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Gd**-lon-Doped Upconversion Nanoprobes: Relaxivity
Mechanism Probing and Sensitivity Optimization

Feng Chen, Wenbo Bu,* Shengjian Zhang, Jianan Liu, Wenpei Fan, Liangping Zhou,

Weijun Peng, and Jianlin Shi*

Paramagnetic gadolinium (Gd-Ill)-ion-doped upconversion nanoparticles
(UCNPs) are attractive optical-magnetic molecule imaging probes and are a
highly promising nanoplatform for future theranostic nanomedicine design.
However, the related relaxivity mechanism of this contrast agent is still not
well understood and no significant breakthrough in relaxivity enhancement
has been achieved. Here, the origin and optimization of both the longitudinal
(r) and transverse (r,) relaxivities are investigated using models of water
soluble core@shell structured Gd**-doped UCNPs. The longitudinal relax-
ivity enhancement of the nanoprobe is demonstrated to be co-contributed

by inner-and outer-sphere mechanisms for ligand-free probes, and mainly by
outer-sphere mechanism for silica-shielded probes. The origin of the trans-
verse relaxivity is inferred to be mainly from an outer-sphere mechanism
regardless of surface-coating, but with the r, values highly related to the
surface-state. Key factors that influence the observed relaxivities and r,/r,
ratios are investigated in detail and found to be dependent on the thickness
of the NaGdF, interlayer and the related surface modifications. A two orders
of magnitude (105-fold) enhancement in r, relaxivity and 18-fold smaller r,/r;
ratio compared to the first reported values are achieved, providing a new per-
spective for magnetic resonance (MR) sensitivity optimization and multimo-

of the recent discovery of the magical
roles of Gd*" ions, which, after being
doped in a UCNP matrix, could result
in simultaneous phase/size control and
upconversion  luminescent  efficiency
enhancement,!! fine-tuning of upconver-
sion emission through the trapping of
energy migration,”l and more importantly,
introduction of a magnetic resonance
(MR) contrast imaging modality with well-
preserved excellent upconversion lumi-
nescence (UCL) capabilities,>!! such as
long luminescence lifetime,["?l improved
tissue penetration depth,[3"1°! minimized
photodamage,l'®l  non-autofluorescence,
and non-blinking.*1”) Compared with tra-
ditional single modal gadolinium chelates,
doping Gd3* ions into the crystalline lat-
tice of NaYF, enables an extremely high
Gd**-payload (over 10% depending on
NaGdF, thickness) and facilitates a rigid
binding of the lanthanide ions, which pro-
vides additional and unique advantages
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dality biological imaging using Gd**-doped UCNPs.

1. Introduction

Paramagnetic gadolinium (Gd-III)-ion-doped upconversion
nanoparticles (UCNPs) have attracted increasing interest
as a promising bimodal molecular imaging probe because
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for potential MR cellular imaging and,
more importantly, reduced risk of toxic
ion-leaching in vivo.!'819]

According to the Solomon-Bloem-
bergen-Morgan (SBM) theory, the paramagnetic relaxation
enhancement of gadolinium chelates originates from two
mechanisms: the inner-sphere (IS) and outer-sphere (OS)
mechanisms.?*?2l An inner-sphere proton relaxation mecha-
nism involves bonding of water molecules directly to Gd3* ions,
while no water to Gd*" ion bonding is needed for an outer-
sphere relaxation mechanism. The overall longitudinal relax-
ivity is the sum of inner-sphere relaxivity, r;'S, and outer-sphere
relaxivity, r°% (Supporting Information Section 1). Classically,
the number of coordinated water molecules (q) in the first
coordination sphere, the mean residence time (t,,) of water
molecule(s), and the rotational correlation time (7R) are the
three most structure-related parameters that have been actively
studied for r;'S optimization.”?! The diffusion correlation time
(Tp) is a parameter that highly related to the improvement of
08, Better understanding of the dominant mechanisms and
parameters that govern paramagnetic relaxation properties
of given probes could lead to a greater enhancement in agent
biosafety and MR sensitivity. Generally, for nanoparticle-based
contrast agents, it has been well-accepted that 1) loading con-
trast agents (e.g., Fe;044 MnO,2>20 free Gd** ions,?’! or
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gadolinium chelates!?®)) into various matrixes (e.g., silica nano-
particles,[>2629311 polymersome,*? lipid,>l fullerene,*”?%! or
viral capsid®¥) could result in an altered residence time, rota-
tional rate, and finally changed MR relaxivities; and 2) a porous
matrix has been commonly reported to be a better choice than a
dense one because of the relatively greater accessibility of water
molecules.25:28:3032]

Although water soluble Gd3*-doped UCNPs have been
considered an inherently highly promising bimodal imaging
nanoplatform,”1% attempts to promote biological imaging appli-
cations and future possible medical translation have been hin-
dered largely by their extremely low relaxivity.>~" For example,
the first reported longitudinal relaxivity (r;) value is as low as
0.14 mM! s71 per Gd*" ion.B! Sensitivity optimization efforts
have not shown significant breakthrough so far owing to the
lack of understanding on the involved relaxivity mechanism.
Additionally, most of previous reports have focused only on the
T;- by ignoring the T)-contrast effect, and almost all of the
reported Gd**-doped UCNPs have been arbitrarily defined as T;-
contrast agents without addressing the important r,/r; ratios.}1%
Here, we aim to focus on following two vital issues of water
soluble Gd**-doped UCNP: 1) probing the possible origin
of MR longitudinal and transverse contrast enhancements
and 2) exploring keys to tailoring the r,/r; ratios and domi-
nant parameters for achieving a remarkably enhanced MR
sensitivity.

2. Results and Discussion

We have previously demonstrated that only surface Gd** ions in
the ultrathin NaGdF, layer are responsible for shortening the T7-
relaxation time of water protons and an optimal NaGdF, thick-
ness of ca. 1 nm has been suggested for achieving a balanced
performance of both UCL and MR modalities.l”! Here, similar
core@shell structured nanocrystals with a Gd**-free NaYF,:Er/
Yb (ca. 22.1 nm) core and a thin NaGdF, shell (ca. 1.2 nm)
were synthesized (denoted as UCNP_;, Supporting Information
Figure S1). As-synthesized hexagonal-phase UCNP_; have no
intrinsic aqueous solubility because of the presence of hydro-
phobic oleate capping ligand.”! Shell-thickness tunable and
water soluble dense (d-) and mesoporous (m-) silica layers are
naturally different from each other in shell-porosity. We suppose
the silica coatings could transfer UCNPs from the hydrophobic
to hydrophilic, and simultaneously alter the aforementioned
three critical parameters (g, 7,,, and 7R), which creates an excel-
lent opportunity to probe the involved relaxivity mechanisms,
as well as the dominant parameters that govern the MR sensi-
tivity (Scheme 1). The capability of such silica-coated UCNPs
for shortening the T; and T, relaxation time of water protons
is reflected by the relaxivities (r; and r,;), which are believed to
be the result of the complex interplay between structure-related
parameters, such as the coordinated-state of surface Gd** ions,
the thickness of NaGdF, (t;), the porosity of protective silica
layer, and the corresponding shell thickness (t,, Scheme 1).

To demonstrate this, d- and m-SiO, coated UCNP_; with tun-
able shell-thickness were synthesized using previously reported
strategies (Figure 1a).’>3% The surfactant template in UCNP.
1@m-SiO, was extracted with a 1 wt% solution of NaCl in
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Scheme 1. Well-designed silica protected water soluble core@NaGdF,
nanoprobes for investigating the MR relaxivity mechanism and sensitivity
optimization. The green inner-most core stands for upconversion lumi-
nescent Gd3*-free NaYF,:Er/Yb(2/18 mol%) nanocrystals. The ultrathin
interlayer NaGdF, is the MR contrast signal induced layer (t; stands for
its thickness), which contains thousands of surface Gd** ions as payload.
Shell thickness (t,) tunable dense (d-) and mesoporous (m-) silica outer
layer are coated over one single particle to create difference in porosity
and particle size, which could potentially alter the coordinated number
of water molecules (g, surface Gd*" coordinated state dependent), the
water residence time (t,,, shell-porosity dependent), and the rotational
correlation time (1, shell-thickness dependent). Note that the sizes of
the water molecules are exaggerated for clarity.

methanol.* As-prepared silica coated samples could all be well-
dispersed in deionized water without any noticeable aggregation
for days. Then, a 3.0 T human magnetic resonance imaging
(MRI) scanner was employed for measuring the r, and r, relaxivi-
ties. Contrary to our prediction, for UCNP_;@m-SiO,, both the r;
and r, relaxivities were virtually independent of the m-SiO, shell
thickness in a range from 11.1 to 23.4 nm (Figure 1b) and kept
nearly unchanged at around 4.8 mM™ s7! and 72.1 mM™! 57!,
respectively (Supporting Information Figure S2), while obvious
increases in both r; and r, values were observed in UCNP_;@d-
SiO, (shell thicknesses ranging from 2.6 to 16.9 nm, Figure 1c,
Supporting Information Figure S3). Clearly, both d- and m-SiO,
shielded UCNP_; show remarkable T; and T,-MR contrast effects
(Supporting Information Figure S2,S3), with average r,/r; ratios
estimated to be 12 and 15, respectively (Supporting Information
Figure S4), making them more of a T)- than a T;-contrast agent.
Interestingly, only a slight increase in r; relaxivity has been
observed when both the d- and m-SiO, shell thicknesses were
approximately 11 nm (5.53 mM™! s7! versus 4.81 mM™! s7}).
Surprisingly, the advantage of the d-SiO, coating became much
more remarkable once the thickness was greater than 15 nm
(9.7 mM™! 57! versus 4.94 mM™! s71). These results suggest that
water residence time (shell porosity-dependent) and the rota-
tional correlation time (shell thickness-dependent) should not
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Figure 1. Different MR sensitivity to silica thickness changing in m- and d-silica shielded UCNP_;. a) Schematic illustration of coating UCNP_; with m-
and d-SiO,. b) Transmission electron microscopy (TEM) images of UCNP_;@m-SiO, with thicknesses fixed at 11.1 nm, 15.6 nm, 18.6 nm, and 23.4 nm.
¢) TEM images of UCNP_;@d-SiO, with thicknesses fixed at 2.6 nm, 7.8 nm, 11.2 nm, and 16.9 nm. Scale bar 20 nm. d) Plot of r; and r, versus m-SiO,
shell thickness in (d). ) Plot of r; and r, versus d-SiO, shell thickness in (c). Note: the cuves in (d,e) are drawn only as guides for the eyes.

be relaxivity limiting factors for silica shielded probes. If they
were, the r; value would change significantly with the change
of both shell porosity and thickness. This rules out the pos-
sible contribution from the inner-sphere mechanism.?% Recent
reports have already demonstrated that d- and m-SiO, shells
possess micro- and mesopore channels, respectively, which
could enable the passing through of water molecules from the
exterior to interior close to the paramagnetic centers.[*>303137] It
is expected that the m-SiO, shell, owing to its much larger chan-
nels, is more permeable to water molecules and more useful for
relaxivity enhancement.?>3% Our observations in silica shielded
UCNP, however, do not follow the expectation and may indi-
cate a quite different MR relaxivity mechanism.

wileyonlinelibrary.com
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To gain deeper insight into the dynamic processes involved
between nanoprobes and water molecules, nuclear magnetic
relaxation dispersion (NMRD) profiles of UCNP_;@d-SiO, (shell
thicknesses of 2.6 and 16.9 nm) and UCNP ;@m-SiO, (thick-
ness:15.6 nm) were tested over a wide range of Larmor frequen-
cies ranging from 0.01 to 35 MHz at 310 K. To the best of our
knowledge, this is the first attempt to study the field-dependent
relaxivity of water-soluble Gd**-doped UCNP. Results show that
all three profiles have a similar shape, with one relaxivity bump
located at 20 MHz (UCNP,;@d-SiO, (2.6 nm), Figure 2a) and
the other two shifting toward higher frequency around 30 MHz
(Figure 2b,c). Such relaxivity peaks are usually observed for
gadolinium chelates with slow molecular motion and are

Adv. Funct. Mater. 2013, 23, 298-307
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Figure 2. 1/T; NMRD profiles of silica-shielded UCNP._;. a) UCNP;@d-SiO, (2.6 nm), b) UCNP_;@d-SiO,(16.9 nm), and c) UCNP_;@m-SiO,(15.6 nm).
Samples were tested with Larmor frequencies ranging from 0.01 to 30 MHz at 310 K.

indicative of the presence of a slow tumbling system that the
water molecules interacting with.2% Quick decrease rates
observed between 0.01 and 1 MHz in all three profiles are quite
abnormal compared with those of gadolinium chelates, making
the NMRD profile fit using a standard model inapplicable."!
Since the direct bonding of surrounding water molecules
to the surface Gd*" ions, which are located at the interlayer
in silica shielded UCNP_;, might not be possible, we propose
that the observed longitudinal relaxivity (r;) originates mainly
from an outer-sphere mechanism caused by the translational
diffusion of water molecules penetrating through the water
permeable silica shell. Usually the higher the shell porosity, the
greater the mobility of diffusion outer-sphere water molecules
will be, leading to a decreased correlation diffusion time and
finally reduced r,°S relaxivity.?>?¥] With the presence of ca.
2 nm sized mesoporous channels in the UCNP_;@m-SiO,,*®
high and nearly unaffected water mobility would be guaranteed
in pore channels, even at the increased m-SiO, shell thickness,
which explains the insensitivity of ri-relaxivity to the m-SiO,
shell-thickness in the case of UCNP_;@m-SiO, (Figure 1d). In
stark contrast, the mobility of the outer-sphere water diffusion
in the dense silica shell would logically be more restricted than
in mesopore channels, especially at the increased shell thick-
ness, which results in increased correlation diffusion time
and the increased r,° relaxivity (Figure 1e).28 This inference
is confirmed by the fact that UCNP.;@m-SiO, with template
CTAB (cetyl trimethylammonium bromide) kept in the mes-
opore channels has a higher r; relaxivity (7.17 mM™" s7', Sup-
porting Information Figure S5) than the sample with the tem-
plate being extracted (Figure 1d, average r; = 4.8 mM~! s71).
Next, we speculated that although both of the d- and m-SiO,
shell could allow the diffusion of water molecules in and out,
the strong coordination between adjacent silanol groups and
surface Gd** ions may be very likely to prevent water mole-
cules from direct coordinating to the surface Gd*" ions, leading
to the “quenching” of the possible contribution from an inner-
sphere mechanism. To validate this, we did not coat any silica
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shell on UCNP and, instead, removed the oleate capping ligand
via a modified acid-treatment method to create a ligand-free
UCNP,; (Figure 3a, Supporting Information Figure S6). Direct
bonding of water molecules with surface lanthanide ions in
ligand-free UCNP is entirely unaffected.?"! As expected, we
found a much higher r; value of 10.4 mM~! s7! using the same
relaxivity testing methodology (Figure 3b-left). In comparison
with the r; relaxivity of UCNP_; coated with an ultrathin d-SiO,
(shell thickness ca. 2.6 nm, r; values 4.03 mM~! s7%, Supporting
Information Figure S3a—c), the contribution from the co-
existing inner-sphere mechanism can be verified. However, the
attempt to ascertain the possible number of coordinated water
molecules in ligand-free UCNP, is highly challenging and
the validity of defining such a value using traditional methods
(most of which are only suitable for estimating q value of “soft”
organic gadolinium chelates but not “rigid” inorganic nanoc-
rystals)#0*2 is still very controversial. We also noticed that,
compared to UCNP_,@d-SiO, (shell thickness ca. 2.6 nm, r,
values 57.58 mM™! s7!, Supporting Informatin Figure S3a—c),
the r, relaxivity of ligand-free UCNP_; does not show the same
remarkable increase as the r; value with its value estimated to
be 63.16 mM™! s7! (Figure 3b-right), suggesting the absence of
the inner-sphere and the dominant contribution from outer-
sphere mechanism during T,-contrast imaging. Moreover, the
1,/ ratio of ligand-free UCNP; is found to be 6.07 (Figure 3b),
which is only half that of silica shielded samples (average r,/r; =
12 to 15, Supporting Information Figure S4).

Clinically, a T}-contrast agent (r,/r; ratio close to 1) with high
relaxivity is much more desirable than T)-agent (r/r; > 10). For
example, an intrinsic dark signal in T,-weighted MRI may mis-
lead the clinical diagnosis because lesions and tumors labeled
with T)-contrast agents can be confused with other hypointense
areas such as bleeding, calcification, or metal deposition. The
keys to tailoring the r,/r; ratio of Gd**-doped UCNP are still
not yet well-documented. We have shown that the silica shell
coating usually leads to a T)-contrast agent (Supporting Infor-
mation Figure S4). Here, a larger Gd**-free core (>30 nm), an
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Figure 3. Achieving a small r,/r ratio by decreasing thickness of NaGdF, in ligand-free UCNPs. a) Schematic illustration (left) and TEM image (right)

of ligand-free UCNP_; (NaYF4:Er/Yb core size = 22.1 nm; NaGdF, thickness = 1.2 nm). b) Correspondlng plots of R, (Ieft) and R, (right) versus Gd**
ions concentrations. c) Corresponding Ty-(left) and T,-maps (right). d) Digital images of samples under excitation of NIR laser (4 = 980 nm, power =
2.0 W). e) Schematic illustration (left) and TEM image (right) of ligand-free UCNP_, (NaYF,:Er/Yb core size = 33.4 nm; NaGdF, thickness = 0.9 nm).
f) Corresponding plots of R; (left) and R, (right) versus Gd3* ions concentrations. g) Corresponding T;-(left) and T,-maps (right). h) Digital images of
samples under excitation of NIR laser (1 =980 nm, power = 2.0 W). The slopes in (b) and (f) indicate the r; or r, relaxivities.

ultrathin NaGdF, outer shell (<1 nm), and a ligand-free water
soluble surface may be important elements for achieving a
Gd**-doped UCNPbased Tj-contrast (r,/r; ratio significant
lower than 10). We have demonstrated this by synthesizing
new NaYF,Er/Yb@NaGdF, nanoparticles (denoted as UCNP,,)
with the diameter of NaYF,:Er/YDb core fixed at 33.4 nm and
NaGdF, outer shell thicknesses fixed at ca. 0.9 nm (Figure 4a).
The thickness (or the distribution) of the NaGdF, layer over
the NaYF, core has been found to be a key in influencing the
observed MR relaxivity,”l however, it is still a great challenge
for one to ascertain the exact shell thickness (or distribution)
of the NaGdF, layer due to the very close crystalline structures
and compositions in core@shell structured UCNP.243 All the
thicknesses of NaGdF, in this study have been estimated using
our previously reported method.l”? The MR relaxivity estimation
shows a sharp increase of r; value from 10.4 mM™ s7! up to
14.73 mM™! s7! (Figure 3b-left and 3f-eft), when the NaGdF,
thickness decreases from ca. 1.2 nm to ca. 0.9 nm, in agree-
ment with a previous report.”] In comparison with the first
reported r; value of 0.14 mM~! 571l a two orders of magnitude
(105-fold) enhancement in r; relaxivity has been achieved in
this case. Surprisingly, we also succeeded in further decreasing
the r,/r; value to as low as 3.45 in ligand-free UCNP,,, which
is 18-fold lower than the first reported ratio (r,/r; = 62.14)B!
and nearly 2-fold smaller than the extremely small-sized iron
oxide nanoparticles (ESION, size = 3 nm, r,/r; = 6.12).44 The
latter has recently been demonstrated to be an efficient T;-
contrast agent for imaging blood pool.** Further calculation
shows that ligand-free UCNP_, possesses an extremely high
Gd3* ions payload (approximately 1.55 x 10% with particle
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relaxivities estimated to be r; = 2.28 x 10° mM~' s and r, =
7.87 x 10° mM~! s7! (Supporting Information Table S1), holding
great potential for future UCL/MR based biological imaging,
such as stem cell labeling and tracking in vivo.

Furthermore, we provide the evidence that extremely thick
d-SiO, coating might represent a simple but efficient way to
create an excellent T,-weighted MR contrast agent (r,/r; ratios
>20). Using UCNP,@d-SiO, (10.8 nm) as seeds (Figure 4a),
another two dense silica shielded UCNP , with shell thicknesses
estimated to be 19.5 and 35.3 nm, respectively, were prepared
via a well-established re-growth technique (Figure 4e,i). Relax-
ivity study showed an obvious decrease in r; from 14.73 (ligand-
free UCNP.,, Figure 3b-left) to 9.29 mM~! s7! (UCNP,,@d-SiO,
(10.8 nm), Figure 4d-left), demonstrating the “quenching”
of the inner-sphere contribution after silica-shielding once
again. The r; relaxlvity shows an expected increase from 9.29
to 12.38 mM! s7! (Figure 4d-left and h-left) as the increase of
the d-SiO, shell from 10.8 to 19. 5 nm however, suffers from a
quick decrease back to 9.52 mM™ s7! once the silica shell thick-
ness increases to 35.3 nm (Figure 41 -left), suggesting an optimal
shell thickness for r-relaxivity might be around 20 nm. The
corresponding r, values experience a continuous increase from
88.68 to 193.05 mM s7! (Figure 4d-right, h-right and l-right),
resulting in a remarkably enhanced r,/r; ratio from 9.55 to 20.3.

Based on our explanation of the relaxivity mechanism, to give
an in vivo UCL/MR bimodal imaging demonstration, nanocrys-
tals with Er**/Tm3*/Yb** co-doped NaYF, cores and ultrathin
NaGdF,shells (NaYF,:Er/Tm/Yb@NaGdF,, denoted as UCNP_;,
Supporting Information Figure S9a) were designed. The suc-
cessful co-doping of Er¥*/Tm3*/Yb3" ions has been confirmed

Adv. Funct. Mater. 2013, 23, 298-307
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Figure 4. Probing the optimal d-SiO, shell thickness and high r,/r, ratio in water soluble UCNP_,@d-SiO,. a) Digital image (left) and TEM image of
UCNP,@d-SiO, (10.8 nm). b) T;- and T,-maps of UCNP,,@d-SiO, (10.8 nm) with varied Gd*" concentrations. c) Digital images of samples under
excitation of NIR laser (A =980 nm, power = 2.0 W). d) Plots of R; (left) and R, (right) versus Gd** ions concentrations. ) Digital image (left) and TEM
image of UCNP_,@d-SiO, (19.5 nm). f) T;- and T,-maps of UCNP,@d-SiO, (19.5 nm) with varied Gd3* concentrations. g) Digital images of samples
under excitation of a NIR laser (A =980 nm, power = 2.0 W). h) Plots of R, (left) and R, (right) versus Gd** ions concentrations. i) Digital image (left)
and TEM image of UCNP_,@d-SiO, (35.3 nm). j) T;- and T,-maps of UCNP_,@d-SiO, (35.3 nm) with varied Gd** concentrations. k) Digital images of
samples under excitation of a NIR laser (A =980 nm, power = 2.0 W). ) Plots of R, (left) and R, (right) versus Gd*" ions concentrations. The slopes

indicate the ry or r, relaxivities.

by the emission bands from ultraviolet (UV, =350 to 370 nm
(*D, — 3Hg)), visible (Vis, blue band = 460 to 500 nm (G, —
Hg); green band =~ 530 to 570 nm (*S;;, — “I;5p), and red
band = 630 to 700 nm (*Fy, — *I;5)5)), and near-infrared (NIR,
=770 to 810 nm (!G, — 3F,)) regions under the NIR laser (A =
980 nm) excitation (Supporting Information Figure S9b and
Table S2), enabling the NIR-to-vis and NIR-to-NIR small animal
imaging in vivo. Ligand-free UCNP; (r; = 125 mM ™ s7!, 1, =
92.6 mM™! 571, r,/r; = 7.7, Supporting Information Figure S10)
was intravenously administrated (dose: 4.8 pmol Gd/kg) in SD
mouse (=170 g) and imaged in a 3.0 T MRI scanner. Clinically
used Magnevist (Gd-DTPA, DTPA: diethylenetriaminepenta-
cetate, Supporting Information Figure S1la) and ligand-free
8 nm sized superparamagnetic iron oxide nanoparticles
(SPIONSs, Supporting Information Figure S11d) were also used
as control groups. Changes in the MR signal intensity (SI) in
liver, one of the main probe-uptake organs,!'®%! were monitored
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at timed intervals, which shows clearly enhanced (+37.9%) and
reduced SI (-38.1%) values of the Tj- and T),-models, respec-
tively, after 30 min (Figure 5c,d), demonstrating the potential
of the probe as a dual-weighted MR contrast agent in vivo. In
contrast, Gd-DTPA and SPION could only work better in either
a Ty- or T,-model (Supporting Information Figure S1la—c and
d—f). For in vivo UCL imaging, a dose of 67.4 umol Gd/kg of
probe was administrated into Kunming mouse (=30 g) through
tail veil injection. In vivo imaging was performed using a
home-made UCL in vivo imaging system.*? Excitation was pro-
vided by a continuous wave (CW) infrared laser at 980 nm and
UCL signals were collected at 800 £ 12 nm and analyzed with
Kodak Molecular Imaging Software. After 30 min, the whole-
body UCL imaging was performed and the results show a clear
signal from liver with no autofluorescence (Figure 5c¢, in vivo).
Rapid accumulation of nanoparticles in liver and spleen have
also been reported previously.'®#] In situ and ex vivo UCL
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Figure 5. In vivo UCL/MR bimodal imaging using water-soluble ligand-free UCNP_;. a) In vivo MR T;- and T,-weighted images of SD mouse. Images
in mouse’s liver (LI) were monitored by different time points (pre-injection, post-injection 2 min, and post-injection 30 min) after i.v. injection (dose:
4.8 umol Gd/kg). b) Plots of time-dependent signal intensity of the liver in Ty-model (left) and T,-model (right). c) In vivo, in situ, and ex vivo upcon-
version luminescence imaging at 30 min post-injection of ligand-free probe-4 (dose: 67.4 umol Gd/kg).

images further show the uptake of the probe by the spleen and
lung (Figure 5S¢, in situ and ex vivo). These results demonstrate
the great potential of the probe as an optical/magnetic dual-
model imaging agent in vivo.

With the increasing attention being focused on designing
inorganic-based nanoparticulate contrast agents,*¥! Gd3*-ion-
doped (or containing) nanocrystals might hold great poten-
tial to solve the problems of traditional gadolinium chelates,
such as single modality, low sensitivity, lack of specific tar-
geting, possible renal dysfunction, and others.***% Although
previous reports have already demonstrated the capability
of MR contrast enhancement effect in Gd** ions containing
nanocrystals,>~1% >1-3 the reported longitudinal and transverse
relaxivities have shown great variations with no reasonable
explanations being provided. Probing the involved relaxivity
mechanism remains an open challenge and could potentially be
solved using systematic relaxivity investigations of well-selected
models. Based on our previous successful demonstration of the
dominant Tj-relaxtion time shortening effect of surface Gd3*
ions in core@shell structured upconversion nanocrystal,l’] we
attempt to address these problems by selecting d- and m-SiO,
shielded NaYF,:Er/Yb@NaGdF, (Scheme 1) as models by con-
sidering that silica coating is water soluble and permeable,
highly biocompatible, and the porosity and thickness are easily
controllable.’>3l Using these models, contrary to our predic-
tion, the mesoporous silica shell with higher porosity has been
shown to not be very helpful for relaxivity enhancement, while

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

due to the dominant role of outer-sphere mechanism in silica-
shielded probe, the dense silica shell has been proven to be
much more useful not only for a greater relaxivity enhance-
ment, but also potentially for a better protection of nanoprobes.

The third model, ligand-free probe, has turned out to be even
more useful for mechanism probing. Because of the metal coor-
dination between surface lanthanide ions and carboxylate,* the
well-documented advantages of oleic acid in thermal decompo-
sition synthesis of Gd**-doped UCNP are also the main cause
of intrinsic aqueous non-solubility and the origin of no direct
water-to-Gd*" coordination. Direct bonding of surrounding
water molecules to the surface Gd** ions would be impossible
if the oleate ligand remained capped on the crystal surface or
was replaced by other strongly coordinated ligands, such as
silanol groups. We have confirmed this inference by comparing
the relaxivity of silica-shielded and ligand-free probes, leading
us to the conclusion that, as is the case for Gd-DTPA (number
of coordinated water molecules is one), both the inner- and
out-sphere mechanisms do co-exist in ligand-free Gd**-doped
UCNP. This finding provides useful guidance for surface modi-
fication and further sensitivity optimization of Gd**-ion-doped
inorganic nanocrystals. Additionally, suitable techniques for
ascertaining the number of coordinated water molecules in
ligand-free probes are so far unavailable, however, due to the
possible difference in coordinated states of thousands of surface
Gd*" ions, not an exact q value but possibly a q value distribu-
tion is more practical. Moreover, the abnormally quick decrease
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rates in NMRD profiles between 0.01 and 1 MHz suggest the
inapplicability of standard models for Gd3*-doped nanocrystals
during profile-fitting, highlighting the necessity for mathematic
model modifications in upcoming research.

3. Conclusions

In conclusion, in an attempt to understand the relaxivity
mechanism of water-soluble core@shell structured Gd**-doped
UCNP, systematic investigations on well-selected models have
been carried out. Inner-and outer-sphere ry-relaxivity mecha-
nisms have been demonstrated to be coexisting in ligand-free
probes, while the outer-sphere mechanism has been suggested
to be the main contribution to that of silica-shielded probes.
The origin of ry-relaxivity is inferred mainly from an outer-
sphere mechanism with the r, value being surface-state related.
Key factors for tuning r,/r; ratios (ranging from =3 to =20, Sup-
porting Information Table S3) have been found to be highly
dependent on the thickness of NaGdF, interlayer and surface
modifications, with the lowest ratio achieved equal to 3.45. An
in vivo UCL/MR bimodal imaging using nanoprobes designed
based on our mechanism probing has also been demonstrated.
Our new findings provide not only deeper insight into the
origin of contrast enhancements of water soluble Gd3*-doped
UCNP, but also useful strategies for achieving both high MR
relaxivities and tunable r,/r; ratios. These, we believe, will be
highly favorable for enhancing and optimizing the sensitivity
of other Gd**-ion-containing nanoparticulate probes (such as
Gd,0;, GdPO,, and GdF;)P'% and, at the same time, speeding
up the biological applications and possible medical translation
of these promising optical-magnetic bimodal molecule imaging
probes.

4. Experimental Section

Synthesis of UCNP.;: First, Gd-free core, NaYF,:Er(2%)/Yb(18%),
was prepared. YCl3-6H,0 (970.75 mg, 3.2 mmol), YbCl3-6H,0 (279 mg,
0.72 mmol), ErCl3-6H,0 (30.54 mg, 0.08 mmol) in deionized water
(8 mL) were added to a 100 mL flask containing oleic acid (30 mL) and
1-octadecene (60 mL). The solution was stirred at room temperature for
1 h. The mixture was slowly heated to 120 °C under an argon atmosphere
to remove water and was maintained at 160 °C for about 1 h until a
homogeneous transparent yellow solution was obtained. The system was
then cooled to room temperature with the flowing of argon. Then 10 mL
a methanol solution of NH,F (592.6 mg, 16 mmol) and NaOH (400 mg,
10 mmol) was added and the solution was stirred at room temperature
for 2 h. After the methanol evaporated, the solution was heated to
~280 to 290 °C and kept for 1.5 h, then cooled to room temperature.
The resulting nanoparticles were precipitated by the addition of 40 mL
ethanol and collected using centrifugation at 10 000 r/min for 10 min.
The product was redispersed with 10 mL cyclohexane and precipitated
by adding 30 mL ethanol, then collected by the same centrifugation.
After four times washing, the final product was redispersed in 40 mL
cyclohexane.

An ultrathin NaGdF, layer was grown over the Gd-free core using
a seed-mediated method. GdCl;-6H,0 (11.07 mg, 0.042 mmol) in
deionized water (0.5 mL) were added to a 100 mL flask containing oleic
acid (15 mL) and 1-octadecene (30 mL). The solution was stirred at
room temperature for 1 h. Then the mixture was slowly heated to 120 °C
under an argon atmosphere to remove water and then maintained at
160 °C for about 1 h until a homogeneous transparent yellow solution
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was obtained. The system was cooled to room temperature with the
flowing of argon. Then, 5 mL pre-prepared Gd-free core (dispersed in
cyclohexane) was added and kept for another 30 min before heating
to 80 °C to remove cyclohexane. Next, 1.25 mL methanol solution of
NH,F (6.241 mg, 0.169 mmol) and NaOH (4.212 mg, 0.105 mmol) was
added and the solution was stirred at room temperature for 2 h. After
the methanol evaporated, the solution was heated to =270 to 280 °C
and kept for 1.5 h, before cooling to room temperature. The resulting
nanoparticles were precipitated by the addition of 20 mL ethanol and
then collected by centrifugation at 10 000 r/min for 10 min. The product
was redispersed with 5 mL cyclohexane and precipitated by adding
15 mL ethanol, then collected by the same centrifugation. After washing
four times, the final product was redispersed in 10 mL cyclohexane.

The procedures for the synthesis of UCNP, and UCNP; were
similar to those described above, except different amounts of NaGdF,
precursors (such as GdCl;-6H,0, NH,F, and NaOH) or new lanthanide
ions (such as TmCl;) were added.

Synthesis of UCNP_;@d-SiOj: In a typical synthesis of UCNP_;@d-SiO,,
Igepal CO-520 (NP-5, 1 mL) was dispersed in cyclohexane (20 mL) in a
50 mL three-necked flask and stirred for 40 min. Then, oleic acid capped
UCNP; in cyclohexane solution (1.5 mL, =100 mM) was added into the
cyclohexane/NP-5 mixture and stirred for 3 h. Then ammonia (140 pL,
30%) was added dropwise, and the system was sealed and stirred for
another 2 h. 200 pL tetraethyl orthosilicate (TEOS) was delivered into
the system at a rate of 200 pL h™' using a syringe pump (WZS-50F6).
The mixture was sealed and kept under magnetic stirring for 36 h at =18
to 22 °C before adding methanol to collect particles. The product was
precipitated with excess hexane and collected by centrifugation. Then
the particles were redispersed in ethanol under ultrasonic treatment,
precipitated with excess hexane, and collected by centrifugation. The
as-synthesized particles were washed three times using this procedure to
remove excess NP-5. The as-obtained nanoparticles could be dispersed
in ethanol or deioned water. For the synthesis of UCNP,;@d-SiO, with
tunable shell thickness, a different amount of TEOS was used.

Synthesis of UCNP.,@m-SiO,: UCNP,@CTAB was prepared. In a
typical procedure, the UCNP,; in chloroform (3 mL) was added into
aqueous cetyl trimethylammonium bromide (CTAB) solution (120 mL,
0.1m), and the resulting solution was sonicated using a probe-type
sonicator at 600 W for 30 min to form a transparent UCNP;@CTAB
solution. The excess amount of CTAB could be removed by decreasing
the temperature to 0 °C.

The resulting solution (30 mL) was added to a mixture of water
(60 mL), ethylacetate (4 mL), and NH,OH solution (600 pL). The mixture
was sonicated for 2 h with a 53 kHz frequency. Then TEOS (100 pL)
was added dropwise and the then mixture was reacted for another 10 h.
As-synthesized UCNP;@m-SiO, was collected by centrifugation and
washed three times with ethanol to remove the unreacted species. The
surfactant template was then extracted with a 1 wt% solution of NaCl in
methanol. After that, the product was washed with distilled water and
ethanol before being redispersed in water.

Synthesis of Ligand-Free UCNP _;: In a typical synthesis, deionized water
(5 mL) was added in a bottle followed by carefully adding cyclohexane-
dispersed UCNP_; (5 mL). After that, HCl (20 pL, 1 2 M) was added
before shaking the bottle for 1-2 min. Nearly all of the hydrophobic
oleate-capped UCNP_; could be transferred to the water phase after
shaking. Then, the water phase was quickly collected using separating
funnel and centrifuged (13 000 r/min) for 10 min. The sample was
then washed three times with acetone, resulting in ligand-free UCNP ;.
As-synthesized product could be well-dispersed in deionized water.

NMRD Profiles: The 1/T; NMRD profiles were measured at a number
of relaxtion filed values in the 0.01-35 MHz range, using the Fast Field
Cycling NMR Relaxometer produced by Stelar S.R.L. Standard pre-
polarized (PP/S) and non-polarized (NP/s) acquisition sequences were
used with the following parameters: temperature = 37 °C, relaxation
field = 0.01-35 MHz, acquisition field = 16.3 MHz, nucleus = 1 H,
spectrometer frequency = 16.3 MHz, number of scans = 1, and 90°
pulse width = 8.1 us.

In Vivo MR Imaging: In vivo MR imaging of SD mouse (=170 g) using
Gd-DTPA (dose: 294 umol Gd/kg), 8 nm sized ligand-free SPION (dose:
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18.3 umol Fe/kg), and ligand-free UCNP_; (dose: 4.8 umol Gd/kg) as
a contrast agent was performed using a 3.0 T clinical MRI instrument.
After tail vein injection, the mouse was taken for the T;- and T,-weighted
MRI tests. The SPGR sequence was used for Ty-weighted MRI with
the following parameters: TR/TE = 85/3.5 ms, flap angle: 80, field of
view (FOV): 15 cm; matrix: 384 x 192, number of excitations (NEX):
3; slice thickness = 2 mm; space = 1 mm; and coil: QUADKNEE. The
FRFSE sequence was used for T,-weighted MRI test with the following
parameters: TR/TE = 3720/105 ms, ETL: 16, FOV: 12 cm; matrix:
256 x 192, number of excitations (NEX): 2; slice thickness = 2 mm;
space =1 mm; and coil: QUADKNEE. All the images were then analyzed
using the workstation provided by GE healthcare. Signal intensities were
estimated using the eFilm Workstation.

In Vivo Upconversion Luminescence (UCL) Imaging: In vivo and
ex-vivo UCL imaging was performed using a home-made UCL in vivo
imaging system from Prof. Li's group (Advanced Materials Laboratory,
Department of Chemistry, Fudan University). Images of UCL signals
were analyzed with Kodak Molecular Imaging Software. Excitation was
provided by the continuous wave (CW) infrared laser at 980 nm and
UCL signals were collected at 800 + 12 nm. A Kunming mouse (=30 g)
was anesthetized and tail vein injected with ligand-free UCNP-3 (dose:
67.4 umol Gd/kg). After 30 min post-injection, the whole-body UCL
imaging was performed. After that, the major organs were removed for
ex vivo imaging.

Other Characterizations: TEM images were recorded on a JEOL 200CX
microscope with an accelerating voltage of 200 kV. Standard TEM
samples were prepared by dropping dilute products onto carbon-coated
copper grids. The RE3* concentrations of samples were measured by
inductively coupled plasma optical emission spectrometry (ICP-OES).
Upconversion luminescence emission spectra were recorded on
FluoroLog-3 Spectrofluorometer (Jobin Yvon, France), with the excitation
of a 450 W xenon lamp and an external =0 to 1 W adjustable 980 nm
semiconductor laser (Beijing Hi-tech Optoelectronic Co., China). The
MR imaging experiments in water solutions were performed on a 3.0-T
clinical MRI instrument (GE Signa 3.0T) and the pulse sequence used
was a T;-weighted FSE-XL/90 sequence with the following parameters:
TR/TE = 1000, 2000, 3000, 4000/7.9 ms; FOV: 18 cm; matrix: 128 x 128;
NEX: 2; slice thickness = 2 mm; space = 0.5 mm; FOV: 18 cm; and coil:
QUADKNEE. Parameters for the T,-weighted fast-recovery fast spin-echo
(FR-FSE) sequence were as follows: TR = 4000 ms, slice thickness = 3.0,
TE =98 ms, and echo length = 15 ms. The images were then analyzed at
the workstation provided by GE heathcare.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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