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Improving the detection efficiency of early diagnosis by
using multimodal nanoprobes is one of the key strategies to
win the war against cancer.'! Most popular nanostructured
multimodal imaging probes are combinations of magnetic
resonance imaging (MRI) contrast agents, either gadolinium
chelates (7;-imaging) or superparamagnetic iron oxide
nanoparticles (SPION, T7,-imaging), and optical imaging
probes, such as organic fluorophores, quantum dots (QDs),
and lanthanide compounds.””! Strategies of combining these
two modalities can be categorized as chemical linkage
route,”! precipitation method, co-encapsulation tech-
nique,” electrostatic assembly,® epitaxial heterogeneous
growth method,”! and other techniques.®! Fluorescence
quenching, however, is a common problem encountered in
the aforementioned strategies.

Safety and excellent optical properties are the two of the
primary concerns in the design of satisfactory magnetofluo-
rescent bimodal cancer probes. The use of traditional organ-
ic dyes as bioimaging probes remains problematic due to in-
trinsic drawbacks of high photobleaching rates, short pene-
tration depth, significant autofluorescence, and harmful
tissue photodamage.”) Although some of these problems
have been eliminated by using QDs, which have unique op-
tical properties, such as high brightness and photostabilities,
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large stokes shift, and size-dependent tunable emission,
their applications as bioimaging agents remain a great chal-
lenge because of the potential cytotoxic risks arising from
cadmium (Cd)-containing cores.”! Upconverting nanoparti-
cles (UCNPs), which emit light at shorter wavelengths after
excitation in the near infrared (NIR) region, offer distinct
advantages for bioimaging applications due to their better
biocompatibility, absolute photostability, negligible back-
ground auto-fluorescence, good light penetration depth in
tissues and minimum photodamage to the biological speci-
men.'! UCNPs have become ideal candidates for optical
imaging and very recently great progress has been made by
the groups of Hyeon"*! and Prasad’® in combining T)-
weighted MR imaging with upconversion fluorescence
through thermal decomposition synthesis of erbium (Er’"),
ytterbium (Yb**) and gadolinium (Gd**) tri-doped NaYF,
nanocrystals, designated as UCNP(Er, Yb, Gd).'” However,
the potential toxicity of such Gd**-containing novel bimodal
imaging agent still provokes safety concerns. Therefore, the
integration of a more biocompatible 7,-weighted MRI con-
trast agent with UCNPs by forming a better-designed, Cd**-
and Gd**-free, antiquenching, multifunctional, nano cancer
probe still remains in a great need for the early cancer diag-
nosis.

To make a reliable bimodal diagnosis, a solid linkage be-
tween magnetic and fluorescent agents is necessary. Howev-
er, direct combination between SPION and UCNP could
lead to serious undesirable problems, such as fluorescent
quenching of UCNP by a neighboring SPION and the loss
of superparamagnetic properties of SPIONs by the oriented
attachment among themselves.'” Therefore, the most ideal
combination without aforementioned problems might be to
first protect the SPION and UNCP, and then from a solid
bridge between them.

A “neck-formation” process, which is induced by conden-
sation of residual =Si-OH groups on the surface of silica-
containing particles and formation of the siloxane bridges
=8i-O-Si= between particles, as shown in Figure S1 in the
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Supporting Information, is a common phenomenon in the
silica chemistry.*™ ! Since the first synthesis of silica mi-
crospheres by the classic Stober method in 19681 such
phenomena have been considered to be greatly harmful to
the monodispersity of both SiO, and cores@silica shell
hybrid nanoparticles, due to its uncontrolled aggregation
and greatly broadened size distribution. Especially, aggre-
gated particles with sizes larger than 300 nm are no longer
considered to be safe for use in veins due to possible throm-
bosis."™™ Could such a neck-formation process, with careful
control over the whole synthetic process, be used to fabri-
cate a magnetofluorescent, bimodal cancer probe with dif-
ferent imaging modalities being well-separated from but
firmly connected with each other? Here in this communica-
tion, as shown in Scheme 1, this idea is demonstrated by ap-
plying a neck-formation process to fabricate silica-shielded,
magnetic upconversion, fluorescent oligomers (SMUFOs)
with controlled particle size and size distribution. The pro-
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Scheme 1. A) Schematic illustration showing the formation of SMUFO in
the W/O reverse microemulsion system by means of a neck-formation
strategy. After the addition of carefully designated amounts of cyclohex-
ane, Igepal CO-520, SPION, UCNP, and ammonia into the W/O system,
the whole system was well-sealed, and kept at 20°C (step 1). A clinically
used syringe pump (WZS-50F6) was used to deliver TEOS slowly (at a
rate of 1.0mLh™") and accurately (see Scheme 1B). Upon injection of
TEOS, base-catalyzed hydrolysis and condensation of the TEOS precur-
sor took place, and then heterogeneous nucleation and growth of silica
shells on the SPION and UCNP seeds occurred, resulting in single-
loaded structures of SPION@SiO, and UCNP@SiO, with residual =Si—
OH groups on their surface (step 2). Then the system went through a
neck-formation process, in which SPION@SiO, and UCNP@SiO, nano-
particles are combined by means of the cross-linked =Si-O-Si= network,
forming complex {SPION@SiO,},-Si-O-Si-{UCNP@SiO,}, (m, n>0)
structures with limited values of m and n (step 3). B) An experimental
setup for the synthesis of SMUFO; (see Supporting Information for color
version of Scheme 1.)
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posed synthetic strategy differs from our previously reported
methods for core@shell hybrid functional nanostructures,!
and the extensively adopted co-encapsulation techniques,”
in which different functional nanoparticles are entrapped
randomly in the matrix without the necessary protection
from direct particle contact. The whole process for the con-
trolled neck-formation strategy is illustrated in Scheme 1.
After the addition of carefully designated amounts of cyclo-
hexane, Igepal CO-520, SPION, UCNP, and ammonia, the
whole system was well-sealed, and kept at 20°C (open
system and higher temperature would lead to severe and un-
controllable aggregations).*! To improve the reproducibili-
ty, suppress the homogeneous nucleation of silica, and avoid
the over-high local concentration of precursors, clinically ap-
proved syringe pump (WZS-50F6) was used to deliver tet-
raethylorthosilicate (TEOS) slowly (at a rate of 1.0 mLh™")
and accurately (step 1). Upon the injection of TEOS, base-
catalyzed hydrolysis and condensation of the TEOS precur-
sor takes place, followed by the heterogeneous nucleation
and growth of silica shells on the SPION and UCNP seeds,
which results in single-loaded structures of SPION@SiO,
and UCNP@SiO, with residual =Si-OH groups on their sur-
faces (step 2). Detailed procedures on the incorporation of
single seeds into a silica matrix can be referred in our
newly-published work.'®! Then the system went through a
controlled neck-formation process, in which single-loaded
SPION@SiO, and UCNP@SiO, nanoparticles combine
through the cross-linked =Si-O-Si= network, forming a solid
linkage of {SPION@SiO,},-Si-O-Si-{UCNP@SiO,}, (m>0,
n>0) with limited values of m and n, with controlled size
distribution of the composite structure (step 3).
Monodisperse spherical SPION and irregularly-shaped
UCNP(Er,Yb) were prepared before introducing to the re-
verse micro-emulsion medium for silica coating (Supporting
Information: Figures S2 and S3). Figure 1A1-A3 present the
TEM images of ~13 nm-sized SPION, ~20 nm-sized UCNP
(Er,Yb), and their mixture, respectively. TEM images in Fig-
ure 1A4-A6 reveal the core/shell peanut-like or dumbbell-
like structures of SMUFOs (shell thickness: ~5nm), in
which single-loaded SPION@SiO, and UCNP@SiO, have
been integrated together through silica solid “necks”, but
not detachable particle “overlaps” (Figure S4 in the Sup-
porting Information shows the differences between neigh-
boring particle “overlaps” and silica “necks”). The thickness
of silica shell could be easily adjusted from 5 to 10 nm by in-
creasing the volume of TEOS used (Figure 1A7-A9). The
high-resolution TEM (HRTEM) image (Figure 1B) clearly
shows that both core components are single crystalline and
are well “separated” but firmly “linked” by solid silica
“necks” (marked by arrows). Figure 1B also shows the par-
allel lattice planes for SPION and UCNP(Er,Yb), with their
lattice spacings of 4.850 and 3.150 A, respectively, which cor-
respond to the (111) lattice planes of both cores. Selected
area electron diffraction patterns from these structures (Fig-
ure 1B, insert) show ring patterns from the cubic spinel and
cubic structures of Fe;O, and a-NaYF,, respectively (more
details could be found in Figure S5 in the Supporting Infor-
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Figure 1. TEM images of Al) SPION; A2) UCNP(Er,Yb); A3) SPION
and UCNP(Er,Yb) mixture (scale bar: 20 nm). TEM images of as-synthe-
sized SMUFO with different shell thicknesses of A4)-A6) ~5nm, and
A7)-A9) ~10 nm (scale bar: 5 nm). Inserts in A4-A9 are the schematic
illustrations of SMUFO. B) HR-TEM image of as obtained SMUFO;
necks are marked by arrows (scale bar: 5nm). Insert: the electron dif-
fraction pattern of SMUFO. (See Supporting Information for a color ver-
sion of Figure 1.)

mation). XRD patterns confirmed the existence of Fe;O,, a-
NaYF,:Er,Yb and amorphous SiO, (Figure S6 in the Sup-
porting Information). Energy dispersive X-ray analysis also
reveals the elemental signals from the SMUFOs (Figure S7
in the Supporting Information). A low-magnification TEM
image of SMUFO in Figure S8 A in the Supporting Informa-
tion shows that most of the SPION@SiO, and UCNP@SiO,
nanoparticles are linked together through the solid silica
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necks with limited m and n values, while a small fraction of
free SPION@SiO, and UCNP@SiO, structures could still be
observed in the image. Correspondingly, the dynamic light
scattering (DLS) measurement demonstrated that the aver-
age hydrodynamic size of the SMUFOs in deionized water
was 114.8 nm (Figure S8B in the Supporting Information).
It is important to note that the size distribution is still rela-
tively sharp after neck formation, implying that the neck-
formation process is controllable, and most aggregates
formed in the process are composed of limited numbers of
single-loaded SPION@SiO, and UCNP@SiO, nanoparticles.
The maximum particle size is smaller than 250 nm, which is
vitally important for the in vivo applications of the nanopar-
ticles in blood."! Hence, a bimodal probe with two different
modalities entrapped in silica matrix has been successfully
synthesized.

The field-dependent magnetism of SMUFO (silica shell
thickness: =5 nm) at 300 K in Figure 2 A (black line) shows
no hysteresis and a saturation magnetization of
89.8emug 'Fe, close to that of pure SPION
(92.5 emug 'Fe, Figure S3-B in the Supporting Informa-
tion), demonstrating its super-paramagnetism, which is a
necessary characteristic for 7,-weighted MR contrast agents
for practical use. Under the excitation in near infrared (1=
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Figure 2. A) Field-dependent magnetization hysteresis loop of SMUFO
at 300 K (solid line, M;=89.9 emug "' Fe) and upconversion luminescence
spectrum of SMUFO with green (510-560 nm) and red (635-690 nm)
emission bands (excited with a 980 nm laser, dash line). B) Plots of in-
verse transverse relaxation times (1/7,) versus Fe concentration:
SPION@SIO, (a) and SMUFO (m). The slope indicates the 7, relaxivity
coefficient (r,). C) Room-temperature upconversion luminescence spec-
tra of SL-SMUFO, UCNP@SiO, and ML-SMUFO with the same concen-
trations of Y (250 pgmL™") and similar silica shell thickness (=5 nm; ex-
cited with a 980 nm laser, power ~438 mW). Insert: schematic (left),
TEM images (middle) and corresponding photographs of SL-SMUFO,
UCNP@SiO, and ML-SMUFO under natural light and 980 nm laser
(right, powera314 mW). (See Supporting Information for color version
of Figure 2.)
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980 nm), as-synthesized SMUFO shows green emission
bands at 1=510-560 nm, and red emission bands at 635—
690 nm, which could be assigned to the feature transitions
from *Hyy;5, “Ssp, and “Fy, to *I;s, of Er** ions, respectively
(Figure 2 A, blue line)."”’ The T,-MR contrast effect of
SMUFO was examined in comparison with that of single-
loaded SPION@SiO, with the same iron (Fe) concentrations
(Figures S8 and S9 in the Supporting Information). In the
T,-weighted MRI at 3.0 T, SPION@SiO, showed a high
enough MR contrast with a T, relaxivity coefficient (r,) of
167.66 mm~'s™!, while SMUFO provided an even higher MR
contrast with 1.3-fold increased r, value of 211.76 mm 's™
(Figure 2B). Such an enhancement in r, could be attributed
to synergistic magnetism®*'®! of multiple SPION in our
SMUFO hybrid structure. In addition, as-synthesized
SMUFO shows high stabilities in respects of both the fluo-
rescent and magnetic properties. The fluorescent intensity of
the sample kept for one month showed only a limited de-
crease, about 15.4 and 7.7% for green (537 nm) and red
(651 nm) emissions, respectively (Figure S10 in the Support-
ing Information), and the T, relaxivity coefficient (r,) of
SMUFO after dispersed in deionized water for four months
was found to be 217.23 mm's™!, close to the original value
of 211.76 mm's™' of the fresh sample (Figure S11 in the
Supporting Information).

Previous reports have shown that the combination of
QDs with SPION through either direct chemical bond link-
ageP® or co-encapsulation technique®™ (without any pre-
liminary protections) could lead to apparent decrease of
quantum yield, indicating that the particle interaction might
have great influence on the optical property of the as-syn-
thesized bimodal probes. To demonstrate this particle-inter-
action effect and the antiquenching property of as-obtained
SMUFO, upconversion luminescent spectra of SMUFO
(also labeled as single-loaded SMUFO (SL-SMUFO)),
UCNP@SIO, and multi-loaded SMUFO (ML-SMUFO) with
the same yttrium concentrations (250 uygmL™") and similar
shell thickness (~5nm) were collected under the same
980 nm excitation (power =438 mW). It was clearly shown
in Figure 2C that three Er'" emission band intensities of
SL-SMUFO were very close to those of UCNP@SiO,, but
remarkably higher than those of ML-SMUFO. The intensity
ratios of three samples at 519 nm (*H;;,—"L;5,), 537 nm
(*S5,—"1;5p), 651 nm (‘Fyp,—"1;5,) were calculated to be:
SL—SMUF01519nm :UCNP@SiOZIswnm :ML—SMUFOISNHm —0.95:1.00:0.18;
SLSMUFO7_ UCNP@SOyp ML-SMUFOF () 93:1.00:0.20;
SL-SMUFO7  UCNP@SiOyy ML-SMUFOF 1 (5:1.00:0.29.

These experimental results demonstrated that: 1) UCNP
shows excellent resistance to photoquenching after the in-
troduce of SPION by means of the neck-formation strategy;
2) particle-interaction is one of the major reasons for photo-
quenching of UCNP, and 3) the neck-formation strategy is
superior to co-encapsulation technique for achieving anti-
quenching imaging probes.

The bimodal imaging functionality of SMUFO in aqueous
solution was tested using a 3.0 T clinical MRI instrument
and 980 nm laser. Figure 3 A displays the Fe concentration-
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Figure 3. A) Bimodal imaging test of SMUFO in aqueous solution. The
concentrations of Fe and Y in SMUFO were in the range 0-
63.2 uygFemL™" and 0-261.2 ugYmL™!, respectively. From the top down:
T, values, corresponding 7,-MR images, photographs under natural light
and under 980 nm laser (power~314 mW) of samples with different Fe
and Y concentrations. Excessively high Fe concentrations (over
40 pgFemL™") led to undetectable T, values (marked by crosses). B)
Photographs of magnetic separation of SMUFO in ethanol (left, marked
by arrow); SMUFO under natural light (middle) and 980 nm laser (right;
power=a314 mW). C) Photographs of as-synthesized 1.3799 ¢ SMUFO
dry powder (left) and that with a magnet (right). (See Supporting Infor-
mation for color version of Figure 3.)

dependent 7,-MR contrast effect, in which higher Fe con-
centrations, from 0 to 20 ugFemL™', gave darker images
and smaller spin-spin relaxation times (73), from 275.7 to
15.8 ms, respectively. Excessively high Fe concentrations
(over 40 ygFemL™) led to undetectable T, values (marked
by crosses in Figure 3 A). SMUFO with different concentra-
tions of Y, from 0 to 261.2 ugYmL™', shows expected in-
creased fluorescent intensity under the same 980 nm laser
excitation, as shown in Figure 3 A. The magnetic separability
and gram-scale (1.3799 g) synthesis of SMUFO were also
demonstrated in Figure 3B and C.

To evaluate the possible cytotoxicity of SMUFO, cell via-
bility was examined by standard 3-[4,5-dimethylthialzol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) assay in human
breast cancer cells, which revealed that the cytotoxicity was
dose- and time-dependent. Cell viability was not hindered
by the presence of SMUFO up to a concentration of
25 ugmL~! for 6 h incubation, while it shows slight and lim-
ited toxicity in the case of higher concentration of SMUFO
and longer incubation time, as shown in Figure S12 in the
Supporting Information. The as-synthesized SMUFO has
multiple functionalities applicable for multimodal imaging
of cancer cells. In vitro bimodal imaging of SMUFO was
demonstrated in the MCF-7 breast cancer cell line. Under
the T)-weighted image mode, cells exposed to SMUFO of
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concentrations higher than 200 ygmL™" for 2h could be
easily detected (Figure 4 A, marked by circles). Confocal lu-
minescence imaging of MCF-7 cells was performed with a
modified Olympus FV1000 laser-scanning confocal micro-
scope (LSCM), equipped with a continuous-wave (CW)

SMUFO goncentration (jig mL™")
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Figure 4. In vitro bimodal imaging of breast cancer cells (MCF-7) using
SMUFO. A) Sensitivity of in vitro MRI of SMUFO. MCF-7 with cell
density of 10° per well were treated with SMUFO of different concentra-
tions (from 50-800 pgmL"). Unlabeled cells of identical number were
scanned as a control group (left). The cells could be detected as black
areas at tube bottoms (marked by circles), which resembles cell distribu-
tion visualized in these test tubes. B) Confocal images of MCF-7 cells in-
cubated with SMUFO of concentration range 50-800 ugmL™"' were ob-
tained by using a modified Olympus FV1000 laser-scanning confocal mi-
croscope (LSCM), equipped with a continuous-wave (CW) NIR laser op-
erating at A=980 nm (power ~400 mW). Green channel images were col-
lected at 500-560 nm, while red channel images were collected at 600—
700 nm; scale bars=20 um. (See Supporting Information for color ver-
sion of Figure 4.)
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NIR laser operated at 1=980 nm (power~400 mW). Fig-
ure 4B reveals the uptake of SMUFO was concentration-de-
pendent (incubation time: 2h), and could be clearly ob-
served when the SMUFO concentration was higher than
200 uygmL~', in agreement with the T,-weighted MRI re-
sults.

To demonstrate the feasibility of SMUFO as a bimodal
imaging probe in vivo, we simply subcutaneously injected
the probe right into the tumor site, and imaged the tumor
using MRI instrument and NIR laser. Following the local in-
jection of SMUFO at a dose of 240 ugFekg™ (equal to
992 ugYkg ', 25.4 ugErkg™), the SD mouse bearing a
Walker 256 tumor was then imaged on the 3.0 T MRI instru-
ment. Preinjection T,-map was shown in Figure 5A (top)

A) Pre-injection B)

Post-injection

Tumor

Tumor

sun
. -
. .,

10 mm

Figure 5. In vivo MR and upconversion fluorescence bimodal imaging of
Walker 256 tumor using SMUFO. In vivo whole body pre-injection (A
top, tumor was marked with circle, 7,=51.6 ms), and post-injection (B
top, tumor was marked with circle, 7,=29.9 ms) MRI of mouse bearing a
Walker 256 tumor. Pre-injection image (A bottom) and post-injection
image (B bottom) of the upconversion fluorescence imaging of tumor in
vivo using NIR laser (1=980nm). Images were taken with a digital
camera (CANON PowerShot G7). (See Supporting Information for color
version of Figure 5.)

with a T,-value in the tumor site (marked with a circle) of
51.6 ms. After the injection of SMUFO, a continuous 7,
value drop of 42.2%, from 51.6 ms to 29.8 ms, is observed
within 5 min (Figure 5B (top), marked with a circle), dem-
onstrating that SMUFO could be used as a T, contrast agent
in the live system. Autofluorescence can be problematic in
the diagnosis of cancer using the fluorophore of interest.
Figure S13 in the Supporting Information shows the imaging
of tumor using CdTe QDs under blue light excitation (A=
405 nm), in which signals of CdTe QDs could hardly be dis-
tinguished from the severe tissue autofluorescence. This
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problem could be solved by introducing a NIR excitation to
prevent tissue from being excited."*™! After the NIR (A=
980 nm) excitation, the emission signals of SMUFO in
tumor site could be easily seen by naked eyes and recorded
with a digital camera (CANON PowerShot G7), as shown in
Figure 5B (bottom). To the best of our knowledge, this is
the first example of simultaneous in vivo MR and upconver-
sion fluorescent bimodal imaging of a tumor. The design of
a smarter antibody-conjugated, tumor-targeted, bimodal
imaging probe are in progress.

In comparison with previous reports,”™ three features of
as-synthesized SMUFO become clear.

1) Biocompatible SPION with nontoxic Cd**- and Gd**-
free UCNP(Er,Yb) have been combined by means of a
novel and controlled neck-formation mechanism for a
safer bimodal cancer probe, which shows a relatively
sharp size distribution at around 114 nm, high stability,
an enhanced T7,-weighted MR contrast effect and excel-
lent antiquenching upconversion fluorescent optical
properties.

2) Highly hydrophilic silica shells, which act as a barrier,
make the composite systems highly soluble in aqueous
solutions, and could also effectively shield both inorganic
cores against the attack from biological environment,
and more importantly, prevent the UCNP(Er,Yb) from
photoquenching by separating the cores from each other.

3) The proposed general neck-formation strategy is eco-
nomical (all chemical agents are commercially available,
nontoxic, and inexpensive, see Figure S14 in the Support-
ing Information for chemical agents used), scalable (see
Scheme 1B for experimental setup), and even tunable
(not only the loaded cores but also the thickness and
extra functionalities of silica shells can be conveniently
tuned and modified—data not shown), showing the great
potential of the present nanosystems as a novel, biologi-
cally safe and highly efficient, bimodal cancer probe for
clinical use and future industrialization.

Combining black SPION with fluorescent nanoparticles to
fabricate an efficient bimodal cancer probe without inviting
any undesired quenching process is still an open challenge.
In our present work, by making use of a traditionally unde-
sired neck-formation process, we have been successful in
synthesizing a bimodal cancer probe with satisfactory anti-
quenching properties. However, since the formation of
SMUFO by the condensation of residual surface =Si—OH
groups is based on a random aggregating process so far, the
proposed neck-formation strategy is still not perfect to
obtain SMUFO with extremely high uniformity. Fortunately,
thanks to the original small particle sizes of well under
100 nm of both SPION@SiO, and UCNP@SiO, hybrid
structures, we have succeeded in monitoring the neck-for-
mation process with a final well-defined particle size distri-
bution (measured by DLS technique) centered at about
114 nm, by the careful control over the whole synthetic pro-
cess. The maximum particle size in the obtained SMUFO
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system is well below 300 nm, which has been considered to
be a critical particle size for vein injection. In addition, since
the non-uniformity of the present SMUFO is well on the
scale of tens or one hundred nanometers, it is applicable for
SMUFO to be used as a bimodal imaging agent for simulta-
neous MRI and fluorescence imaging (both usually on reso-
lution levels of tens or hundreds of micrometers), as demon-
strated in Figures 3-5.

In summary, we have demonstrated that bimodal cancer
imaging agent with both 7,-weighted MR and upconversion
fluorescent imaging modalities can be prepared by means of
a simple, economical, scalable, and tunable neck-formation
strategy. As-synthesized cadmium- and gadolinium-free
SMUFO show a well-controlled size distribution, with the
maximum particle size being less than 250 nm, with high
photo and magnetic stability, enhanced T7,-weighted MR
imaging, and with quenchless upconversion fluorescent
properties. Its application as a bimodal breast cancer cell
imaging probe has been demonstrated both in vitro and in
vivo. We believe that as-synthesized, biologically safe and
highly efficient, bimodal probes hold great potential for
future early cancer diagnosis and the proposed neck-forma-
tion strategy could open a new possibility for the targeted
design and synthesis of various multifunctional nanosystems.

Experimental Section

For experimental details please see the Supporting Information. Proce-
dures performed by using animals were conducted in agreement with the
guidelines of the Institutional Animal Care and Use Committee.
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