DNP efficiency by
monitoring the 29Si MR signal enhancement through selective
isotope enrichment and to verify DNP polarization depth,
which can monitor surface diffusion and spin exchange with
extrinsic radicals. Here, core@shell SiO2 NPs (40 nm core, 10
nm shell thickness) with selective 29Si enrichments (4.7−35%)
were prepared using a modified Stober method with an amino
catalyst.43 An important point of this investigation was to
determine the influencing factors on signal sensitivity and T1
relaxation time, which are critical MRI parameters; this was
done by assessing the hyperpolarization attributes of SiO2
particles that were selectively enriched with different 29Si
compositions. The measured DNP polarization depth provides
key information on the diffusion behavior of spins from the
surface of SiO2 NPs to the core, which possesses few internal
defects; this information suggests that methodical NP

modifications can be used to improve DNP and maximize
29Si MR signals.

■ MATERIALS AND METHODS
Materials. 28Si-TEOS was purchased from ACROS

Organics (Geel, Belgium) and 100% 29Si-TEOS was purchased
from CortecNet (Les Ulis, France) as silicon precursors. L-
Lysine (98%) was purchased from TCI (Japan, Tokyo).
Anhydrous ethanol (Samchun Chemicals, Seoul, Republic of
Korea) and 35% ammonium hydroxide solution (Sigma-
Aldrich, MO, USA) were also used. Additionally, TEMPOL
(4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) solution
needed for the DNP experiments was purchased from Sigma-
Aldrich (MO, USA).
Synthesis of Core@Shell Silica NPs with Selective 29Si

Isotope Enrichment. SiO2 NPs were synthesized using a
modified Stober method with a two-step procedure. In the
typical synthesis of the silica core, 4 mg of L-lysine was
dissolved in 3.75 mL of deionized water while vigorously
stirring and the mixture was heated to 90 °C. Then, 520 μL of
TEOS was added to the solution and stirred for 24 h.
Thereafter, for 10 nm shell fabrication, another 900 μL of
TEOS was added into the mixture and the final reaction was
allowed to proceed for 24 h while maintaining stirring and a
constant temperature of 90 °C. The amount of 100% 29Si-
TEOS used for isotopic enrichment was calculated and added
to the core and/or shell synthesis step(s) to adjust the 29Si
concentration. Typically, the same portion of 142 μL of 100%
29Si-TEOS was used for enrichment of the 15% 29Si abundance
homogeneous silica (Silica_15), 30% 29Si abundance core−
normal shell (Core_30@Shell), and normal core-20% 29Si
abundance shell (Core@Shell_20) samples. Before adding to
the reaction system, 29Si-TEOS and 28Si-TEOS were combined
in an Eppendorf tube and mixed thoroughly with a vortex
mixer. The final product was separated by centrifugation and
the silica NPs were washed with ethanol (in between
centrifuging) and were finally dried under vacuum at 100 °C.
Characterizations. The morphologies of the selectively

29Si-enriched SiO2 NPs were determined using scanning
electron microscopy (SEM, Hitachi S4800, Japan) with an
electron beam accelerated at 20 kV. For the SEM analysis, 0.5
mg/mL of each sample was dispersed in ethanol using probe
sonication for 1 min at 70% amplitude (Vibra-Cell, VCX 130,
130 W, Sonics and Materials Inc., USA). Then, the suspension
was dropped onto silicon chip substrates (SPI Supplies brand
silicon chip substrate 5 × 5 mm × 525 μm thick). The average
particle size and standard deviation were determined from
SEM images by averaging the diameters of more than 100
particles using ImageJ (NIH, USA). Transmission electron
microscopy (TEM) images were captured using a JEM-2100F
microscope. For dynamic light scattering (DLS) measure-
ments, the suspension was filtered through a polytetrafluoro-
ethylene membrane 0.22 μm syringe filter. These residual
suspensions were filled in a quartz cell (10 × 10 mm, Hellma
Analytics, Germany) for hydrodynamic size measurements.
This suspension was analyzed using a particle size analyzer
(Anton Paar Litesizer 100, Austria) with a He−Ne laser (λ =
632.8 nm) at a back-scattered angle of 173°.
Solution-State and Solid-State 29Si NMR Spectrosco-

py. For solution-state nuclear magnetic resonance (NMR)
measurements, SiO2 NP samples were leached using NaOH
solution to confirm their core@shell structures. The leached
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samples were also analyzed with SEM to examine the leaching
thickness and solution-state NMR was used for semi-
quantitative determination of the proportion of 29Si in each
sample. A 1.5 mL Eppendorf tube was charged with 15 mg of
either normal SiO2 or selectively 29Si-enriched silica samples�
such as Core_30@Shell, Core@Shell_20, and Silica_15.
Subsequently, 1 mL of NaOH (0.1 M) was added to the
silica samples, after which the suspension was sonicated for 1
min using a bath sonication (Saehan Ultrasonication Co., SH-
1050, South Korea, vibration frequency: 28 kHz, vibration
output: 60 W). Subsequently, these samples were then shaken
for 2 days at 27 °C using a LaboShaker D600 (Labogene,
Korea). Finally, the supernatant and precipitant of each sample
were collected using a microcentrifuge (Labogene mini,
Labogene, Korea) at 12,000 rpm for 30 min. 250 μL of the
supernatant solution was mixed with 28 μL D2O (99% D, 0.05
wt % of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium
salt), and this mixture was added to a Teflon NMR tube (OD
3.75 mm). In addition to the NMR analysis, to determine the
leached shell thickness of the particles, the precipitant was re-
dispersed in deionized water and SEM analysis was performed
to measure the leached shell thickness. The solution-state 29Si
NMR spectra of each sample were acquired at 298 K using a
400 MHz NMR spectrometer equipped with a broadband
probe containing pulsed field gradients (Bruker Biospin,
Billerica, MA, USA). Furthermore, solid-state NMR (SS-
NMR) measurements were primarily conducted to compare
and analyze the chemical structure of the particles and confirm
whether structural changes occurred depending on the isotopic
enrichment. For structural comparison of the particles, 1D 29Si
MAS spectra were measured using a high-power decoupling
(HPDEC) pulse sequence on the same NMR spectrometer at
a spinning rate of 10 kHz. To estimate the surface features of
the particles, 29Si cross-polarization/magic-angle spinning
(CP/MAS) NMR spectra were recorded at a spinning speed
of approximately 10 kHz.
DNP System and Experiments. The laboratory-con-

structed DNP system consists of a continuous flow He cryostat
(Oxford, 3.3 K), a superconducting magnet (Oxford, 5 T), a
microwave source (Virginia Diode, 139−141 GHz, 500 mW),
and a cryogenic DNP insert. The output power of the
microwave source was ∼500 mW, which was calibrated using a
power meter (Erickson PM5). The microwave diode was
positioned external to the cryostat, and the generated
microwaves were guided to silicon particles within the DNP
insert through a D-band waveguide. The end of the waveguide
was bent at a right angle to the sample region and was
terminated by an open-type antenna (QuinStar, customized
model), which launched the microwave to the sample. A saddle

coil surrounding the sample and two variable capacitors were
used to construct a 29Si NMR probe head. The extent of DNP
enhancement was measured using this in situ 29Si NMR. A
temperature sensor (Cernox, Lakeshore) was mounted near
the sample region. By reducing helium pressure inside the
cryostat, the sample temperature was lowered to ∼3.3 K, as
monitored by the sensor. The cryostat has a sample port on the
top, through which hyperpolarized samples can be ejected into
the room temperature lab space. The cryogenic DNP insert has
a hollow middle structure, which holds a carbon pipe used for
manual sample ejection. To avoid encountering any zero-field
regions during the ejection, guiding coils and ring magnets are
installed near the sample exit port of the DNP insert. On top of
the exit port, there is a magnetic carrier constructed of a
Halbach array magnet, with a central field of ∼0.3 T, to
mitigate T1 losses during sample transport following DNP.
Silica particle samples were prepared inside a DNP sample
tube. The NMR tube was mounted at the bottom of the
carbon pipe and then loaded into the microwave-active region
of the cryostat; cooling the cryostat to 3.3 K typically required
∼2 h. The optimal microwave frequency for 29Si DNP was
selected from a sweep test (Figure S5 in Supporting
Information). The maximum 29Si NMR peaks were found at
140 GHz, which is consistent to previous reports on silicon
NPs.29 During DNP, the sample temperature was maintained
at 3.3 K, and the microwave was irradiated at 140 GHz with
the max power of 500 mW. The enhanced 29Si MR signal was
monitored with a small flip angle (10°) pulse and 6 min delay
between pulses. To obtain the max 29Si polarization, the DNP
time was extended up to 1 h. After that, the microwave was
turned off and a polarization decay test was used to measure
the T1 relaxation using a 4 min delay and 10° pulses for 1 h.

■ RESULTS AND DISCUSSION
In order to determine the optimal 29Si isotopic enrichment
approach to the SiO2 NP structures, the specific locations of
enrichment were selectively controlled within the homoge-
neous and core@shell silica NPs by using the same amount of
29Si enrichment precursor in each case. This allowed the DNP
signal enhancement level and polarization depth approxima-
tion to be performed more proficiently with respect to the
scheme of applying the same amount of 29Si isotope to a
specific area inside the particle (Scheme 1).

In this study, the size of the homogeneous and core@shell
SiO2 NPs was fixed at 60 nm in diameter whereas the shell
thickness was maintained at 10 nm for the core@shell SiO2
NPs. Given that the conventional Stober method has difficulty
in effectively producing monodisperse SiO2 NPs smaller than
100 nm, we successfully synthesized highly monodisperse SiO2

Scheme 1. Schematic Representation of the Four Main Samples in Which a Fixed Amount of 29Si Nuclear Spin Isotope is
Introduced to Each Site (Entire Particle, Only Shell, or Only Core) within the Particlesa

aThe regions where 28Si and 29Si nuclear spins are dominant in each particle are expressed in light and dark blue, respectively.
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NPs via a modified Stober approach that utilized L-lysine as the
base catalyst and surfactant.44,45 For the core@shell SiO2 NPs,
a seeded growth method was utilized to control the location of
29Si enrichment. For example, SiO2 NPs can be produced to
have a 40 nm core consisting of natural abundance 29Si (4.7%);
this can then be enveloped with a 10 nm shell that contains
isotopically enriched 29Si (20%), denoted here as Core@
Shell_20. Similarly, the 40 nm silica cores that were
synthesized with 29Si enriched to 30%, then enveloped with
a natural abundance 29Si shell of 10 nm, were denoted as
Core_30@Shell. Furthermore, we also synthesized 60 nm SiO2
NPs by the seeded growth method with a homogeneous
distribution of 15% 29Si isotopic enrichment, denoted as
Silica_15. Lastly, 60 nm silica NPs produced using only the
natural abundance 29Si silica precursor were denoted as
Silica_normal. According to the SEM and TEM images
shown in Figure 1a,b,d,e, highly monodispersed Core@
Shell_20 and Core_30@Shell silica NPs with 63.3 ± 2 and
62.8 ± 1 nm, respectively, were successfully produced,
confirming the 10 nm shell thickness. In addition, DLS
measurements determined that the size distributions of the

Core@Shell_20 and Core_30@Shell samples were 66.7 ± 3
and 65.2 ± 3 nm, respectively (Figure 1c,f); this was similar to
the SEM and TEM investigations, and confirms the
monodispersity of the samples. Lastly, the sizes of the
Silica_15 and Silica_normal samples were measured as 62.8
± 2 and 62.8 ± 2 nm, respectively (Figure 1g,h,j,k), confirmed
by DLS (Figure 1i,l).

Characterization of the isotopically enriched SiO2 NPs
enabled a deeper understanding of the morphology and
particle size of the materials. Additionally, the internal
structures of the different NP types were compared using
29Si SS-NMR. The 29Si HPDEC/MAS spectra shown in Figure
2 contain a predominant signal at −107 ppm that corresponds
to the chemical shift of (Si−O)4Si (Q4) and a shoulder signal
at −97 ppm represents the chemical shift of (Si−O)3Si(OH)
(Q3).46 The molecular structures of these NPs were
characterized using the ratio between the Q4 and Q3 bands,
where a Gaussian deconvolution fitting was applied (OriginLab
Corporation, MA, USA). As displayed in Figure 2a−d, all
particle types exhibited comparable Q4/Q3 ratios regardless of
the selective 29Si isotope enrichment, exhibiting comparable

Figure 1. Representative SEM and TEM images, and DLS results of the 60 nm diameter selectively 29Si enriched SiO2 NPs. The above data were
measured following the shell formation and showed the final morphology of the particles. The corresponding result for a core seed with a size of 40
nm are confirmed in the Supporting Information. Each row exhibits a narrow size distribution and spherical shape for Core@Shell_20 (a−c),
Core_30@Shell (d−f), Silica_15 (g−i), and Silica_normal (j−l).
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molecular structures. From the 29Si SS-NMR spectra, Q4 was
the dominant band for all samples. This follows from the use of
calcination during synthetic synthesis to remove the lysine
catalyst from the particles; at high temperatures, hydroxyl
groups on the particle surface and/or core can also be
eliminated due to simultaneous condensation. Surface-specific
features of these particles were also analyzed by 29Si CP/MAS
NMR (Figure 2e). The 29Si CP/MAS NMR spectra showed
different Q-types of silicon positions (Q4−Q2), which were
detected at approximately −106, −97, and −87 ppm,
respectively.46 Because surface-specific silicon sites (Q3, Q2)
are expected to be preferentially detected using cross-
polarization, the Q3 silicon site was the dominant peak in all

CP spectra. All particle types except the Core_30@Shell
exhibited similar Q4/Q3 ratios regardless of the selective 29Si
isotope enrichment and exhibited similar surface environ-
ments. Because of the selective core enrichment (Q4 specific
site) in the Core_30@Shell sample, the area of the Q4 band
was slightly higher than that of the other particle types.
Furthermore, to verify the quantitative selective enrichments of
the particles, we conducted 29Si solution-state NMR measure-
ments after having etched the particles with NaOH solution.
After 2 days of incubation in the etching solution, an average of
6 nm of particles’ shells were effectively leached and degraded
into a small molecule silicate, H3SiO4

−. The thickness of the
etched layer was determined by SEM (Supporting Informa-

Figure 2. (a−d) Normalized 29Si HPDEC/MAS NMR spectra, (e) 29Si CP/MAS NMR spectra, and (f) 29Si liquid NMR spectra of the etched
silicates from the leached samples. All experiments were conducted with 400 MHz (9.4 T) SS-NMR at room temperature.

Figure 3. DNP signals of Silica_15 (red), Core@Shell_20 (black), Core_30@Shell (pink), and Silica_normal (blue) samples. (a) Hyperpolarized
29Si MR spectra obtained by a single 90° of single pulse after 1 h of DNP. (b) Buildup of the hyperpolarized 29Si MR signal over time. Each sample
(∼60 mg of the enriched SiO2 NPs with 50 mM TEMPOL solution) was hyperpolarized using DNP, and the data were measured every 6 min with
a 10° of small flip angle pulse. (c) Signal decay of hyperpolarized 29Si MR at cryogenic temperature. A spectrum was acquired every 4 min over a
period of 60 min and through a series of 10° flip angle excitations. All DNP experiments were performed at 5 T magnetic field while maintaining a
sample temperature of 3.3 K.
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tion), and the concentration of the silicate species within the
etched layer was determined by intensity of the NMR peak at
−72.3 ppm.47,48 As can be seen in Figure 2f, both Core@
Shell_20 and Silica_15 showed approximately fourfold and
threefold higher intensities than the naturally abundant sample
(Silica_normal), respectively, indicating a linear concentration
relationship of the selective enrichments in the shell layer.
However, Core_30@Shell particles exhibited the same
tendency as the Silica_normal because their local spin
concentrations on the etched layer were synthetically identical
(i.e., natural abundance). The observation verifies the accurate
design of the selective 29Si isotopic enrichments on different
types of core@shell and homogeneous structures.

Through physical and chemical characterization of 29Si-
enriched core@shell SiO2 NPs, including both Silica_15 and
Silica_normal NPs, morphological information and quantita-
tive verification of 29Si ratios in the particles could be
determined. Subsequently, low-temperature DNP experiments
were conducted to demonstrate that the SiO2 NPs can be used
as effective MRI probes. During DNP, 60 mg of the SiO2 NPs
were mixed into TEMPOL solutions of either 50 or 30 mM
(Supporting Information) to provide exogenous electrons for
29Si DNP. A short sample tube containing the NPs suspended
in TEMPOL was polarized at 3.3 K after being manually
inserted into the lab-constructed DNP instrument using a
carbon pipe. Microwave-dependent polarization enhancements
of the 29Si spins in the particles were tested (Supporting
Information), and the optimal microwave frequency of 140.0
GHz was irradiated at the sample for 1 h. Time constants of
the buildup and decay of hyperpolarized 29Si signal were
measured in situ using the onboard NMR circuit, which
allowed quantitation of the DNP signal improvement and
subsequent T1 rate following DNP. The buildup of 29Si MR
signal was monitored every 6 min for 1 h using 10° pulses; the
time constant of this buildup was calculated using a single
exponential fit of the data (Figure 3b). Representative
hyperpolarized 29Si MR spectra of the samples were acquired
with a π/2 pulse after 1 h of polarization to compare the DNP
enhancements between the selective isotope enrichment
categories. Because all of the selectively 29Si-enriched samples
(Core@Shell_20, Core_30@Shell, and Silica_15) were
synthesized by utilizing the same number of 29Si nuclear
spins, similar DNP features would be expected between the
samples. As shown in Figure 3a, Core@Shell_20 and Silica_15
NPs showed 5.5 and 4.5 times higher signal improvements
over the intensity of Core_30@Shell and Silica_normal NPs.
These results demonstrate that the extent of nuclear spin
polarization increases with 29Si enrichment ratios on the
particles’ surface only, resulting in a linear dependence.
According to previous reports, silicon NPs showed non-linear
improvement to 29Si MR signals due to changes in internal
defects and excessively augmented spin diffusion.28 The results
presented here indicate that the majority of the hyper-
polarization process is confined to the particles’ shells, and
that spin diffusion does not carry the increased polarization
deep into the particle core. This behavior is also observed in
polarization build-up curves (Figure 3b), in which the Core@
Shell_20 sample possesses a relatively fast build-up time
constant (8.0 min), while the build-up constant is lengthened
as the amount of the 29Si enrichment in the surface layer is
diminished (Silica_15: 10.2 min; Core_30@Shell: 10.5 min;
Silica_normal: 17.6 min). In the cases of Core@Shell_20 and
Silica_15 samples, there are more 29Si spins in the NP’s surface

that are in close proximity with exogenous TEMPOL radicals;
these 29Si spins are quickly polarized, and the enhanced
magnetization can then be efficiently transferred throughout
the shell via spin diffusion. Interestingly, the build-up curve of
the Core_30@Shell sample produced a relatively similar time
constant as the shell-enriched samples (Core@Shell_20 and
Silica_15), even though the particle core is enveloped by a
shell layer that is naturally abundant in 29Si. This could be
potentially explained by a condensed 29Si spin pool in the 30%
enriched core that might induce faster diffusions to the surface
spins. However, the Core_30@Shell sample displays a
qualitatively similar buildup curve to the Silica_normal sample
(Figure 3b).

Along with the polarization build-up experiments, the signal
decay of enhanced 29Si magnetization was monitored at
cryogenic temperatures for each sample (Figure 3c). Following
a set polarization time of 1 h, a 10° pulse was applied to the
sample every 4 min to determine the T1 using in situ 29Si
NMR. Similar to the build-up time constants, the T1 results
verify that samples with higher 29Si enrichment in the shells
experienced faster T1 relaxation times, which shows that the
29Si ratio of the shell has a great influence on the lifetime of the
signal. This dependence is likely due to the dipole−dipole
interaction that occurs predominantly in the shell layer of the
SiO2 NPs, where the exposure of surface 29Si spins to
exogenous radicals is crucial. Specifically, the Core_30@Shell
sample experienced a relaxation time that was 1.5× faster than
the Silica_normal sample, which parallels the trend in build-up
time constant during DNP. Although a detailed study is
needed to fully explain this outcome, it is plausible that the
density of 29Si nuclei in the core has an authoritative influence
on the depolarization process of the shell layer rather than the
core polarization itself. Decay of the hyperpolarized 29Si MR
signal is much faster as the ratio of isotopic enrichment
increases, as spin−spin relaxation is a major contributor for
faster T1. Therefore, an optimal dilution of 29Si is needed to
achieve a balance between high 29Si MR signal intensity and
long T1.

After affirming the primary hyperpolarization characteristics
for the four different particle types, additional selectively 29Si-
enriched SiO2 NPs with different 29Si ratios were prepared and
tested in DNP experiments to verify the previous results
(Core@Shell_35, Core@Shell_15, and Core_15@Shell; Sup-
porting Information). Similar to the first group of particle
types, the Core@Shell_35 sample achieved approximately 10×
higher 29Si MR signals compared to the Silica_normal and
Core-only enriched NPs. Additionally, both the homoge-
neously 29Si-enriched (15%) sample (Silica_15) and Core@
Shell_15 sample displayed comparable 29Si signal intensities
despite their different isotope enrichments in the core. This
result indicates that the region where hyperpolarization has its
greatest effect in these particles is less than 10 nm from the
surface, demonstrating that the ratio of 29Si present in the
particle shell is a compelling factor for improved 29Si MR signal
intensity. In order to more precisely investigate the effects of
29Si isotope enrichment on signal enhancement, we estimated
the DNP polarization depth using a model. For simplicity, we
adopted a hard-shell model, in which 29Si polarization is
spatially uniform. First, we assumed a 5.7 nm polarization
depth for the 60 nm of Silica_normal NPs;46 these NPs have a
natural abundance of 29Si spins (4.7%) and are used to
normalize the rest of the data. The number of 29Si nuclei in the
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polarized region of this sample (5.7 nm from the surface) can
be calculated using eq 1

N
r r a

d
f

( )
216polarized Si

4
3

3 4
3

3

329 = × ×
(1)

where r is the radius of the SiO2 NPs (nm), a is the DNP
polarization depth (nm), d = 2.139 nm is the lattice constant of
amorphous SiO2, 216 is the number of Si atoms in an
amorphous SiO2 unit cell (Supporting Information), and f is
the 29Si isotope abundance (as a percentage) in the polarized
region. Based on the ratio of enhanced 29Si MR signals
between the enriched samples and Silica_normal sample, the
number of polarized 29Si nuclei for each enriched particle was
calculated. From this, the DNP polarization depths of the
enriched SiO2 samples were then determined using the
information from eq 1; these estimations along with other
DNP characteristics are available in Table 1 (also, Supporting
Information).

From these calculations, the polarization depths of Silica_15
and Core@Shell_15 were 9.2 and 8.7 nm, respectively; the 29Si
isotope abundance for both of these samples was 15%. Along
with similar 29Si spin density in the polarized region and
polarization depth, both samples experienced similar 29Si MR
enhancement factors. Comparing the Core_15@Shell,
Core_30@Shell, and Silica_normal samples, which all
contained natural abundance 29Si in the shell region, resulted
in a calculated polarization depths that ranged from 5.3 to 6.7
nm stemming from the different samples (which also shared
relatively similar 29Si MR enhancement values). With regard to
Core@Shell_20 and Core@Shell_35 samples: although their
estimated polarization depth from model calculation was
slightly less than for the Core@Shell_15 and Silica_15
samples, they still provided the highest enhancement factors
among all investigated samples due to the high density of 29Si
nuclei in the shells of these samples. Samples with varying 29Si
isotopic enrichment in only their shell layers have DNP
polarization depths that are comparable to Silica_normal,
which provides an opportunity to revisit the spin diffusion
model. The spin diffusion constant (D) is often given as the
approximate relation: D ≅ b2/50T2, where b denotes the
distance between 29Si nuclei and T2 is spin−spin relaxation
time.20 Theoretical aspects of the linewidth of MR peaks from
crystalline NPs consisting of homogeneously distributed spins
are expected to display linear and square-root dependences
when f < 10% and f > 50%, respectively. However, these
experiments produced hyperpolarized spectra with linewidths
of approximately 1500 Hz full width at half-maximum, which is
inconsistent with the contribution from dipole−dipole

interactions only. In the work presented here, it is likely that
the major line broadening effect is dominated by paramagnetic
relaxation due to the proximity of the exogenous radical to the
surface of SiO2 NPs. Moreover, determination of the true line
broadening of the samples due to isotope enrichment is
hindered by the amorphous features of the SiO2 NPs and
inherent inhomogeneity of B0 in the DNP device; this limits
our ability to indirectly determine the spin diffusion constant
from T2 when dipolar interactions are not the dominative
source of line broadening. This was partially addressed by
lowering the radical concentration to 30 mM of TEMPOL,
which resulted in linewidths that were ∼10% narrower
compared to using 50 mM TEMPOL. However, even these
results did not match well with theoretical expectations.
Simulations exhibited a linear dependency between the spin
diffusion constant and isotopic enrichment but provided
smaller polarization depth values; this can potentially be
explained by relatively inefficient spin diffusion that is caused
by an extended amorphous 29Si−O network (as opposed to a
condensed and crystalline 29Si−29Si network). Because of this
discrepancy, a more elaborate model is currently under
development to rigorously explain the effect of the 29Si
isotopic enrichment on spin diffusion in SiO2 NPs.

Besides, 1D 29Si hyperpolarization spectra were recorded
with or without microwave irradiation to verify signal
improvements obtained by DNP. Subsequently, we compared
the integrated signal intensity of hyperpolarized samples with
the thermal equilibrium signal to determine DNP enhance-
ment value of 29Si (εSi) in the solid state. The direct DNP in
29Si nuclei remarkably improved the signal intensity of silica
samples (see Figure S9). In particular, DNP enhancement
factors εSi of 98, 16 × 101, 22, and 26 were achieved from
Silica_15, Core@Shell_20, Core_30@Shell, and Silica_normal
particles, respectively. The estimated signal enhancement for
each sample showed a similar trend as the polarization ratio
compared in the previous section. In other words, it can be
confirmed that 29Si isotope enrichment for the shell region of
the particle is an effective method to induce a boost in signal
intensity. Samples that were selectively enriched in the shell
region (Core@Shell_15, Core@Shell_20, Core@Shell_35)
showed higher signal improvements compared to samples
with core-specific enrichments (Core_15@Shell, Core_30@
Shell), and it was also corroborated that the enhancement
factors εSi increased as the 29Si ratio increased. Moreover,
Core@Shell_20, which presented a value about 20% greater
than that of Silica_15 in the polarization ratio, exhibited a 60%
higher aspect than the Silica_15 sample in DNP enhancement.
From the evidence above, increasing 29Si spin density in the

Table 1. Summary of Hyperpolarization Features of All SiO2 NPs

samples
polarization

ratio εa
estimated signal
enhancement εSi

Tbuild‑up
(min)b

T1
(min)c a (nm)d

estimated number of unit cell
polarizede

estimated number of 29Si
nuclei polarizedf

Silica_normal 1.00 26 17.7 25.5 5.7ref 54 × 102 55 × 103

Core@Shell_15 4.37 11 × 101 11.6 15.8 8.7 74 × 102 24 × 104

Core@Shell_20 5.50 16 × 101 8.0 11.6 8.0 70 × 102 30 × 104

Core@Shell_35 9.90 25 × 101 6.0 5.7 8.3 72 × 102 54 × 104

Core_15@Shell 1.14 29 16.6 23.4 6.7 62 × 102 63 × 103

Core_30@Shell 0.95 22 10.6 16.1 5.3 51 × 102 52 × 103

Silica_15 4.54 98 10.2 14.6 9.2 77 × 102 25 × 104

aRatio of the enhancement factor relative to the Silica_normal sample. bBuild-up constant time was calculated by fitting a mono-exponential fitting
of the build-up data. cSpin−lattice relaxation time of each sample. dDNP polarization depth of each sample on assumption that the penetration
depth of Silica_normal is 5.7 nm.46 eEstimated number of unit cell that was polarized. fEstimated number of 29Si polarized nuclei.
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particle shell region is an advantageous approach to develop
high-resolution MRI probes with improved signal amplifica-
tions.

These hyperpolarization studies on selective 29Si isotopic
enrichment of SiO2 NPs are the first to demonstrate the
potential for 29Si MR imaging and provide structural
information for 29Si isotope enrichment in SiO2 NPs. Taking
advantage of core@shell NP designs allowed valuable knowl-
edge about the efficiency of 29Si isotope enrichment and
polarization depths into the SiO2 NPs to be obtained.
Although both the initial level of hyperpolarization and the
effective polarization depth are generally greater for the shell-
enriched SiO2 NPs, the relaxation decay is also much faster
because of dipole−dipole interactions and faster diffusion. Due
to instrumentation limitations, it was challenging to directly
measure the signal decay of the hyperpolarized 29Si MR signal
at room temperature for the sample treated in this study, but
we measured 29Si spin−lattice relaxation time of the Core@
Shell_20 sample under thermal equilibrium conditions using
solid-state magic-angle spinning NMR to explore T1 relaxation
trend of 29Si-enriched SiO2 NPs. The T1 (at thermal
equilibrium) of this sample was determined at ∼20 s (see
Figure S10), which is judged to be remarkably short for
immediate biomedical application. In succession to the present
work, we are working to extend 29Si T1 in silica particles by
adjusting the synthesis path of samples to optimize
physicochemical properties such as crystallinity. Furthermore,
we have fabricated silica particles that have radicals (e.g.,
TEMPOL) embedded throughout in order to maximize the
DNP efficiency of the NPs. The fabrication of SiO2 NPs with
selectively 29Si-enriched core−shell structures described in this
work is the foundation of a multi-stage project, as we continue
to apply DNP to silica particles in order to determine their
potential for future clinical implementation.

■ CONCLUSIONS
We have demonstrated a straightforward method of synthesiz-
ing selectively 29Si-enriched homogeneous and core@shell
SiO2 NPs with a high level of control in terms of the materials’
size, morphology, and internal structure. 29Si hyperpolarization
characteristics of the different NP types, ranging from the
nuclear spin enhancement factor and build-up time constant to
the depolarization rate at cryogenic temperature were
determined. In summary, larger signal amplifications were
observed as the 29Si ratio of the particle shell increased,
regardless of substantial enrichments in the particle core.
Despite high 29Si isotopic enrichment in the particle core, the
overall polarization level is equivalent to the naturally abundant
samples due to the shallowness of the effective polarization
depth. The shell-enriched samples (Core@Shell_15, Core@
Shell_20, and Core@Shell_35) achieved higher 29Si polar-
ization levels, with similar polarization depths. These develop-
ments are part of an integrated strategy to utilize the
bioinspired SiO2 NPs as MRI probes in the future.
Furthermore, DNP-NMR with core@shell NPs is expected
to allow for the fast characterization of surface-attached
moieties, providing precise knowledge of the surface
composition and chemistry of SiO2 NPs, including biochemical
interactions with substrates.
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