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Multifunctional nanoparticles for biomedical applications have
shown extraordinary potential as contrast agents in various bio-
imaging modalities, near-IR photothermal therapy, and for light-
triggered therapeutic release processes. Over the past several years,
numerous studies have been performed to synthesize and enhance
MRI contrast with nanoparticles. However, understanding the MRI
enhancement mechanism in a multishell nanoparticle geometry, and
controlling its properties, remains a challenge. To systematically
examine MRI enhancement in a nanoparticle geometry, we have
synthesized MRI-active Au nanomatryoshkas. These are Au core–
silica layer–Au shell nanoparticles, where Gd(III) ions are encapsu-
lated within the silica layer between the inner core and outer Au
layer of the nanoparticle (Gd-NM). This multifunctional nanoparticle
retains its strong near-IR Fano-resonant optical absorption proper-
ties essential for photothermal or other near-IR light-triggered ther-
apy, while simultaneously providing increased T1 contrast in MR
imaging by concentrating Gd(III) within the nanoparticle. Mea-
surements of Gd-NM revealed a strongly enhanced T1 relaxivity
(r1 ∼ 24 mM−1·s−1) even at 4.7 T, substantially surpassing conven-
tional Gd(III) chelating agents (r1 ∼ 3 mM−1·s−1 at 4.7 T) currently in
clinical use. By varying the thickness of the outer gold layer of the
nanoparticle, we show that the observed relaxivities are consistent
with Solomon–Bloembergen–Morgan (SBM) theory, which takes in-
to account the longer-range interactions between the encapsulated
Gd(III) and the protons of the H2O molecules outside the nanopar-
ticle. This nanoparticle complex and its MRI T1-enhancing properties
open the door for future studies on quantitative tracking of thera-
peutic nanoparticles in vivo, an essential step for optimizing light-
induced, nanoparticle-based therapies.
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Multicomponent nanoparticle complexes have received great
attention as theranostic agents (having both diagnostic and

therapeutic functions) due to the unique properties that can be
combined within a single nanostructure (1–4). These include intense
near-IR (NIR) optical absorption due to a strong localized surface
plasmon resonance, in vivo/in vitro stability, biocompatibility, facile
surface conjugation chemistry (5–8), and their use as contrast agents
in magnetic resonance imaging (MRI) applications. MRI is cur-
rently the most universally used biomedical imaging modality (9). It
is a noninvasive technique with contrast versatility and high spatial
and temporal resolution (10, 11). There are two main types of MRI
contrast agents currently in widespread clinical use (9). T2-weighted
contrast agents locally modify the spin–spin relaxation process of
water protons, producing negative or dark images (based on
materials such as superparamagnetic Fe3O4 nanoparticles) (12).
T1-weighted contrast agents affect nearby protons through spin–
lattice relaxation, producing positive (bright) image contrast [based
on paramagnetic materials such as Gd(III) and Mn(II)] (11, 13).

The ability of a contrast agent to change the longitudinal (1/T1) or
transverse (1/T2) relaxation rate is measured as relaxivity, r1 or r2,
respectively, which is characterized as the change in relaxation rate
after the introduction of the contrast agent normalized to the
concentration of the contrast agent. Despite their utility, T2 contrast
agents also have several disadvantages that limit their use in clinical
applications. They can cause a reduction in the MRI signal, which
can be confused with other pathogenic conditions (such as blood
clots and endogenous iron) (11). In the case of tumor imaging, they
can induce magnetic field perturbations on the protons in neigh-
boring normal tissue, which can make spatially well-resolved di-
agnosis difficult (11). In contrast, T1 contrast agents increase the
specificity and sensitivity of the MR image. Among the para-
magnetic materials useful for T1 contrast MR imaging, Gd(III) is
the most effective contrast agent currently available for clinical use.
However, free Gd(III) ions have high toxicity, and Gd(III)-chelates
currently in clinical use, such as 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) and diethylenetriaminepenta-
acetic acid (DTPA), suffer from poor sensitivity (r1 ∼ 3 mM−1·s−1 at
4.7 T), rapid renal clearance, and lack of specificity due to their
small molecular size (10, 14). Considerable efforts have been
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devoted to the incorporation of Gd(III) onto or into nano-
particles that will enhance their sensitivity by increasing their
specificity, prolonging circulation time, and reducing their tox-
icity. Furthermore, these nanostructured Gd(III) agents present
enhanced relaxivity compared with free Gd(III) chelates due to
both cumulative effect of the high number of Gd(III) ions per
nanocarrier and the reduced global tumbling motion that en-
hance the r1 of each nanocomplex (10, 15–19).
Recently, we developed tunable plasmonic Au nano-

matryoshkas (NMs), a metal-based nanoparticle consisting of a
Au core, an interstitial nanoscale SiO2 layer, and an outer Au
shell (20, 21). This nanoparticle possesses a strong optical ex-
tinction at 800 nm, resulting in strong local photothermal heating
(21), which makes it a highly attractive candidate for NIR pho-
tothermal cancer therapy. Besides the biocompatibility and facile
surface conjugation chemistry made possible by its outer Au
layer (22), this system has been shown to have several advantages
compared with other NIR photothermal transducers. For ex-
ample, tumor uptake of NM (∼90-nm diameter) in a triple-
negative breast cancer model was fourfold to fivefold higher
than Au nanoshells (∼150-nm diameter), and consequently NM
displayed an improved photothermal therapy efficacy relative to
nanoshells (21).
Here, we report a modification of NMs that transforms them

into high-relaxivity MRI-active contrast agents. This was ac-
complished by incorporating Gd(III) into the interstitial silica
layer of the NM structure. The geometry of this nanoparticle as
an MRI contrast agent is both surprising and counterintuitive.
The T1 enhancement mechanism of molecular contrast agents,
which typically consist of a single Gd(III) ion surrounded by
chelating ligands, relies upon extremely close distances between
the Gd(III) ions within the molecule and nearby H2O protons.
Our layered nanoparticle strategy yields nanoparticle complexes
with higher T1 relaxivities than molecular T1 contrast agents, but
in this system, the Gd(III) ions are well-separated from the H2O
protons outside the nanoparticle. Our main goal was to evaluate
the influence of structural nanoparticle parameters such as the
number of Gd(III) inside the particle, Au shell thickness, and
surface functionalization on the relaxivity (r1) of the Gd-NM,
and to elucidate the relaxivity mechanism. This study resulted
in an optimized Gd-NM system with good T1 relaxivity at high
magnetic field strength (4.7 T) and significantly enhanced T1
relaxivities compared with molecular contrast agents. Further-
more, an MRI T1-weight relaxivity mechanism of Gd-NM was
elucidated by systematically varying and controlling the layered
nanostructure morphology.
Gd-NM nanoparticles were fabricated as shown in Fig. 1A.

Transmission electron microscope images corresponding to each
stage of the synthesis are shown (Fig. 1Bi–iv). The synthesis de-
veloped here is modified from one reported previously to in-
corporate dyes within a plasmonic structure to enhance their
fluorescence (23). Au nanoparticles of diameter 50 ± 4 nm (Fig. 1Bi)
were initially coated with a 21 ± 2-nm amorphous silica layer doped
with S-2(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (SCN-DOTA) chelates (Fig. 1Bii). The
isothiocyanate (N=C=S) group of the SCN-DOTA chelate is be-
lieved to bind covalently to the NH2 group of the 3-aminopropyl)
triethoxysilane (APTES) molecules within the silica network. This
results in the formation of a thiourea [NH–(C=S)–NH] bond that
was monitored by Fourier transform infrared (FTIR) measurements
(Fig. S1A shows the FTIR spectra and the peak assignments). As a
result of the formation of this bond, the peak at 2,100 cm−1 (at-
tributed to the N=C=S vibration in the SCN-DOTA chelate mole-
cules) disappears after coupling of the chelate with APTES (24), but
the C=S band around 1,100 cm−1 can be observed, indicating the
thiourea formation. The Gd(III) ions were loaded into the chelates
by incubating the nanoparticles at this stage with a solution
of Gd(NO3)3.

The effect of the SCN-DOTA and Gd(III) loaded within the
SiO2 layer of Au@SiO2 particles was examined by high-
resolution transmission electron microscopy (TEM) shown in
Fig. 1 C–F. The TEM images reveal that, when the chelate is
embedded into the silica layer, the Gd(NO3)3 solution etches
∼8 nm of the inner-silica shell (Fig. 1 C and D). However, when
the chelates are not part of the silica network, the Gd(NO3)3
solution etches the silica shell almost completely (Fig. 1 E and
F). The porosity of the silica shell is affected by the Stöber
synthesis parameters, such as the ratio between H2O and tet-
raethoxysilane (TEOS), the reaction pH, salt, and the catalysis
molecules. A simple addition of APTES-SCN-DOTA (Fig. S1B)
solution in ethanol during the silica growth process results in a
different network structure with more defect sites compared with
the TEOS network alone, which is more resistant to the etching
process of Gd(NO3)3 (25–27). The difference in the particle’s
surface functionality and porosity can be examined by TEM (Fig.
1 C–F) and ζ-potential measurements. In the case of Au@SiO2
nanoparticles, the ζ-potential is around −10 mV, whereas the
Au@SiO2-SCN-DOTA ζ-potential becomes neutral or slightly
positive due to the lack of silanol (Si–OH) groups. As a result,
the Au@SiO2-SCN-DOTA nanoparticles are more stable in the
acidic conditions compared with classical Au@SiO2 system
where the negatively charged SiO− are dissociated from the
functional Si–OH groups in the acidic conditions (28). The dif-
ferent observed etching of the silica layer by the Gd(NO3)3 with
and without SCN-DOTA is evidence that the chelate is attached
in the silica network. The Gd(III) salt also increased the stability
of the particles in the following steps, such as formation of the
seeded precursor and growth of the final gold shell.
After growth of the Gd(III)-embedded silica layer, 2- to 3-nm-

diameter Au colloidal nanoparticles were attached to the outer
surface of the silica layer. At this stage, we refer to the nano-
particles as the “seeded precursor.” The ultrasmall Au nano-
particles serve as nucleation sites for the electroless plating of
the outer Au shell layer (Fig. 1Biii). This results in Gd-NMs with
average dimensions of [r′1, r′2, r′3] = [25 ± 3, 38 ± 2, 53 ± 2] nm
(Fig. 1Biv), where r′1, r′2, and r′3 correspond to the radii of Au,
Au@SiO2-SCN-DOTA, and Au@SiO2-Gd-SCN-DOTA@Au

Fig. 1. (A) Schematic representation of the MRI-active NM synthesis show-
ing the stepwise synthesis process: the 50-nm-diameter gold colloids are
coated with SCN-DOTA chelates embedded in a SiO2 shell, and then in-
cubated in Gd(NO3)3 and 2-nm Au NP, followed by the growth of a con-
tinuous Au shell. (B) TEM images corresponding to each step in the process.
(Scale bars: 100 nm.) The silica etching process during the incubation with Gd
(NO3)3 step: high-resolution TEM images of SCN-DOTA chelate-doped SiO2-
coated Au colloid (C) before and (D) after incubation with Gd(NO3)3 solu-
tion, and SiO2-coated Au colloid (E) before and (F) after incubation with Gd
(NO3)3 solution. (Scale bars: 10 nm.)
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(Gd-NM), respectively. This multistep synthesis produces stable,
monodisperse Gd-NM with a continuous outer Au layer (Fig.
S2). The final Au shell also allows straightforward conjugation of
polymers and biomolecules to the nanoparticle surface.
To optimize the MRI contrast of the Gd-NMs, the concentration

of Gd(III) per particle was varied by modifying the chelate con-
centration and reaction time. The Gd(III) concentration on Gd-NM
was checked after each step in the synthesis by inductively coupled
plasma mass spectroscopy (ICP-MS). For the MRI measurements,
the concentration of the particles from each individual synthesis was
adjusted by dilution to have 5, 10, 15, and 20 μM Gd(III) ions. The
MRI relaxivity as a function of Gd(III) concentration is shown in
Fig. 2. The relaxivities (r1) were calculated from the 1/T1 vs. Gd(III)
concentration data. (Detailed information about relaxivity and the
T1 relaxivity curves for three representative concentrations are
shown in Fig. S3.) We observed that, at low Gd(III) concentrations,
theMRI relaxivity r1 increased with increasing Gd(III) concentration
per NM. For example, the relaxivity of 0.7 × 105 Gd(III) ions/NM
was 8 mM−1·s−1 and increased until a maximum of 14.6 mM−1·s−1 at
2.5 × 105 Gd(III) ions/NM was reached. As the amount of Gd(III)
per NMwas increased further to 8.2 × 105 Gd(III)/NM, the relaxivity
decreased to 5.3 mM−1·s−1. This type of quenching effect has been
observed in other nanoparticle-based Gd(III) systems developed for
MRI (8, 25, 29). In these cases, quenching was attributed to the
packing of Gd(III) into a limited volume, which could restrict the
access of H2O molecules to the coordination sphere of the Gd(III).
However, as we will discuss shortly, our results indicate that, in the
case of Gd-NMs, the inner coordination sphere H2O molecules have
a reduced effect on the enhanced T1 relaxivity (Fig. S4 shows the
effect of the accumulation of water molecules in the silica inner
layer). It has additionally been proposed that systems with an ex-
cessive payload of Gd(III) may lead to a disproportionate weight of
T2 effects, which would have a negative effect on T1-weighted images
(8, 25, 27, 28). We did observe an increase in T2 relaxivity by in-
creasing the number of Gd(III) per nanoparticle. For example, for a
system with 2.3 × 105 Gd(III) per nanoparticle, the r2 was nominally
54.7 mM−1·s−1, whereas for 4.7 × 105 it was 93.6 mM−1·s−1. This
increase in T2 relaxivity has, in other nanoparticle systems, been
attributed to the geometric confinement of Gd(III) with increased
dipolar interaction between neighboring Gd(III)–Gd(III) ions and/or
Curie spin relaxation (29).
To better understand how this specific geometry impacts the

Gd-NM relaxivity, we examine how the relaxivity is modified at

the various stages of nanoparticle synthesis. A comparative study
of T1 relaxivity vs. Gd(III) concentration within the internal silica
layer was performed for the seeded precursor (Fig. 3A) and the
complete Gd-NM-PEG (Fig. 3B). For each structure, this in-
formation is accompanied by the corresponding extinction
spectrum (Fig. 3 C and D) and TEM images (Fig. 3 E and F). All
measurements were performed at 4.7 T. The r1 values were
calculated to be 21.5 and 17.9 mM−1·s−1 for the seeded precursor
and Gd-NM-PEG, respectively. We find that the addition of the
Au outer shell to the seeded precursor nanoparticle decreases its
relaxivity, because the growth of a continuous metal shell layer
limits access of water molecules to the coordination spheres of
the Gd(III) within the interior silica layer. However, considering
the Gd(III) per nanoparticle, the relaxivity per nanoparticle was
calculated to be ∼2.7 × 105 mM−1·s−1 for Gd-NM-PEG. For
comparison, molecular chelate Gd(III) contrast agents in current
clinical use typically have relaxivities r1 of about 3 mM−1·s−1 per
Gd(III) at 4.7 T and 37 °C (30). As shown in the T1-weighted
MRI images (Fig. 3 A and B, Insets), the seeded precursors
produced consistently brighter images than the Gd-NM-PEG.
There are two primary differences between the seeded pre-
cursor and the final NM that would affect the relaxivity. First, the
seeded precursor lacks an outer Au shell and would allow for
greater interaction and shorter distances between the contrast
agent and water protons. If this was the only difference between
the two systems, we would expect the relaxivity to be consider-
ably greater in the seeded precursor compared with the NM.
However, the addition of the outer Au shell adds more mass to
the particle and further reduces the molecular tumbling rate of
the contrast agent, increasing the relaxivity. Furthermore, the
final Gd-NM is also PEGylated, further reducing the tumbling
rate. As a result of these differences, the seeded precursor has
only a slightly higher relaxivity compared with the final NM.
The enhanced relaxivities of Gd(III)-containing nanostructures

relative to molecular chelates can be attributed not only to the ad-
ditive effect of many Gd(III) centers but also to their slower rota-
tional motion (13, 31). According to the Solomon–Bloembergen–
Morgan (SBM) theory of paramagnetic relaxation, the main factors
that affect the relaxivity of Gd(III)-based contrast agents are mo-
lecular diffusional and rotational times, number of coordinated
water molecules, water proton residency lifetime, and water ex-
change rate (32). In general, a decrease in the molecular diffusion
and rotation times leads to an increased T1 relaxivity, especially at
low magnetic fields (13, 33). Therefore, the incorporation of Gd(III)
into nanostructures decreases its molecular tumbling rate and, con-
sequently, reduces its diffusional and rotational correlation time,
increasing relaxivity (32). Besides the enhanced T1 relaxivity, another
important advantage of nanostructured systems is the increased ac-
cumulation of carriers in target tissue. For example, the enhanced
permeability and retention effect in tumors can be exploited for
passive targeting using nanoparticles (34), which increases the local
concentration of the contrast agent in the tumor (32).
It is worth emphasizing that our measurements were performed

at 4.7 T. Higher magnetic fields provide not only a greater signal
to noise, but also a higher spatial resolution and reduced acqui-
sition times (33). However, the T1 relaxivity of molecular Gd(III)
compounds typically decreases as the magnetic field increases (30,
33). For example, the relaxivity of Gd-NM was 24.5 mM−1·s−1 at
4.7 T and 54.7 mM−1·s−1 at 1 T (Fig. S5). The effect of the
magnetic field on the relaxivity was shown to be more pronounced
for slowly tumbling molecules than for rapidly tumbling molecules
(33). Small molecules such as Gd-DTPA or MS-325 show a
modest decrease in r1 with field; however, for MS-325 bound to
serum albumin, the relaxivity decreases from 24.3 mM−1·s−1 at 1.4
T to 11.2 mM−1·s−1 at 4.7 T. Similarly, Gd(III)-chelate–function-
alized gold nanostars showed a r1 relaxivity of 54.7 mM−1·s−1 at
1.41 T that was reduced to 9.4 mM−1·s−1 at 7 T (19). Therefore, it
is a major challenge to develop MRI contrast agents that have a

Fig. 2. The r1 relaxivity of Gd-NM as a function of the number of Gd(III) per
NM measured at 4.7 T (blue dots) and nonlinear curve fit (black line). Gd(III)
concentration was quantified using ICP-MS.
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high r1 and can also be used at higher magnetic fields. Gd-NMs
appear to be an attractive candidate for higher-field MRI
applications.
The MRI contrast mechanism depends not only on the T1 or

T2 relaxation rate, but also on the proton density in the sur-
rounding medium and the distance between the proton nuclei
and the Gd(III) (35). To investigate the effect of the distance
between the proton nucleus and the encapsulated Gd(III) on the
T1 MRI mechanism, Gd-NM-PEG structures with four different
outer Au layer thicknesses were fabricated and investigated. The
T1 longitudinal rates at 4.7 T for the Gd-NM-PEG nanoparticles
with different gold outer shell thickness (radii) ([r′1, r′2, r′3] =
[25, 38, 51 nm]), ([r′1, r′2, r′3] = [25, 38, 53 nm]), ([r′1, r′2, r′3] =
[25, 38, 56 nm]), and the thicker shell ([r′1, r′2, r′3] = [25, 38,
73 nm]) are shown in Fig. 4A. (Detailed information about
relaxivity and the T1 relaxivity curves is shown in Fig. S6.) For the
thinner shell (red), the r1 relaxation was 24.5 mM−1·s−1, whereas
the thicker shell (yellow) yielded a significant decrease in r1 re-
laxation, to 1.2 mM−1·s−1. A dramatic reduction in T1 contrast
for the Gd-NM-PEG with the thicker outer layer was observed in
T1-weighted MR images (Fig. 4B). In the case of the thinner Au
shell, small pinhole defects in the outer layer may be present that
would slightly increase the H2O proton interaction with the in-
ternal Gd(III), enhancing the r1 relaxivity in this case. The cor-
responding TEM images of the Gd-NM-PEG nanoparticles with
four different gold outer shell thicknesses are shown in Fig. 4B.
(Detailed information about the extinction spectra of the Gd-
NM-PEG nanoparticles with different gold outer shell thick-
nesses are shown in Figs. S7 and S8.) To analyze the observed
MRI enhancement of the Gd-NM geometry, SBM theory (15,
36) was adopted to estimate the relaxivity r1 of the Gd-NM:

r1 = r0 + rIS + rOS, [1]

where r0 is the intrinsic relaxivity and rIS and rOS are inner-sphere
and outer-sphere contributions to the total relaxivity, respec-
tively. The intrinsic relaxivity and inner-sphere contributions
are assumed to be negligible, because the Gd(III) chelates are
embedded within the SiO2 shell where few H2O molecules are
present relative to the NM surroundings. Also, it has been evi-
dently shown in experiments that such intrinsic and inner-sphere
contributions are very small. For instance, these contributions

are not altered when varying the outer-shell Au thickness, but
the r1 drops to nearly zero (∼1.2 mM−1·s−1) when the outer-shell
thickness is very large (∼35 nm in Fig. 4). Therefore, we only
focus on the outer-sphere contribution. According to SBM the-
ory (15), the outer-sphere contribution is given by the following:

rOS =
C
dD

Re½3jðωIÞ+ 7jðωsÞ�. [2]

Here, C is a constant [for Gd(III) chelates, it is C = 5.8 ×
10−19 m6·s−2·mol−1] and d is the distance of closest approach of
H2O molecules. D is the sum of diffusion coefficients of bulk
water and of the complex and is D = 2.84 × 10−9 m2·s−1 (37),
jðωÞ is the spectral density function (15), with variable ωI and ωs,
the proton and electronic Larmor angular frequencies, respec-
tively. For our calculations, the parameters of Gd-DOTA were
selected (15) in accordance with the experimental conditions and
the magnetic field of 4.7 T. Considering the Gd(III) chelates are
distributed within the silica layer, which is about 13 nm in aver-
age, and also the size variation of outer Au shell thickness
is ±2 nm, we apply a twofold average for the r1 calculations. First,
the calculated r1 values are averaged over a uniform distribution
of Gd(III) locations inside the silica layer, leading to the averaged
r1 value for a certain outer Au shell thickness; second, we
account for the size variation, and take three sizes in practice
[daver − 2 nm, daver, daver + 2 nm], where daver stands for the
averaged outer Au shell thickness. Then, we apply a weight-
averaging procedure for the three different size cases, in which
the weights are 25%, 50%, and 25%, respectively. Using such a
twofold averaging calculation, we are able to calculate the relaxivity
r1 predicted by SBM theory, but the values are very small, only one-
third of what we observed in experiments [the calculated longitu-
dinal relaxivity r1 of symmetric distribution of Gd(III) inside the
silica layer vs. Au shell thickness with a concentration of 3 × 105

Gd(III) chelates per NM is presented in Fig. S9]. This is because
there are additional factors not involved in our model. For in-
stance, the Gd(III) distribution inside silica cannot be truly uni-
form, and some Gd(III) can even have shorter “closest distance”
with outer water molecules compared with outer Au shell thick-
ness. Thus, we need to modify the Gd(III) distribution in our model
to match experimental data. In practice, the predicted SBM results
are found to match experimental data well when more Gd(III) are

Fig. 3. T1 (longitudinal) rate vs. Gd(III) concentration at 4.7 T for (A) seeded precursor, (B) Gd-NM-PEG, and the corresponding (C and D) extinction spectra
and (E and F) TEM images. (Scale bars: 50 nm.) (Insets A and B: T1-weighted MR images.)

Marangoni et al. PNAS | July 3, 2017 | vol. 114 | no. 27 | 6963

CH
EM

IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
4,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701944114/-/DCSupplemental/pnas.201701944SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701944114/-/DCSupplemental/pnas.201701944SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701944114/-/DCSupplemental/pnas.201701944SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1701944114/-/DCSupplemental/pnas.201701944SI.pdf?targetid=nameddest=SF9


www.manaraa.com

near the outer surface of silica layer, say 40% near the surface
while the other 60% are uniformly distributed inside the silica
layer as shown in Fig. 4A, where we use this analysis to plot the
longitudinal relaxivity r1 as a function of Au shell thickness for
the Gd-NM nanoparticle geometry. The theoretical longitudinal
relaxivity r1 decreases with increasing Au shell thickness. The
relaxivity for a Gd-NM with an 18-nm-thick Au shell was mea-
sured to be 12.9 mM−1·s−1, whereas the SBM theoretical value is
just slightly smaller, ∼8 mM−1·s−1; for the 38-nm shell, the relax-
ivity was measured to be 1.5 mM−1·s−1, whereas the theoretical
value for this larger shell thickness is 0.5 mM−1·s−1. The results
are in good agreement with the theoretical model (Fig. 4A). The
larger value of the experimentally observed longitudinal relax-
ivity relative to the theoretical analysis may indicate an enhance-
ment due to a combination of effects not included in the SBM
model. Besides the large fraction of Gd(III) chelate located
near the silica outer surface, as analyzed above, some other
effects can also contribute to the enhancement of the relaxivity
measured experimentally. For example, like other nanopar-
ticles, the NMs can increase the correlation time of bulk water
in their direct vicinity, 15 resulting in an r1 enhancement. Also,
Gd(III) is weakly ferromagnetic (38), as are Au nanoparticles
under certain conditions (39). Therefore, the interplay between
Gd(III) and Au spins can give rise to a small magnetization
within the outer Au shell. Nearby H2O molecules may experi-
ence additional magnetization at a reduced distance, leading to
an enhanced r1 relaxivity.
The nanoparticle relaxivity can also be affected by the stability

of the nanoparticle. To prevent aggregation, the Gd-NMs were
functionalized with thiolated PEG molecules of 5,000 Mr and
10,000 Mr (Fig. 4C). PEG functionalization improves NM dis-
persion in media and is known to increase circulation time

in vivo (40). We observed that Gd-NM relaxivity increased with
PEG functionalization, from 13.9 to 16.1 mM−1·s−1 (5,000 Mr
PEG) or 18 mM−1·s−1 (10,000 Mr PEG) for an internal Gd(III)
concentration of 2.5 × 105 Gd(III)/NM (Fig. 4C). We can infer
from this increased relaxivity that the presence of PEG mole-
cules on the surface of the nanoparticles facilitates the approach
of water protons to the NM surface, closer to the internally
encapsulated Gd(III) ions, and reduces the mobility of the
nanocomplex. The diffusion of water in the proximity of the
Gd(III) is known to play an important role in the enhancement
of proton relaxivity (19, 29, 41–43). Besides Gd(III) concentra-
tion and surface functionalization, temperature can also affect
the relaxivity, which can have a major impact in vivo (33). We
compared the relaxivity measurements of Gd-NM-PEG at 37 °C
and at room temperature (Fig. 4D). The relaxivities of Gd-NM-
PEG were extracted from the slope of 1/T1 vs. Gd(III) concentra-
tion. The relaxivity was found to increase from r1 = 14.6 mM−1·s−1

when the ambient temperature of the nanoparticles was increased
from room temperature to r1 = 16.1 mM−1·s−1 at physiological
temperature. Although Gd-based liposomal structures also show
increased relaxivities at physiological temperature, small–molecular-
weight Gd-based contrast agents typically show reduced relaxivities
with increasing temperature because the rotational correlation time
is a limiting parameter for small molecules (44). Furthermore, to
ensure that the MRI properties of the Gd-NM are not compro-
mised due to laser exposure, the longitudinal relaxivity of Gd-NM
was measured before and after the laser illumination (Fig. S10). The
Gd-NM-PEG in PBS solutions (∼109 particles per mL) was irra-
diated by a CW NIR (808-nm, 1-W) laser for 2 min followed by
5-min relaxation time. This cycle was repeated for a total of three
cycles. Notably, the T1 relaxation time did not change outside of the
SD after each cycle. In addition, TEM images in Fig. S10 B and C

Fig. 4. (A) The calculated longitudinal relaxivity r1 vs. Au shell thickness (solid line) using SBM theory [NM containing 2.3 × 105 Gd(III) chelates per particle],
and the dots are the experimental data of Gd-NM-PEG (10,000) for four Au shell thicknesses of approximately (red) 13 nm, (green) 15 nm, (blue) 18 nm, and
(orange) 38 nm; (B) the T1-weighted MR images corresponding to the concentrations of 0, 5, 10, 15, and 20 μM Gd(III), and the TEM images. (Scale bar:
200 nm.) All measurements were performed at room temperature. (C) r1 relaxivities of free Gd(III)-DOTA-SCN chelate, Gd-NM, and Gd-NM with 5,000 and
10,000 PEG; (D) Thermal variation of T1 (longitudinal) rate of Gd(III)-NM-PEG at room temperature (∼25 °C) (blue, r1 = 14.6 mM−1·s−1) and at 37 °C (red, r1 =
16.1 mM−1·s−1).
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illustrate that the NM’s morphology does not change under higher-
power laser illumination and longer exposure time. A NIR CW laser
source (808-nm wavelengths, 5-W power, 10-min illumination time)
was used for this aqueous Gd-NM-PEG thermal stability study.
In summary, the Gd(III)-encapsulating NMs that we have

designed and synthesized provide an excellent MRI T1 en-
hancement while maintaining the NIR optical properties useful
for photothermal applications. The sequestration of Gd(III)
within the inner layer of the nanoparticle results in increased T1
relaxivities relative to Gd(III)-based chelates currently in wide-
spread use and is enhanced even further by PEG functionaliza-
tion. The enhanced relaxivity is due to enhanced magnetization
that water molecules experience because of the shorter effective
closest distance, from the interplay between neighboring Gd(III)
chelates and more Gd(III) located near silica surface. This
phenomenon is well-described by our twofold averaging SBM
calculations. Given the MRI contrast, photothermal properties,
stability, and facile surface chemistry of gold for additional
functionalization, Gd-NM-PEG have potential applications as
multifunctional agents for both diagnosis and treatment. In-
creased cellular uptake of Gd(III) ions into specific tissues could

be achieved by modifying the external Au shell of the Gd-NM
with specific biological functional groups for targeting different
types of cancer. Most importantly, the incorporation of Gd(III)
into the NM structure may allow for tracking of particles in vivo
and investigation of their biodistribution, which is essential to
develop safer and more effective nanomaterials for medical
applications.

Associated Content
SI Associated Content provides experimental details, including information
on materials, Gd-NM synthesis, investigation of structural parameters on
the relaxivity of the Gd-NM, Au-shell thickness, FTIR spectra of the NMs at
various synthesis steps, TEM images, and optical spectra of the NMs.
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