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Abstract

To obtain comprehensive information and to compensate the limits of individual
modalities in molecular imaging, the research on dual-modal imaging probes (DMIPs)
attracts much interest. Here, we reported a reliable and facile procedure to prepare
near infrared fluorescence (NIRF)-magnetic resonance (MR) DMIPs using
Cy5-labeled, Gd-Al co-doped mesoporous silica nanoparticles (MSNs).
Amine-modified, Gd-Al co-doped MSNs were first synthesized through one-step
co-condensation. Cy5-NHS ester was then coupled to the amino groups to produce the
DMIPs, which were denoted as Gd-Al@MSNs-Cy5. High intensity of NIRF and
relaxation rate (17.7 mM™'s™) were observed. Featuring the lower background, the
deeper penetration depth, the cutting-edge NIRF imaging was achieved. Moreover,
larger surface area of MSNs could be modified with more NIRF probes, Cy5, for
improved NIRF. Following the Solomon—Bloembergen—Morgan theory, enhanced MR
performance was illustrated by the relaxation rate because MSNs have porous
structure that enables access of water into the interior, and co-doping with Al in the
MSNs promotes the doped amount of Gd. The exchange rate of water is much more
accelerated through doping Gd and Al since disordered pore arrangement is found in
Gd-Al co-doped MSNs. The DMIPs in saline were injected into mice through tail vein
for imaging and basic pharmacokinetics study. They were excreted by the stomach
and intestine in 3 h, a circulation time long enough for imaging. Thus,
Gd-Al@MSNs-Cy5 is attractive in clinical NIRF-MR dual-modal imaging by
integrating the biocompatibility of MSNs, the NIRF of Cy5, and the high MR

response of Gd.
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Introduction

Molecular imaging reveals the generation, development, and metastasis of tumor,
allowing precise delivering of medicine and dynamic monitoring of personalized
treatment. "% To obtain comprehensive information and to compensate the limits of
individual modalities in clinical diagnostics, the dual-modal imaging probes (DMIPs)
have been rapidly developed. * Fluorescence and magnetic resonance (MR) imaging
are considered to be a complementary pair. Fluorescence imaging shows high
sensitivity but poor spatial resolution with relatively moderate tissue penetration depth,
while MR imaging is unlimited in penetration depth and prominent in spatial
resolution yet lacks sensitivity. * The first fluorescence-MR DMIPs was introduced by
Huber et al. in 1998, where rhodamine derivatives and Gd lay the foundations for
fluorescence and MR imaging, respectively. > However, several issues impede the real
bio-medical applications of the fluorescence-MR DMIPs, including but not restricted
to (1) high background and rather limited penetration depth of fluorescence; (2)
insufficient MR imaging contrast agent payload; (3) inadequate surface areas to be
modified or to contact with water in nanoparticle-based DMIPs; and (4) complex
design and laborious preparation of DMIPs.

Traditional fluorescence imaging is subjected to auto-fluorescence and low
penetration depth of the tissue, leading to high level of background and inaccuracy.
Whereas longer wavelength light, such as near infrared fluorescence (NIRF) that
ranges from 650 to 1350 nm in wavelength, is less absorbed or scattered by tissues. °
Featuring the lower background, deeper penetration depth, and higher spatial

resolution, " ®

the cutting-edge NIRF imaging overmatches the other optical
techniques. Currently developed NIRF imaging probes can be classified into two
categories: Stokes type and anti-Stokes type (up-conversion). The later refers to
precious rare earth elements doped nanoparticles, ? while the former is more common,

12
and

mainly include fluorescent proteins, '’ organic dyes, '’ metallorganics,
nanometerials, e.g., gold clusters, B silver clusters, '* and quantum dots etc. 15 For
biodegradability, non-toxicity, convenient labeling concern, organic NIRF dyes have

been widely used, like Cy5, '® Cy5.5, ' and indocyanine green. '®
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Unlike many other modalities, the 3D magnetic resonance (MR) imaging is both
non-radiation and non-invasive. It is especially valuable in visualizing soft tissues.
MR images are created by recording the demagnetization (relaxation) rates of
magnetized protons of water in different chemical environment, then converting them
into grayscale images. ' Since the chemical environments in different tissues are
often dissimilar, the contrast is formed between adjacent tissues. The contrast agent
will further enhance the inherent contrast by shortening the relaxation course of
nearby protons. Examples are paramagnetic metal complexes or species containing
Gd * or Mn *' and superparamagnetic iron oxide. 2 In particular, Gd-containing
species are intensely studied because Gd** has up to seven unpaired electrons, a large
magnetic moment is therefore expected. According to Solomon-Bloembergen—
Morgan theory, the relaxation time decreases with increasing hydration number of Gd,
accelerating the exchange rate of the inner shell and outer shell water, and enlarging
the molecular weight of Gd compounds. ** Besides, multiple Gd centers in one
molecular (unit) help quick relaxation. ** Only one water binding site is left in two
approved contrast agents in clinical MR imaging, Gd-DOTA and Gd-DTPA. New
ligands with more than one site need careful design and synthesis. > An alternative
strategy to design improved Gd-contained contrast agents is loading them on
nanoparticle carriers, increasing the molecular weight and the payload of Gd
complexes simultaneously. 2% %’

New methodologies enable functional nanoparticles synthesized with
controllable morphology and structure. ** Modifying the surface alters their physical
properties and expands their functions, which is the basis of theranostics. 2 DMIPs
are preferentially built on nanoparticles with respect to the enhanced permeability and
retention effect that makes the tumor passive-targetable, thus precise imaging and
drug-delivery become practical. ** Nevertheless, post-linking of Gd complexes on
solid nanoparticles result in limited outer surface labelling, while doping Gd
complexes in the inner affect the exchange rate of water. We therefore explore
nanoparticles with substantial Gd-doped, without perturbing the exchange rate of
water simultaneously. *' The biocompatible mesoporous silica nanoparticles (MSN's)

4
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are the best, as their porous structure enables access of water into the interior, along
with larger surface area that can be modified. Previous literatures proved that
co-doping with Al in the MSNs promotes the doped amount of Gd. **** Because AI’"
is similar to Si*" in size; the negative charge is produced when AI’" is incorporated
into the MSNs during their formation. Gd** as a counter-ion is loaded by
ion-exchange to balance the charge. Importantly, the exchange rate of water is much
more accelerated through doping Gd and Al, since disordered pore arrangement is
found in Gd-Al doped MSNs, where the interconnection of pores facilitate the free

diffusion of water, *>3*

In our previous work, Gd-Al doped MSNs was integrated to
Ru(bpy)s*" via ion-exchange procedure as fluorescence-MR DMIPs. ** However,
Ru(bpy):>" suffers from low fluorescence efficiency and the ion-exchanged
Ru(bpy)s*" may be leaked.

Here, we report a reliable and facile procedure to prepare NIRF-MR DMIPs
using Cy5-labeled, Gd-Al co-doped MSNs (Gd-Al@MSNs-CyS5). Different to the
simple MSNs in our previous work, > amine-modified, Gd-Al co-doped MSNs
(Gd-Al@MSNs-NH,) were first synthesized through one-step co-condensation.
Cy5-NHS ester was then coupled to the amino groups to produce the DMIPs.
Different to the previous DMIPs, ***>*° Gd-Al@MSNs-Cy5 address the four issues
well. Highly intensive NIRF from Cy5 enjoy the low background and high
penetration depth. While co-doped Al increases the loading of Gd ions, the
mesoporous structure enhances the exchange of water molecule, so high relaxation
rate and contrast efficiency were observed. Importantly, mesoporous silica provides a
biocompatible platform to integrate the signal sources, Gd ions and Cy5, with a
simple preparation procedure and high yield. All of the properties were validated by
the imaging and basic pharmacokinetics study with mice as model through tail vein

injection.
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Experimental
Chemicals and apparatus
Cetyltrimethyl ammonium bromide (CTAB), diethanolamine (DEA), and
(3-aminopropyl)triethoxysilane (APTES) were purchased from J&K Scientific.
Tetraethoxysilane (TEOS) was from Concord, Tianjin, China. Aluminum chloride
(AICl3) and gadolinium oxide (Gd,O;) were from Aladdin Industritrial. Absolute
anhydrous N,N-Dimethylformamide (DMF) was from Heowns, Tianjin, China.
Cyanine5 NHS ester (Cy5-NHS) was obtained from Fanbo, Beijing, China. GdCls
was produced by the reaction of Gd,O; with hydrochronic acid. All other reagents
were analytical grade. Ultrapure water was used throughout the experiment.

Fourier transform infrared (FTIR) spectra were recorded by a Nicolet Magna 560
IR spectrometer. Transmission electron microscopy (TEM) images were captured by
an FEI Tecnai G2 transmission electron microscope. N, adsorption-desorption
outcomes were analyzed with a Micromeritics TriStar 3000 surface area and pore size
analyzer. Elemental contents were determined by Thermo IRIS Intrepid II XSP
inductively coupled plasma atomic emission spectroscopy (ICP-AES). Fluorescence
was recorded using a Hitachi FL-4500 fluorescence spectrophotometer, NIRF
imaging was performed by a Kodak in vivo imaging systems FX. Relaxation time and
MR imaging were executed with a Huantong (Shanghai, China) HT-MRSI60-60 KY

MR imaging scanner.

Synthesis of Gd-Al@MSNs-NH,

The synthesis of Gd-Al@MSNs-NH, resembles the previous works. > After
dissolving 0.29 g CTAB (0.79 mmol) in a mixture of 6.4 mL water (0.36 mol) and
0.92 mL ethanol (0.02 mol) by sonication for 10 min, 0.05 g DEA (0.48 mol) was
added and heated to 60 °C. TEOS was added drop-wise under vigorous stirring for 10
min (supplementary information, Table S1). Then, 0.20 mL of a GdClIs (0.13 mmol)
and AICl; (0.06 mmol) solution was added, and the reaction proceeded for 1 h. An
equal volume of TEOS and APTES was added together and reacted for another 2 h
period to integrate amine group in the exterior and interior surface. Subsequently, the

6
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reaction system was allowed to cool, and the nanoparticles, Gd-Al@MSNs-NH,, were
washed with ethanol for three times. The collected were refluxed in an acidified
ethanol for 6 h to remove CTAB, and finally dispersed in 10 mL ethanol after

washing.

Labelling Cy5 on Gd-Al@MSNs-NH,

25 mg dry Gd-Al@MSNs-NH, was dispersed in 8 mL anhydrous DMF containing 1
mg Cy5-NHS and 80 pL tripropylamine. The mixture was stirred in dark at room
temperature for 24 h. Then the nanoparticles, Gd-Al@MSNs-CyS5, were washed with

ethanol for five times and dispersed in 5 mL water.

Toxicity of Gd-Al@MSNs-Cy5

The cell viability was recorded after HepG2 cells were incubated with
Gd-Al@MSNs-Cy5 at different concentrations using a standard MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay to test the
toxicity of Gd-Al@MSNs-Cy5. The cells were incubated to 96-well culture plates at a
density of 5 x10° cells per well in culture medium. Gd-Al@MSNs-Cy5 and Gd** ions
at the concentrations from 0 to 20 mg L' (based on Gd*") were introduced to the
medium and incubated HepG2 cells for 24 h. MTT solution (20 mL, 0.1 mg) were
added to each well and the cells were incubated for another 4 h. N,N’-dimethyl
sulfoxide (150 pL) was used to completely liberate the formazan crystals. The

absorbance at 490 nm was measured for the calculation of the cell viability.

Fluorescence measurement and NIRF imaging

Steady-state fluorescence was excited with 630 nm wavelength at room temperature
using a Hitachi FL-4500 fluorescence spectrophotometer. The excitation source is a
450 W xenon lamp coupled to a monochromator with a 1200 groves/mm grating.
During in vivo and ex vivo imaging, female nude mice (6 weeks old, BALB/c-nu) were
initially anesthetized with 4 % chloral hydrate in a dosage of 8.25 pLL g'l, and further
anesthetized with 2 % chloral hydrate. Then, 200 pL of 10 mg mL’

7



©CoO~NOUTA,WNPE

Analytical Methods

Gd-Al@MSNs-Cy5 saline was injected through tail vein of the mice. The
fluorescence was excited at 625 nm wavelength and collected at 690 nm. The black
and white fluorescence images were superimposed for better visualization. At last, the
mice were sacrificed and dissected to image the individual organs. The mice were
obtained from the Institute of Hematology & Hospital of Blood Diseases, Chinese
Academy of Medical Sciences & Peking Union Medical College with the license No.
SCXK-2004-001, Tianjin, China. The mice have free access to solid rodent chow and
water. All experimental protocols using animals were also approved by the

Institutional Animal Care Committee of Nankai University.

Relaxation time measurement and MR imaging

Relaxation time was measured on an MR imaging scanner (1.2 T, 30 °C) using the
inversion-recovery method. /n vitro T1-weighted phantom imaging and in vivo MR
imaging (using female Kunming mice, 8 weeks old, outbred stock) was based on
spin-echo method. 300 uL of 10 ng mL™ saline solution of Gd-Al@MSNs-Cy5 was
injected into the mice through the tail vein. MR imaging was conducted using a
T1-weighted sequence with TR/TE = 200/14 ms, FOV = 75 mmx75 mm, flip angle =

60 °, number of excitation = 3.

Results and discussion

Synthesis of the DMIPs

MSNs were prepared to load with Cy5 and Gd®" for the synthesis of the NIRF-MR
DMIPs. Hydrolyzation and co-condensation of TEOS and APTES are extensively
reported to directly produce NH,-functional MSNs with simple procedure and high
yield. *>*® Precipitation is avoided and amine groups are homogeneously distributed,
forming Gd-Al@MSNs-NH, in one step. ** The impact of the amount of both TEOS
and APTES on the surface charge of the Gd-Al@MSNs-NH; is summarized in Table
S1. More APTES, more positive charges, which means more amino groups are
formed on the Gd-Al@MSNs-NH,. The increase of absolute value of zeta-potential
favors the dispersion and stability of the Gd-Al@MSNs-NH,. The composition and

8
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ratio in Sample 4 in Table 1 is the optimal, considering the stability, the Gd-loading
amount, the relaxation rate, and the number of amines that coupled with Cy5. The
Zeta potential of the Gd-Al@MSNs-Cy5 was tested and -7.8 mV, which is lower than
that from mesoporous silica nanoparticles because of the existence of amino groups.
The amine group-modified mesoporous structure provides a platform to integrate Gd

ions and Cy5 for MR and NIRF dual-response.

Morphology and structure of the DMIPs

The morphology and microstructure of the DMIPs were characterized. All
nanoparticles appeared to be uniform spheres as shown in the TEM images in Fig. 1.
The average diameters of Gd-Al@MSNs-NH, and Gd-Al@MSNs-CyS were ca. 57
nm. In addition, mesoporous structure of the intragranular network of the
nanoparticles was observed clearly (Fig. 1B). Since post-grafting of Cy5 to the
surfaces and pores would not influence the dispersion and the structure of the
nanoparticles, the exchange rate of water between the surroundings and the internals
of nanoparticles was not interfered, thus maintaining the high relaxivity.

The mesoporous structure of Gd-Al@MSNs-NH, was further investigated by
XRD and N, adsorption-desorption test. Doping with Al decrease the size of the
MSNs as a result of pH decrease of reaction system after addition of APT, 338
Moreover, A" co-dopant could greatly reduce the structural stress within the silicate
matrix, induced by the charge and size mismatch of the trivalent Gd**, which
therefore disrupted the order of the MSNGs structure. *' Consequently, the XRD peaks
of Gd-Al@MSNs-NH, went broaden and some of them disappeared. Long-range
order MSNs like hexagonal MCM-41 are typically characterized to exhibit three sharp
Bragg peaks (100), (110), (200) at two-theta angle less than 5 °, while only one broad,
weak peak at low angles indexed as (100) diffractions of Gd-Al@MSNs-NH, was
found, as shown in Fig. S1A (Supplementary Information). N, adsorption-desorption
of Gd-Al@MSNs-NH, reflects their textural properties (Fig. S1B). A type IV
isotherm with an evident hysteresis loop at high pressures account for the mesoporous
nature and the small size of Gd-AI@MSNs-NH,. Using Brunauer-Emmett-Teller test,

9
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the surface area is 882.7 m°g”, and total pore volume is 1.2 cm’ g"'. The maximum
pore size is 2.5 nm (inset) based on Barrett-Joyner-Halenda (BJH) test. The BJH
model is based on Kelvin equation, /np/py = -26Vc0s0/RTry. The ri obtained by
Kelvin equation plus the thickness of liquid film is the pore diameter. Small size and
large pores facilitate the loading of a substantial amount of Cy5 and the exchange of
water to maintain the high relaxivity. Based on the results above, Fig. 1C illustrated
the mesoporous structure with the co-doped Gd and Al as well as the labeled Cy5.

The conjugation of Cy5 with Gd-AI@MSNs-NH, was confirmed by the FTIR
spectra. As shown in Fig. S2a (supplementary information), the band between 3500
and 3200 cm™ is assigned to the N-H stretching vibrations of primary amine; the
peaks near 1640 and 1560 cm™ are the bending vibrations of primary amine, which
approve the existence of the amine group on Gd-Al@MSNs-NH;. As amide
characteristic stretching vibrations appear at 1450 cm™ (Fig. S2b), and there are two
sharp peaks at 1180 and 1130 cm™ related to stretching vibration of aromatic sulfonic
acid groups on Cy5, so CyS5 is successfully linked to Gd-Al@MSNs-NH,. The loading
content of Cy 5 was 4.17x10” mol g'l, which was calculated based on the

fluorescence intensity from the probe with the emission of Cy5 solution as standard.

Fluorescence property of the DMIPs

The optical properties of the Gd-Al@MSNs-Cy5 were investigated. While
Gd-Al@MSNs-CyS5 solution was cyan (Fig. 2A), NIRF emission was observed when
illuminated by 365 nm UV light (Fig. 2B). As shown in Fig. 2C, the maximum
emission wavelengths are 682 and 684 nm for Cy5 and Gd-Al@MSNs-Cys5,
respectively, under 630 nm excitation. The nearly identical wavelengths indicate the
luminescent property of Cy5 remained even Cy5 was linked to the MSNs. Strong
NIRF from Cy5 can increase the signal-to-noise ratio during in vivo fluorescence

imaging of the probe.

Relaxation property of the DMIPs
The content of Gd is a critical parameter of Gd-related contrast agents. When we

10
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calculated longitudinal and the transverse relaxation rate, rl and r2, the precise
concentration of Gd is necessarily acquired. After Gd-Al@MSNs-Cy5 was dissolved
in nitric acid/hydrofluoric acid mixture, it was subsequently analyzed by ICP-AES to
quantify the amount of Gd and Al. Table 1 summarizes the amount of Gd and Al, and
the relaxation rate in different Gd-Al@MSNs-NH,. It can be seen from Table S1 that
the amount of Gd and Al is decreased with increasing APTES. The negative charge is
produced when Al is incorporated into the MSNs, and Gd, as a counter-ion, is loaded
into the MSNs by ion-exchange to balance the charge. ** Simultaneously, the positive
charge formed during APTES hydrolysis, which balances part of the negative charge
generated by TEOS hydrolysis. Because APTES could lower the negative charge in
the reaction, the amount of Gd and Al in the MSNs is decreased. Sample 4 in Table 1
shows the highest relaxation property, with 17.3 mM™ s™ of longitudinal relaxation
rate, 4.1-fold higher than Gd-DTPA. 3 The probe’s 1/t is ca 1.1, which is suitable as
a positive contrast agent. In general, ro/r; less than 2 is common for T, contrast agent.
> Therefore, DMIPs can be established using near-infrared dye linked Sample 4 in
Table S1.

The content of Gd and Al in Gd-AI@MSNs-Cy5 is 259.0 pmol g and 263.2
umol g, respectively, while the molar ratio of Al and Gd is 1.02, with r1 of 17.7
mM's™ and 1.1 of r2/r1 ratio. Compared with Sample 4, little influence was observed
when coupling of Cy5 on the surface of the pores and nanoparticles, indicating Cy5
cannot hinder the diffusion and exchange rate of water. The results in Fig. 2D and Fig.

2E illustrated that the as-prepared DMIPs is applicable in in vivo MR applications.

Stability of the DMIPs

The leakage of metal ions from 0.5 mg mL" Gd-Al@MSNs-Cy5 in phosphate buffer
saline (PBS, pH 7.4) is measured by ICP-AES to illustrate the stability of DMIPs. The
DMIPs contained 2036 ppm Gd and 355 ppm Al (the limit of detection of Gd and Al
is 0.0154 ppm and 0.0174 ppm, respectively). No Gd or Al in the supernatant after
centrifugation was detected after one day, one week, and even one month. Any
leakage of Gd and Al from the DMIPs is avoided.

11
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Gd®" ions are toxic and often used in the form of complexes to reduce their
toxicity. We tested the cell viability after being incubated with Gd-Al@MSNs-Cy5
probe and Gd ions with HepG2 cells as model. As shown in Figure S3, while the cell
viability was almost the same around 100 % after incubated with Gd-Al@MSNs-Cy5
probe at different concentration, Gd®* ions led to the gradually decreased cell viability
with the increased concentration. Only 30 % of cell viability was observed at 20 mg
L' of Gd*" ions. The above results confirmed the high biocompatibility of MSNs and
less leakage of Gd** ions from the probe.

The fluorescence of pure PBS and the supernatant after centrifugation of
Gd-Al@MSNs-CyS5 in PBS are measured, after one day, one week, and one month.
The ratio of the intensity is 1:1.03:1.03:1.02, so less Cy5 is leaked, which contribute
to the covalently coupling on the nanoparticles. The stability of fluorescence intensity
and relaxation rate was also examined. The Gd-Al@MSNs-Cy5 were kept in
suspension and stored away from light at 4 °C during the test. As illustrated in Fig. S4
(supplementary information), the fluorescence intensity and relaxation rate remained

the same after 10 days.

NIRF imaging using the DMIPs

In vivo NIRF and MR imaging of mice using Gd-Al@MSNs-Cy5 was tested to show
its bio-effects and imaging application. The BALB/c mice were injected with 200 puL
colloidal saline of DMIPs at a concentration of 10 mg ml" through the tail vein.
Cy5-labeling is better than fluorescein or rhodamine-labeling, because its emission
could only be weakly absorbed by the liver tissue so as to penetrate much more deeply.
# As shown in Fig. 3, the NIRF image of the mice verifies the bright fluorescence
could penetrate the body. We monitored the mice after injection in the period between
0.5 to 3 h (Fig. 3A). Strong emission was observed throughout the body after injection
different to the low fluorescence efficiency of Ru(bpy)s*" used in our previous work.
33 By systematic circulation, the DMIPs gradually accumulated in the mononuclear
phagocyte system like liver and spleen. Finally, most of the DMIPs were excreted by
the stomach and intestines. 3 h later, mice were sacrificed and dissected to confirm the

12
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bio-distribution of the DMIPs. As shown in Fig. 3B, high intensity of fluorescence
was observed from the stomach and the intestines, while no fluorescence were
detected from the heart and the lung. The DMIPs could be cleared from the mice,
since little were found in liver, spleen, and kidneys. The above results reveal
Gd-Al@MSNs-Cy5 can be used in in vivo NIRF imaging. Large surface area of
MSNs can load more Cy5 that emits strong fluorescence, and the NIRF from Cy5

shows deep tissue penetration capability.

MR imaging using the DMIPs

The results of MR imaging were in accordance with that of the NIRF imaging (Fig. 4).
The 30 g female Kunming mice were injected with 300 pL colloidal saline of
Gd-Al@MSNs-Cy5 (25.6 pmol kg’ of Gd), and the Tl-weigh MR images at
pre-injection through tail-vein (blank), post-injection at 0.5, 1, 2, and 3 h, were
recorded. The MR signal was first enhanced at the liver as it was the main uptake
organ of the DMIPs. During the next 3 h, evident contrast appeared at the intestines.
Hence, it is speculated that after blood circulation, the DMIPs will accumulate in the
liver, which are then excreted by the kidneys or enter the stomach then reach the
intestines. Similarly, no signal enhancement was spotted in heart and lung. The above
results reveal that Gd-Al@MSNs-Cy5 can be used in in vivo MR imaging. Our
method of synthesizing the DMIPs allows sufficient Gd payload, and the inherent
porous structure of Gd and Al co-doped MSNs further facilitate water diffusion into
the inner of the DMIPs, both of which are beneficial for Gd-Al@MSNs-Cy5 in in vivo

MR imaging.

Expansibility of the DMIPs

The DMIPs presented herein overcome several limitations in nanoparticle-based
dual-modal imaging. They are simple and reliable in design and preparation. In
addition, their functions can be further expanded. Some diseases like cancer
abundantly express biomarkers, and antibodies ** along with nucleic acid aptamers
recognized them have been identified. * On another aspect, diverse therapeutic

13
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methods, including photodynamic therapy, photothermal therapy, chemotherapy,
radiotherapy, etc., are originated with corresponding molecules or nanoparticles. *°
Smart theranostic agents can be synthesized based on our work herein, integrating the
abilities of (1) actively and selectively multi-valency targeting of tumor by coupling
various antibodies and/or aptamers on the large surface of Gd-Al@MSNs-Cy5; (2)
cooperative treatment of cancer by linking and/or entrapping therapeutic-effective
molecules or nanoparticles to Gd-AI@MSNs-CyS5.

Conclusions

In this paper, NIRF-MR DMIPs using Cy5-labeled, Gd-Al co-doped MSNs were
constructed reliably and facilely. Detailed design and characterization of the excellent
properties of NIRF and MR were demonstrated both in vitro and in vivo, suggesting
Gd-Al@MSNs-Cy5 were an attractive candidate in clinical NIRF-MR imaging.
Furthermore, it is possible to expand the functions of Gd-Al@MSNs-CysS.
Overcoming several issues common in dual-modal imaging based on functional
nanoparticles, our work herein gives solutions to effectively enhance the fluorescence
and MR signal intensities, and simplifies the design and preparation procedure

simultaneously.
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Table 1 The amount of Gd and Al in various Gd-Al@MSNs-NH2 samples and the

respective relaxation data.

Analytical Methods

Sample Gd Al Gd Al Al/Gd 1 /1
# (Wt%) (wWt%) (mmolg"') (mmolg’) (m/m) (mM's™)

1 452 0.943 0.287 0.350 122 142 1.3
2 446  0.869 0.284 0.330 1.17 126 2.0
3 4.03  0.801 0.256 0.297 1.16  13.9 1.7
4 427 0.806 0.272 0.299 .10 173 1.1
5 378 0.664 0.240 0.246 1.02 165 12

* The optimal Gd-Al@MSNs-NH, and its respective relaxation data.
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Fig. 1 TEM images of (A) Gd-Al@MSNs-NH, and (B) Gd-Al@MSNs-CyS5. Inset is
the same sample at high resolution with 20 nm scale. (C) Illustration of NIRF-MR
34 DMIPs of the mesoporous structure with the co-doped Gd and Al as well as the

36 labeled Cys5.
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Fig. 2 Gd-Al@MSNs-Cy5 at a concentration of 1 mg mL™ under (A) natural and (B)
UV light. (C) The fluorescence spectrum of (1) Cy5 and (2) Gd-Al@MSNs-Cy5 at the
excitation of 630 nm wavelength. (D) The rl relaxation curve of Gd-Al@MSNs-Cys5.
(E) T1-weighted phantom images of different concentrations of Gd-Al@MSNs-Cys5.
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Fig. 3 (A) In vivo fluorescent images of mice with intravenous injection of

27 Gd-Al@MSNs-Cy5. (B) Ex vivo images of resected organs at 3 h after injection.
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Fig. 4 In vivo MR image of mice with intravenous injection of Gd-Al@MSNs-CyS5.
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