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Hydrothermal and biomineralization synthesis of a
dual-modal nanoprobe for targeted near-infrared
persistent luminescence and magnetic resonance

imagingt

Yu Wang,? Cheng-Xiong Yang*® and Xiu-Ping Yan (2 *>?

The development of the multimodal probes is of great importance for bioimaging application. Herein, we
report the fabrication of a functional nanocomposite from near-infrared (NIR) persistent luminescent
nanoparticles (PLNPs) and Gd,Os as a multimodal probe for in vivo NIR persistent luminescence and
magnetic resonance (MR) imaging. Small-sized monodispersed NIR ZnGa,04:Cr¥* PLNPs (ca. 15 nm)
were prepared as the NIR persistent luminescence source by a hydrothermal method while hyaluronic
acid (HA) functionalized Gd,O3 (HA-Gd,O3) was synthesized as the MR contrast agent via a biomineraliza-
tion approach. An EDC/NHS coupling strategy was used to connect the amino functionalized PLNPs and
the HA-Gd,Os to give the HA functionalized multimodal probe. The multimodal probe not only
exhibits an excellent NIR persistent luminescence signal, but also exhibits larger longitudinal relaxivity
(7.38 mM~t s7Y) than commercial contrast agent Gd-DTPA. Moreover, the HA moieties not only enhance
the biocompatibility of the multimodal probe, but also endow the probe with tumor-targeting capability.
Both in vitro and in vivo bioimaging experiments demonstrate the potential of the multimodal probe for

rsc.li/nanoscale

1. Introduction

Molecular imaging technologies, such as magnetic resonance
imaging (MRI), computed tomography (CT) and optical
imaging, are powerful tools for basic biological research,
disease diagnosis and treatment.” Nevertheless, each
imaging modality has its own advantages and limitations. For
example, optical imaging shows high sensitivity and activat-
able ability, but has intrinsic limitation of poor spatial resolu-
tion. In contrast, MRI has high spatial resolution and good
tissue penetration, but its application is limited by low sensi-
tivity and high cost. Multimodal imaging technology can
provide much more accurate, reliable and thorough infor-
mation than the single imaging technology. So, great attention
has been paid to the development of multi-modal imaging
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tumor-targeting NIR persistent luminescence and MR imaging.

probes with at least two imaging abilities to overcome the
limitations of each individual imaging technology.>”

Persistent luminescent nanoparticles (PLNPs) can still emit
persistent luminescence (PL) for hours or days after stopping
excitation, and allow luminescence detection without the need
for in situ excitation.®'° Since Scherman and co-workers intro-
duced Cag,ZngoMgy oSi,Og:Eu*",Mn** Dy** PLNPs to in vivo
imaging,"* there has been great interest in the application of
PLNPs for biomedical research due to no autofluorescence of
tissue, high sensitivity and a super signal to noise ratio (SNR).®
CaMgSi,06:Eu*",Mn>" Pr**, LiGa;04:Cr’* and a series of Cr**
doped zinc gallogermanates have been employed for
bioimaging,'>** biosensing,**® drug delivery**** and tumor
therapy.>*® Cr-doped zinc gallogermanates are more suitable
for bioimaging due to superlong near-infrared (NIR) PL and
rechargeable ability with red LED light. Various synthetic
methods have been developed to control the size and shape of
the PLNPs for better bioimaging capability.' 3"

Despite these improved features of PLNPs, low spatial
resolution is still the limitation of PLNPs for bioimaging. For
this reason, integration of CT and magnetic resonance (MR)
signals into PLNPs has been reported.'>**?*3%3% Abdukayum
et al. coupled Gd-DTPA to the PLNPs to compose a MR/PL
dual-modal probe."® Maldiney et al. introduced the MR signal
to the PLNPs by co-doping gadolinium in the synthetic process
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of PLNPs.?® Teston et al. embedded the ultrasmall superpara-
magnetic iron oxides into the mesoporous silica shell of
PLNPs to fabricate the MR/PL multi-modal probe.?® Shi et al.*?
and Dai et al*® prepared Gd,0;@mSiO,@PLNPs with the
Gd,O; core acting as the MR contrast agent. Lu et al. fabricated
core—shell structured PLNPs@TaO,@SiO, with the TaO, shell
as the CT contrast agent for PL and CT imaging."® Even so, a
simple and convenient method for the synthesis of PLNP
based multimodal probes with tumor-targeting capability is
still rare.

Herein, we report the design and fabrication of functional
PLNP based multimodal imaging nanoprobes for targeted
PL/MR dual-modal bioimaging. Hyaluronic acid (HA) functio-
nalized Gd,0; (HA-Gd,0;) was prepared via a biomineraliza-
tion approach as the MR contrast agent. The NIR emitting
PLNPs were synthesized by a hydrothermal method and conju-
gated to the HA-Gd,O; to give the functional PLNP based
multimodal imaging nanoprobe HA-Gd,O;-PLNPs. The HA
moieties, which specifically target cluster determinant 44
receptors (CD44R) overexpressed in tumor cells, enable the
enhancement of the biocompatibility of the multimodal probe
with tumor-targeting capability. The prepared functional nano-
probe shows potential for MR/PL multimodal imaging.

2. Experimental

2.1 Preparation and functionalization of PLNPs

The PLNPs were synthesized by a hydrothermal method.
Aqueous solutions of Zn(NOj), (5 mL, 0.2 M), Ga(NOs);
(10 mL, 0.2 M) and Cr(NOj3); (100 pL, 0.01 M) were mixed
under vigorous stirring. The mixed solution was adjusted to
pH 8 with ammonia solution, made up to 20 mL with ultra-
pure water, and stirred for 3 h at room temperature. The solu-
tion was then transferred to a 30 mL Teflon-lined stainless
steel autoclave and reacted at 220 °C for 72 h. The resulting
PLNPs were purified by centrifugation and washed three times
with water and ethanol, respectively. The amino-modified
PLNPs (PLNPs-NH,) were obtained as in a previous report."

2.2 Preparation of HA-Gd,O;-PLNPs

The HA-Gd,0; was synthesized according to Wang et al. with
some modifications.*® Briefly, HA (200 mg) was dissolved in
ultrapure water (9 mL) and Gd(NO;); solution (1 mL, 50 mM)
was added with a 5 min stirring. The mixed solution was
adjusted to pH 8 with NaOH (1 M) and reacted for 1 h with
continuous stirring at room temperature. The purified product
HA-Gd,O; was obtained after dialysis and freeze-drying of the
reactant solution.

The multimodal probe HA-Gd,0;-PLNPs were synthesized
by amidation reaction. To avoid the formation of large aggrega-
tions, the amounts of HA-Gd,O3, PLNPs-NH, and the coupling
agents were controlled. Briefly, HA-Gd,O; (200 mg) was dis-
solved in 20 mL of PBS (20 mM, pH 6.0), to which N-(3-di-
methylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) (4 mg) and N-hydroxysuccinimide (NHS) (10 mg) were
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added. After stirring of the above mixture solution for 2 h,
20 mL of the suspension containing PLNPs-NH, (40 mg) was
slowly added with quick stirring and the pH was adjusted to
8 with NaOH solution (1 M). The suspension was stirred for
another 24 h. The resulting HA-Gd,0;-PLNPs were collected
after centrifugation, washed with ultrapure water and vacuum
dried at room temperature.

2.3 Invitro cytotoxicity assay

The cytotoxicity of the HA-Gd,O;-PLNPs was tested by the MTT
assay using HepG 2 cells and MCF-7 cells with a similar
procedure as described in a previous publication.?”

2.4 Invitro imaging and block experiments

HepG 2 cells (high expression of CD44R) and MCF-7 cells (low
expression of CD44R) were cultured in DMEM medium with
10% FBS and 1% penicillin-streptomycin under an atmo-
sphere containing 5% CO, at 37 °C. The CD44R was blocked
by pre-treated HepG 2 cells with HA for 8 h. The DMEM
medium containing HA-Gd,O3-PLNPs (50 pg mL™") was added
to each well after 8 h incubation. The cells were incubated for
another 4 h and washed with PBS to remove the excess probe.

2.5 Invivo PL imaging of HepG 2 tumor

All animal experiments were done based on the instructions of
the Tianjin Committee of Use and Care of Laboratory Animals.
The Balb/c nude mice (5 weeks, female) were purchased from
HFK Bioscience Co. Ltd (Beijing, China). HepG 2 cells (5 x 10°
cells per mouse) were subcutaneously injected into the nude
mice. After the tumor had grown to 5 mm in size, the sub-
cutaneous HepG 2 tumor-bearing mice were obtained.

The solution of HA-Gd,0;-PLNPs (200 pL, 1 mg mL™") was
excited with 254 nm UV light for 10 min, and then injected
into the HepG 2 tumor-bearing mice viag tail vein and the
luminescence images were recorded. One hour after injection,
the luminescence images were acquired after a 650 nm LED
light (5000 Im) irradiation on the mice for 2 min. The exposure
time was 300 s.

2.6 Invitro and in vivo MR images

The MR images and relaxation time were obtained on a HT/
MRSI60-60KY 1.2T MRI system (Huantong Co. Ltd, Shanghai,
China). A series of aqueous solutions of HA-Gd,0;-PLNPs were
prepared with different Gd concentrations to obtain the relax-
ivity (ry).

The solution of HA-Gd,0;-PLNPs (200 pL, 2 mg mL™") was
intravenously injected into the Balb/c nude mice with HepG
2 tumor (5 weeks, female). MR images were obtained before
and at 6 h after injection.

2.7 Histological staining

The histological changes of the major organs were studied
15 days after intravenous injection of the nude mice. The mice
were sacrificed and the major organs were fixed in a 4% for-
maldehyde solution. Finally, the standard H&E staining was
carried out for histological examination.

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

Scheme 1 shows the route for the preparation of HA-Gd,O;-
PLNPs. The PLNPs were synthesized by a one-pot hydro-
thermal method and the surface was modified via the hydro-
lysis of (3-aminopropyl)triethoxysilane (APTES) to introduce
the amino group to give PLNPs-NH,. The HA-Gd,O; probe was
prepared by a biomineralization process.’® Here, the HA moi-
eties enable the probe to target the CD44R on the tumor cell
surface. An EDC/NHS coupling strategy was employed to conju-
gate the amino groups of the PLNPs to the carboxyl group of
HA-Gd,0j; to obtain the multimodal probe HA-Gd,O5-PLNPs.
The influence of the reaction temperature, Cr doping ratio,
reaction time and reactant concentration on the luminescence
intensity and afterglow time of the PLNPs was studied. The PL
delay curves show that the higher reaction temperature of the
hydrothermal method led to better luminescence intensity
(Fig. 1A). The increase in temperature led to a sharper charac-
teristic peak of the XRD pattern (Fig. S1A, ESIt) and a larger
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Scheme 1 Schematic for the preparation of HA-Gd,O3z-PLNPs.
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Fig. 1 NIR PL decay curves of the PLNP powder after 254 nm UV lamp
excitation for 5 min: (A) ZnGa,04:Crg 001 Synthesized at different reac-
tion temperatures for 24 h with 150 mM reactant concentration. (B)
ZnGa,_,O4:Cr, synthesized with various doping contents of Cr for 24 h
with 150 mM reactant concentration at 220 °C. (C) ZnGay04:Crg go1 SYyN-
thesized for different reaction times with 150 mM reactant concen-
tration at 220 °C. (D) ZnGa,04:Crg 001 Synthesized with different reactant
concentrations for 72 h at 220 °C.
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particle size of PLNPs (Fig. S2, ESIt). The results show that the
increase in temperature favors the enhancement of crystallinity
and luminescence intensity.

The delay curves of the PLNPs varied with the doping
content of Cr (Fig. 1B). The PL intensity decreased with the
increase of Cr content, mainly because the increased Cr
emitter in the zinc gallate host led to faster release of the
storage energy.*""> The TEM images (Fig. S3, ESIf) and XRD
patterns (Fig. S1B, ESIT) show that doping Cr has no obvious
influence on the particle size and crystal structure. No remark-
able shift of the characteristic peak was observed with the
increasing concentration of Cr. The emission spectra show
that the luminescence intensity at 695 nm increased with the
Cr content (Fig. S4, ESI{).

The PL intensity increased with the reaction time from 12 h
to 72 h, but showed no obvious change with further increase
of the reaction time to 96 h (Fig. 1C). The PL intensity also
increased with the reactant concentration (Fig. 1D). TEM
images show no distinct change in the particle size with
the reaction time and reactant concentration (Fig. S5 and
S6, ESIT). The XRD patterns indicate that the better crystalli-
nity is responsible for the increased PL intensity (Fig. S1C
and D, ESIY).

The XRD pattern shows that the synthesized PLNPs have a
spinel phase of zinc gallate (JCPDS no. 38-1024) and no other
characteristic peaks such as ZnO and Ga,0O; were observed
(Fig. 2A). The HRTEM image indicates that the distance of
lattice fringes is 4.82 A, corresponding to the (111) lattice
planes of the zinc gallate solid solution and the lattice defects
were also observed (Fig. 2D). The HRTEM image also reveals
that the prepared HA-Gd,O; has a round-like shape with a size
of 2.2 + 0.3 nm (Fig. S7A and B, ESIf). The TEM image shows
that the synthesized PLNPs have good dispersity and uniform
shape with a size of 14.3 + 3.2 nm (Fig. 2B and C). DLS measure-
ments show that the hydrodynamic size of the PLNPs and
HA-Gd,03-PLNPs in aqueous solution is 43.8 and 141.8 nm,
respectively (Fig. S84, ESIT). No obvious change in the size dis-
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Fig. 2 (A) XRD pattern of the PLNPs; (B) size distribution of the PLNPs;
(C) TEM and (D) HRTEM images of the PLNPs.
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tribution in cell culture solution for 24 h shows the good stabi-
lity and dispersibility of the HA-Gd,O;-PLNPs (Fig. S8B, ESIf).
The zeta potential of the PLNPs changed from —31.6 mV to
24.2 mV after the APTES modification due to the introduced
amino group, while that of HA-Gd,O3;-PLNPs was —9.58 mV as
HA is abundant in the carboxyl group (Fig. S9, ESIT).

FT-IR spectra and TGA were used to further confirm the
successful modification of PLNPs. Strong absorption peaks of
0-Si-0 at 1120 and 1040 cm ™", the asymmetric and symmetric
CH, stretching bands at 2929 and 2872 cm™', and the N-H
stretching bands at 3415 and 3284 cm™" indicate the success-
ful amino-functionalization of PLNPs."® The strong absorption
bands of -COO at 1620 and 1076 cm™' in HA-Gd,O,;-PLNPs
suggest successful conjugation of HA-Gd,O; to the PLNPs. Two
absorption bands of CO-NH were overlapped with the absorp-
tion band of ~COO at 1620 cm™" (Fig. 3A)."* The TGA curves of
PLNPs-NH, show a weight loss for the evaporation of the
absorbed water below 125 °C and the decomposition of the
alkane on the particle surface after 125 °C. A sharp weight loss
of HA-Gd,0;-PLNPs from 250 °C to 450 °C is attributed to the
decomposition of the HA moieties, which accounts for 10%
(wt%) of HA-Gd,05-PLNPs (Fig. 3B and Fig. S10, ESIT).

As shown in Fig. 4A, the PLNP powder can be excited by a
broad range of light with a large excitation peak at 268 nm due
to the charge transfer of the zinc gallate host. The other three
peaks at 407 nm, 463 nm and 558 nm are all ascribed to the
d-d transitions of Cr from “A, — “T,(te®) transition, ‘A, —
“T,(t%) transition and *A, — *T,(t%¢) transition, respectively.
The *A, — T,(t%¢) transition is also the main reason for re-
activation with a LED lamp irradiation (Fig. S11, ESI{).>> The
prepared PLNPs show excellent NIR PL with the peak at
695 nm originating from the *E — ‘A, transition of Cr**
(Fig. 4B).*"*>** The PL signal of the PLNPs can still be
detected 2 h after stopping UV excitation (Fig. 4C and E) and
re-activated with a LED lamp irradiation to recover the PL
signal (Fig. 4D). The aqueous solution of PLNPs displays
similar PL properties (Fig. 4F and G). The low density of
PLNPs in aqueous solution is responsible for the weaker PL
intensity than PLNP powder. HA-Gd,O3-PLNPs show similar
excitation and emission spectra, but exhibit lower PL intensity
than the PLNPs due to the lower density of PLNPs in the probe
(Fig. S12, ESIY).

The cytotoxicity of the HA-Gd,03-PLNPs was assessed with
HepG 2 tumor cells and MCF-7 tumor cells. No distinct
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Fig. 3 (A) FT-IR spectra of the PLNPs, PLNPs-NH, and HA-Gd,Os-
PLNPs. (B) TGA curves of the PLNPs, PLNPs-NH, and HA-Gd,Oz-PLNPs.
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Fig. 4 (A) Excitation and emission spectra of the powder of the PLNPs.
The inset represents the photoimages of the powder of the PLNPs in
bright field (left) and after 5 min UV lamp excitation (right). (B) Excitation
and emission spectra of the aqueous PLNP dispersion (2 mg mL™). The
inset refers to the photoimage of the PLNP aqueous solution under the
UV lamp excitation. (C) NIR PL delay curve of the PLNPs powder excited
with a 254 nm UV lamp for 5 min. (D) NIR PL delay curve of the PLNP
powder excited with red LED light repeatedly for 2 min. (E) NIR PL
images of the PLNP powder after 5 min excitation with a 254 nm UV
lamp and 2 min re-activation with red LED light. (F) NIR PL delay curve
of the PLNP aqueous solution (2 mg mL™) excited with a 254 nm lamp
for 5 min. (G) PL images of the PLNP aqueous solution after 10 min exci-
tation with a 254 nm UV lamp and 2 min re-activation with red LED
light. Exposure time: 10 s.

changes in the cell viability were observed after incubation
with the HA-Gd,O;-PLNPs even with the concentration as high
as 400 ug mL™" for 24 h (Fig. S13, ESIT). The in vitro targeting
capability of the HA-Gd,03-PLNPs was evaluated with HepG 2
cells and MCF-7 cells. After 24 h incubation, a higher lumine-
scence signal was observed in HepG 2 cells than those in both
MCF-7 cells and HA-blocked HepG 2 cells (Fig. 5), indicating
that HA-Gd,03-PLNPs can specifically target CD44R on the
surface of cancer cells.

The PL signal of the HA-Gd,03-PLNPs in a normal nude
mouse can be detected on a CCD camera for at least half an
hour and recovered with a red LED light irradiation (Fig. 6A).

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Luminescence cell images of HepG 2 and MCF-7 tumor cells
incubated with HA-Gd,O3-PLNPs for 24 h. All scale bars are 100 pm.

No autofluorescence background signal was detected because
of the ex situ excitation. The major PL signal was observed at
the liver and spleen sites due to the rapid phagocytosis of the
mononuclear phagocyte system and abundant capillary vessels
in the lung might be the reason for the PL signal in the lung
(Fig. 6B)."*** In vivo PL images of HA-Gd,O;-PLNPs in the
tumor nude mice gave similar results except for the PL signal
of the tumor sites (Fig. 7A). Three hours after the intravenous
injection of HA-Gd,0;-PLNPs, the PL signal was observed in
the tumor site and enhanced until 6 h post-injection. The
ex vivo PL images of the tissues further demonstrate the
tumor-targeting capability of HA-Gd,O5;-PLNPs (Fig. 7B).

To evaluate the MRI capability of HA-Gd,O3-PLNPs, the
longitudinal proton relaxation time (7;) of a series of aqueous
solutions of HA-Gd,O;-PLNPs with different Gd concentrations
was measured to obtain the r; value. T;-Weighted MR images
of the HA-Gd,O;-PLNPs and Gd-DTPA reveal that the MR
signal increased with the Gd concentration (Fig. 8A). The ry
value of the HA-Gd,05-PLNPs was 7.38 mM ™" s~ higher than
that of Gd-DTPA (4.44 mM™~" s7*) (Fig. 8B).

In vivo Ty-weighted MR images of nude mice were obtained
to show the target capability of HA-Gd,03;-PLNPs (Fig. 8C). The
MRI signal appeared in the liver and tumor sites 6 h after
injection of HA-Gd,O;-PLNPs. The results were consistent with
the PL images but with better spatial resolution. The above
results demonstrate the potential of the HA-Gd,O;-PLNPs for
Ti-weighted MRI.

The histological examination of the main organs from the
nude mice, including heart, liver, spleen, kidney and lung, was

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (A) In vivo PL images of normal mice after intravenous injection
of HA-Gd,O3-PLNPs (200 L, 1 mg mL™). (B) Representative ex vivo PL
images of isolated organs from a normal mouse at 24 h after tail vein
injection of HA-Gd»O3-PLNPs (200 pL, 1 mg mL™): (a) heart, (b) liver, (c)
spleen, (d) kidney, (e) lung, (f) intestine, (g) stomach.

Fig. 7 (A) In vivo PL images of HepG 2 tumor balb/c nude mice after
intravenous injection of 200 pL aqueous solution of HA-Gd,O3-PLNPs
(1 mg mL™). (B) Representative ex vivo PL images of isolated organs
from the tumor mouse at 24 h after tail vein injection of 200 pL aqueous
solution of HA-Gd,Os-PLNPs (1 mg mL™Y): (a) heart, (b) liver, (c) spleen,
(d) kidney, (e) lung, (f) intestine, (g) stomach, (h) tumor.

Nanoscale, 2017, 9, 9049-9055 | 9053
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Fig. 8 (A) T;-Weighted MR images of Gd-DTPA (left) and HA-Gd,O3-
PLNPs (right) with various concentrations of Gd. (B) r; relaxivity curves
of HA-Gd,O3-PLNPs and Gd-DTPA. (C) In vivo T;-weighted MR images
of the mouse treated with 200 pL aqueous solution of HA-Gd,O3z-PLNPs
(2 mg mL™) before and 6 h after the intravenous injection. The red
cycles refer to the liver and tumor sites.

performed to evaluate the toxicity of HA-Gd,O;-PLNPs and no
obvious pathological changes were observed (Fig. S14, ESIT).
The body weight changes of the mice were monitored for
30 days after the intravenous injection of HA-Gd,O;-PLNPs,
and the mice injected with PBS served as the control group.
The body weight of two groups showed no distinct difference
over 30 days (Fig. S15, ESIT). All results indicate no significant
in vivo toxicity of HA-Gd,03-PLNPs for biological application.

4. Conclusions

In conclusion, we have reported the design and fabrication of
functional PLNP based multi-modal probe HA-Gd,O;-PLNPs
for targeted PL/MR dual-modal bioimaging. The NIR emitting
PLNPs with small particle size and uniform morphology have
been directly synthesized by a hydrothermal method and con-
jugated to HA-Gd,0; with good longitudinal relaxivity. The HA
moieties of HA-Gd,0O3 enable tumor-targeting capability of the
probe. The conjugation of HA-Gd,0O; and PLNPs provides a
convenient approach for the preparation of a targeted PL/MR
multimodal probe with high PL signal-to-noise ratios and
good MR spatial resolution.
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