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ABSTRACT

Recently, theranostic has drawn tremendous attention by virtue of the nanotechnology development and
new material exploration. Herein, we reported a novel theranostic system by loading Au nanoclusters
(AuNCs) and Chlorin e6 (photosensitizer, Ce6) onto the monolayer nanosheet surface of Gd-doped
layered double hydroxide (Gd-LDH). The as-prepared Ce6&AuNCs/Gd-LDH exhibits a largely enhanced
fluorescence quantum yield (QY) of 18.5% relative to pristine AuNCs (QY =3.1%) as well as superior Ty
magnetic resonance imaging (MRI) performance (r; =17.57 mM~'s~') compared with commercial MRI
contrast  agent  (Gd(Ill)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd-DOTA):
r1 = 34mM~'s™1), resulting from a synergistic effect between AuNCs and Gd-LDH. In addition, both
in vitro and in vivo therapeutic evaluations demonstrate an efficient dual-modality imaging guided
anticancer performance, especially the synergetic enhanced magnetic resonance/fluorescence (MR/FL)
visualization of tumor site. Therefore, this work demonstrates a successful paradigm for the design and
preparation of LDHs monolayer-based theranostic material, which holds great promises in practical
applications.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Theranostics, which combines diagnostic and therapeutic moi-
eties into a single platform, can realize simultaneous diagnosis and
therapy, real-time monitoring of drug distribution/delivery, and
assessment of the treatment efficacy [1—6]. With the development
of nanotechnology, a variety of inorganic and organic nano-
materials have been explored as theranostic agents with great
potential applications in biomedicine [7—12]. Although much
progress has been made [13—17], how to integrate diagnostic and
therapeutic agent into one formulation, even with a largely
enhanced synergistic effect between each component, is vitally
important for theranostics effectiveness but remains a challenge.
Recently, ultrathin two-dimensional (2D) nanomaterials (e.g.,
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graphene, transition-metal dichalcogenides, hexagonal boron
nitride, black phosphorus, etc.), have attracted considerable inter-
est in theranostics, owing to their intriguing quantum size and
surface property [18—21]. However, previous ultrathin nano-
materials synthesized via “top-down” mechanical-exfoliation
strategy, show difficulties in a fine control over composition, size,
thickness, and uniformity [22—24]. Therefore, developing a new
drug formulation which affords imaging and therapeutic modality
on the basis of 2D material design and synthesis exploration, a
tunable composition and structure as well as excellent synergistic
diagnosis and treatment can be achieved.

Layered double hydroxides (LDHs), whose structure is described
by the general formula [M?*1_M>*(OH)2](A" )xjn-mH,0 (M*" and
M3+ are divalent and trivalent cations, and A™ is the charge-
balancing interlayer anion), have attracted extensive attention as
a 2D drug carrier [25—28]. A unique property of LDHs materials is
that bulk LDHs microcrystals can be delaminated into monolayer
nanosheets via top-down method [29—31], which have shown
excellent performance in catalysis [32], electrochemistry [33] and
energy storage [34], owing to the extremely high specific surface
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area and quantum effect. However, LDHs monolayer serving as
theranostic material is rarely studied due to the low efficiency “top-
down” mechanical-exfoliation method. Exploration on a “bottom-
up” strategy for the synthesis of LDHs monolayer and taking
advantage of the versatility in both host layer and charge-balancing
anion, which could be used as a nanocarrier to integrate diagnostic
and therapeutic moieties. For instance, if a high magnetic moment
metal ion (e.g., Gd>*) is doped into LDH monolayer and a fluores-
cence imaging agent (e.g., Au nanoclusters (AuNCs)) is anchored
onto the monolayer surface, a magnetic resonance/fluorescence
(MR/FL) dual-modality imaging material can be obtained, which
would take the following advantages: (i) the fully exposured Gd3*
in LDH monolayer will strongly promote the MR imaging perfor-
mance; (ii) due to the electron-withdrawing effect of LDH mono-
layer [35], the fluorescence emission and stability of AuNCs would
be greatly enhanced. In addition, anticancer drugs can be further
introduced into AuNCs/Gd-LDH system based on a supermolecular
interaction, so as to achieve a synergistic dual-modality imaging
guided cancer treatment.

In this work, we report a novel theranostic system by immobi-
lizing AuNCs and Chlorin e6 (photosensitizer, Ce6) on the surface of
Gd-doped LDH monolayer nanosheets (Gd-LDH) (Scheme 1), and
the resulting Ce6&AuNCs/Gd-LDH monolayer material exhibits
excellent MR/FL dual-modal imaging and photodynamic therapy
(PDT) performance toward cancer. Monolayer Gd-LDH nanosheets
were fabricated by a new bottom-up synthetic method, with a fine
control over metal composition and thickness. Such a theranostic
system shows superior MRI property with a large longitudinal MR
relaxivity value (r7) of 17.57 mM~'s~!, which is much superior to
commercially used MRI contrast agent Gd(Ill)-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd-DOTA)
(r1=34mM's!) [36]. Moreover, due to the electron-
withdrawing effect of LDH matrix, the fluorescence quantum
yield (QY) of AuNCs enhances significantly from 3.1% (pristine
AuNCs in aqueous solution) to 18.5% (localized onto Gd-LDH).
Structure-property studies reveal an electron transfer from AuNCs
to LDHs monolayer, accounting for this synergistically enhanced
MRI and fluorescence imaging behavior. In addition, in vitro studies
show a largely boosted PDT performance of Ce6&AuNCs/Gd-LDH,
with a 11.7-fold ROS enhancement relative to pristine Ce6. In vivo

investigations exhibit both an excellent MR/FL dual-modality im-
aging and superior PDT toward tumor treatment.

2. Experimental section
2.1. Materials

Mg(NOs),-6H,0, Al(NOs3)3-9H,0, Gd(NOs3)3-6H>0,
Eu(NO3)3-6H,0, NaOH, NaNOs, formamide were purchased from
Aladdin Chemical. Co. Ltd (Shanghai, China). Reduced glutathione
(GSH), hydrogen tetrachloroaurate hydrate (HAuCls-3H,0), 2,7-
fichlorodihydrofluorescein diacetate (DCFH-DA), calceinacetox-
ymethyl ester (Calcein-AM), propidium iodide (PI) and 4',6-
diamidino-2-phenylindole (DAPI) were obtained from Sigma-
Aldrich Company (St. Louis, MO, USA). Chlorin e6 (Ce6) was ob-
tained from J&K Scientific (China). High glucose Dulbecco's modi-
fied Eagles medium (DMEM), 0.25% trypsin-EDTA and penicillin/
streptomycin were purchased from Gibco (Invitrogen, Carlsbad,
CA). Fetal bovine serum (FBS) was purchased from Excell Bio. Co.,
Ltd. (Shanghai, China) Phosphate-buffered saline (PBS) was pur-
chased from Solarbio Science &Technology Co, Ltd (Beijing, China).
All of the above chemicals were of analytical-grade and used
without any further purification. Ultrapure water from a Milli-Q
Millipore system was used in all the processes.

2.2. Synthesis of Gd-LDH monolayer nanosheets

In a typical synthesis of Gd-LDH monolayer nanosheets, solution
A: Mg(NOs3),-6H,0 (0.0008 mol), AI(NOs3)3-9H,0 (a mol) and
Gd(NO3)3-6H,0 (b mol) dissolved in 20 mL of deionized water (a +
b =0.0004). Solution B: NaOH (0.006 mol) dissolved in 20 mL of
deionized water. Solution C: NaNOj3 (0.0002 mol) dissolved in a
solvent composed of deionized water (15mL) and formamide
(5mL). Solution A and B were added drop by drop into solution C at
85°C with stirring for 20 min. The obtained precipitation was
washed with deionized water and ethanol for four times by
centrifugation. Subsequently, the residual formamide in the Gd-
LDH monolayer sample can be removed by a dialysis (8 kDa)
treatment.

Scheme 1. Schematic illustration for the structure of Ce6&AuNCs/Gd-LDH.
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2.3. Preparation of AuNCs and AuNCs/Gd-LDH

AuNCs was synthesized according to a reported method with
some modifications [37]. Briefly, 1.80 mL of GSH (100 mM) was
added into 58.2 mL of HAuCls-3H,0 (2.1 mM) and mixed thor-
oughly at room temperature. After further stirring for 20 min, the
mixed solution was transferred to a stainless-steel Teflon-lined
autoclave and reacted for 24h (80°C). After the autoclave was
cooled down, extra reactants were removed by dialysis for 48 h and
the obtained AuNCs was stored at 4 °C. To prepare AuNCs,/Gd-LDH,,
with different ratios, AuNCs sol (10 mM) was added dropwise into
the Gd-LDH suspension (1 mM) with various molar ratios, and the
resulting suspension was shaken continuously for another 20 min.
The sample of AuNCs/Gd-LDH was obtained after centrifugation at
10000 r/min for 10 min.

2.4. Drug loading

0.1 mmol of Chlorin e6 (Ce6) was firstly dissolved in 10 mL of
dimethyl sulfoxide (DMSO), and then 0.1 mL of Ce6 DMSO solution
was added into 10 mL of AuNCs/Gd-LDH (concentration of Gd-LDH:
1 mM) suspension with stirring for 12 h. The excess Ce6 and DMSO
were removed by centrifugation at 10000 r/min for 3 times, and
then the Ce6&AuNCs/Gd-LDH was re-dispersed in water.

2.5. Detection of singlet oxygen production

The production efficiency of singlet oxygen was measured by
using 1,3-diphenylisobenzofuran (DPBF) as a probe. A DPBF aceto-
nitrile solution (20puL, 70uM) was added into 2mL of Ce6,
Ce6&AuUNCs and Ce6&AuNCs/Gd-LDH solution, respectively, with
equivalent Ce6 concentration (10 pg/ml). The mixed solution was
irradiated by a simulated sunlight source (optical filter 650 + 5 nm,
15 W/cm?) for 8 min. UV—vis absorption spectra were recorded
every minute and the decrease rate of absorption intensity at
410 nm is proportional to the singlet oxygen production efficiency.

2.6. Ti;-weighted MRI study

MRI was performed on 7.0 T small animal MRI instrument. T;-
weighted MRI images of Gd-LDH and AuNCs/Gd-LDH were
measured with different Gd concentrations of 0, 0.01, 0.02, 0.04,
0.06, 0.08 mM, respectively. MRI images were acquired using T;
RARE sequence with parameters as follows: TR=300ms,
TE=6.06ms, field of view=45mmx45mm, matrix
size = 256 x 256, number of slices = 20, slice thickness = 1 mm, flip
angle =90° and NEX = 2.

2.7. Coordinated water molecules (q) measurement

The excited state lifetimes of Eu substituted complexes
measured in H,0 and D,0 are associated with g by the equation:
q=A (tazo — thlo) [38], in which A is a constant of 1.05 (water
molecules) and t is the excited state lifetime. According to the re-
ported method, Gd was substituted by Eu to determine the coor-
dinated water molecules in Gd complexes due to the similar ionic
radii [39]. To determine the number of coordinated water molecule
in Gd-LDH and AuNCs/Gd-LDH, Eu-LDH monolayer was firstly
synthesized with the same bottom-up method. Afterwards, the
excited state lifetimes Eu-LDH and AuNCs/Eu-LDH were measured
in H,0 and D50, respectively. Finally, the number of q for Gd-LDH
and AuNCs/Gd-LDH was calculated by the above equation.

2.8. Cell line and culture

HepG2 cells were purchased from Institute of Basic Medical
Sciences Chinese Academy of Medical Sciences (Beijing, China) and
incubate in 25 cm? cell-culture flask at 37 °C with an atmosphere of
5% CO,. 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin were added into Dulbecco's modified Eagle's me-
dium (DMEM) as culture medium. 1.0 mL of trypsin (0.25%) was
used to detach cells when they cover 80%—90% of bottom area and
the process was terminated in 2 min by adding 2 mL DMEM.

2.9. In vitro fluorescence image

To study the in vitro fluorescence imaging, HepG2 cells were
grown and expanded on 35 mm confocal dishes for 24 h. After
incubating with pristine AuNCs, AuNCs/Gd-LDH, Ce6&AuNCs/Gd-
LDH (equivalent AuNCs: 10 ug/mL) for 6 h, the cells were washed
with PBS for 3 times sufficiently. The nuclei of cells were stained
with 4’,6-diamidino-2-phenylindole (DAPI) for 10 min and washed
with PBS again for 3 times. The fluorescent images were obtained
by a Leica confocal laser scanning microscopy (Leica, Germany).

2.10. In vitro photodynamic therapy

HepG2 cells were seeded in two 96-well plates at the density of
1 x 10%cells/well and cultured overnight. Cells were incubated
with 100 pL medium containing serious of pristine Ce6 (0—10 pg/
mL), Ce6&AuNCs and Ce6&AuNCs/Gd-LDH (equivalent Ce6
0—10 pg/mL) for 24 h. After washing with PBS for 3 times, one plate
was kept in the dark for dark toxicity study, and the other plate was
irradiated with a simulated sunlight source (optical filter
650 + 5 nm) at a power of 15 mW/cm? for 20 min. Afterwards, cells
were grown for another 6 h before the standard methyl thiazolyl
tetrazolium (MTT) assay. Both the dark toxicity and phototoxicity
were evaluated by a standard MTT assay. The cell viability was
calculated by the equation: Cell viability= (OD 490 nm of the
experimental group/OD 490nm of the control group) x 100%,
where the cell viability of control group was denoted as 100%.
Additionally, Calcein-AM and propidium iodide (PI) were used to
stain the population of viable and necrotic cells.

2.11. Cellular ROS detection

HepG2 cells were incubated with Ce6 (5 pug/mL), Ce6&AuNCs
and Ce6&AuNCs/Gd-LDH (equivalent 5 pg/mL of Ce6) for 24 h in 6-
well plates. After washing with PBS, DCFH-DA (2 x 107> M) was
added and incubated for 20 min. After irradiating with a simulated
sunlight source (optical filter 650 + 5 nm) at a power of 15 mW/cm?
for 20 min, the generated ROS inside the cells was measured by
flow cytometer quantitatively and imaged by a Leica confocal laser
scanning microscopy.

2.12. Animal experiments

Male Balb/c mice (Balb/c-nude, aging 4—6 weeks) were pur-
chased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd and used under protocols approved by Beijing Shijitan Hospital
Animal Research Center. 1 x 10’ HepG2 cells suspended in 100 pL of
phosphate buffered saline (PBS) were subcutaneously injected into
the back of each mouse. All the experiments began when the tumor
volume reached 70 mm>.
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2.13. In vivo MRI study

For in vivo MRI, mice were injected intravenously with Gd-LDH
and AuNCs/Gd-LDH (equivalent Gd at 0.88 mg/kg of mice body
weight), respectively. MRI images were acquired using T; RARE
sequence with parameters as follows: TR = 500 ms, TE = 9 ms, field
of view=3cm x 3 cm, matrix size =256 x 256, number of sli-
ces = 20, slice thickness = 1 mm, flip angle = 180° and NEX =4.

2.14. In vivo fluorescence imaging

Free AuNCs, AuNCs/Gd-LDH, and Ce6&AuNCs/Gd-LDH in
1 x PBS solution (200 uL, with a dosage of 2.2 mg AuNCs/kg of
mouse body weight) were intratumorally injected into the tumor-
bearing mice. Time-course fluorescent images (excitation:
410 nm; emission: 525—600 nm) were acquired on a IVIS lumina
fluorescence imaging system. All the post injection images were
captured at the same parameter settings and scale.

2.15. In vivo photodynamic therapy

Mice were randomized into six groups as follows (6 animals per
group): (Group i) 200 uL of PBS without irradiation; (Group ii)
200 pL of Ceb6 (2 mg/kg) without irradiation; (Group iii) 200 puL of
Ce6&AuNCs/Gd-LDH (equivalent Ce6 2 mg/kg) without irradiation;
(Group iv) 200 pL of PBS with irradiation; (Group v) 200 pL of Ce6
(2 mg/kg) with irradiation; (Group vi) 200 uL of Ce6&AuNCs/Gd-
LDH (equivalent Ce6 2 mg/kg) with irradiation. Mice were irradi-
ated by a helium-neon (He-Ne) laser (optical filter 650 + 5 nm) at
the power of 15 mW/cm? for 20 min. The tumor size was measured
by a caliper every two days and calculated in the formula: volume=
(tumor length) x (tumor width)? x 0.5. Relative tumor volume was
calculated as V/Vy (V and Vj are the tumor volume measured at time
t and tp, respectively).

2.16. Histology examination

For histological examination, tumors and main organs from the
treated group and control groups were fixed in 4% formalin and
conducted with paraffin embedded sections for H&E staining. The
slices were examined by a digital microscope (Leica). For blood
analysis, 200 uL of blood was collected from mice treated with PBS
and Ce6&AuNCs/Gd-LDH after intravenously injection for 1 day and
7 days, respectively. The blood was separated and analyzed under
standard biochemical examination.

2.17. Sample characterization

Powder X-ray diffraction patterns of the samples were collected
on a Shimadzu XRD-6000 diffractometer using a Cu Ko source, with
a scan step of 0.02° and a scan range between 3° and 70°. The
morphology of the samples was investigated using a scanning
electron microscope (SEM; Zeiss SUPRA 55) with an accelerating
voltage of 20 kV. High resolution transmission electron microscope
(HRTEM) images were recorded with JEOL, JEM-2100; the acceler-
ating voltage was 200 kV. The chemical composition of LDH sam-
ples were determined by inductively coupled plasma (ICP)
emission spectroscopy on a Shimadzu ICPS-7500 instrument. The
particle size distribution was determined using a Malvern Master-
sizer 2000 laser particle size analyzer. The Fourier transform
infrared (FT-IR) spectra were recorded in the range 4000—400 cm™!
with 2 cm ™! resolution on a Vector 22 (Bruker) spectrophotometer.
The UV—vis absorption spectra were collected in the range
250—700 nm on a Shimadzu U-3000 spectrophotometer, with a slit
width of 1.0 nm. The fluorescence spectra were performed on a RF-

5301PC fluorospectrophotometer with the excitation wavelength of
400 nm. The fluorescence emission spectra range in 470—700 nm,
and the width of both the excitation and emission slit is 1.5 nm.
Fluorescence images of these samples were obtained using a Leica
confocal laser scanning microscopy. In vivo images were obtained
using an IVIS Lumina fluorescence imaging system. The MRI ex-
periments were conducted on a Bruker PharmaScan device. The
blood cell counts and serum biochemistry analysis were measured
on an automated hematology analyzer (Bayer Advia 2120) and
automatic biochemical analyzer (Olympus AU400), respectively.

3. Results and discussion

3.1. Structural and morphological characterization of Gd-LDH
nanosheets

To prepare the monolayer Gd-LDH nanosheets, a one-step bot-
tom-up synthetic method was developed, in which AI** in MgAl-
LDH was partially substituted by Gd>* during the synthesis pro-
cess. The doping content of Gd>* was investigated from 10% to 60%
(molar ratio of Gd3*/(Gd**+ AI**)), and all these samples showed
the (003), (006), (009) and (110) reflection of an LDH phase
(Fig. S1). However, the diffraction intensity decreases along with
the increase of Gd>* content, and Gd-LDH nanosheets sample with
60% doping gives a rather poor crystal structure. Thus, the highest
ratio of doped Gd3* is determined to be 50%. These Gd-LDH
nanosheets samples with 10%—50% Gd>* doping display no
obvious difference both in zeta potential (Fig. S2: ranging from 21
to 47 mV) and size distribution (Fig. S3: ranging from 60 to 110 nm).
Moreover, the molar ratios of Mg/Al/Gd measured by inductively
coupled plasma optical emission spectrometry (ICP) give rather
close values to the nominal ones (Table S1). For a comparative
study, the sample of bulk LDH was synthesized by co-precipitation
method with the highest Gd-doping of 21.1% according to the ICP
result (Table S2). A large doping up to 30% leads to deterioration in
morphology, zeta potential and size distribution of bulk Gd-LDH
(Fig. S4 and S5), in contrast to the monolayer sample with a Gd-
doping as high as 50%.

HRTEM image of Gd-LDH monolayer shows a plate-like
morphology with a lateral dimension of ~50nm, and a lattice
fringe of 0.178 nm corresponds to the [110] plane of an LDH phase
(Fig. 1A and inset). The thickness of Gd-LDH monolayer, studied by
atomic force microscope (AFM), is determined to be ~1.2 nm (Fig. 1B
and C), close to the theoretical value of an LDH monolayer
(~0.9 nm). In addition, the monolayer structure of Gd-LDH nano-
sheet was studied by XRD measurement. As shown in Fig. S6, the
LDHs bulk sample (Fig. S6, blue line) shows a typical (003) reflec-
tion of an LDHs phase at 20 11.66°; while this is not observed for the
Gd-LDH monolayer colloid sample (Fig. S6, green line), indicating
the lack of long-range-ordered layered structure [40]. Moreover,
the (003) reflection at 26 11.68° appears again after drying the Gd-
LDH monolayer colloid sample, which is ascribed to the re-stacking
of LDH monolayer to bulk state (Fig. S6, red line). Subsequently,
AuNCs modified by glutathione ligand (average particle size: ~2 nm,
Fig. S7), were immobilized onto the surface of Gd-LDH monolayer
sample via a facile deposition method (see experimental section for
details). A series of AuNCs,/Gd-LDH, samples were prepared by
changing the molar ratio of AuNCs to Gd-LDH, and HRTEM images
showed an obviously enhanced density of AuNCs as x/y ratio
increased from 0.1 to 3 (Fig. S8).

Representative HRTEM images of AuNCs;/Gd-LDH; sample are
shown in Fig. 1D, from which numerous AuNCs are located on the
surface of lamellar Gd-LDH without altering the hexagonal plate-
like morphology. A lattice fringe of 0.232nm is determined
(Fig. 1D, inset), which is attributed to the typical [111] phase of
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Fig.1. (A) HRTEM image of monolayer Gd-LDH. The inset shows the [110] crystal lattice of an LDH phase, (B) AFM image and (C) thickness measurement for monolayer Gd-LDH (1, 2,
3 denotes three representative particles). (D) HRTEM image, (E) AFM image and (F) thickness measurement for AuNCs localized onto monolayer Gd-LDH (AuNCs/Gd-LDH; 1, 2, 3
denotes three representative particles). (G) Zeta potential, (H) FT-IR spectra and (I) particle size distribution of AuNCs, monolayer Gd-LDH and AuNCs/Gd-LDH.

AuNCs. The combination of AuNCs and Gd-LDH monolayer is clearly
confirmed in Fig. S9, where the lattice fringes of both AuNCs [111]
and LDH [110] are detected within the same visual field. AFM im-
ages (Fig. 1E and F) show a thickness of ~5.2 nm for AuNCs/Gd-LDH,
which can be attributed to the immobilization of AuNCs on both
sides of Gd-LDH monolayer. The change in zeta potential also
demonstrates the localization of AuNCs onto Gd-LDH: with the
increase of x/y ratio from 0.1 to 3, the zeta potential of AuNCs,/Gd-
LDH, samples decreases from 34.2mV to 16.3 mV (Fig. S10 and
Fig. 1G, green line), which is ascribed to the immobilization of
negatively-charged AuNCs (Fig. 1G, blue line, —23.5mV) onto
positively-charged Gd-LDH (Fig. 1G, red line, 35.7 mV). Therefore,
electrostatic interaction (as shown in the change of zeta potential)
as well as hydrogen bonding (between carboxyl group of AuNCs
and hydroxyl group of Gd-LDH nanosheets) result in the efficient
anchoring of AuNCs onto Gd-LDH nanosheets. In addition, FT-IR
spectra further proves the combination of AuNCs and Gd-LDH
(Fig. TH), in which AuNCs/Gd-LDH sample exhibits both the char-
acteristic band of AuNCs at 1492 cm ™! (the vibration of C—S) as well
as Gd-LDH at 447 cm~! (vibration of O—H) and 850 cm~! (vibration
of metal—0 bond). As shown in Fig. 11, the hydrodynamic diameter
of AuNCs/Gd-LDH (blue line) is ~80 nm according to DLS mea-
surements, in contrast to that of Gd-LDH monolayer (red line,
~60 nm).

3.2. Fluorescence and MRI properties of AuNCsy/Gd-LDH, samples

The photoluminescence properties of various AuNCsy/Gd-LDH,,
were investigated. Fig. 2A shows the UV—vis absorption spectra of
these samples, in which the absorption at ~400 nm ascribed to
AuNCs enhances gradually from x/y=0.1: 1 to x/y =2: 1, and no
further increase is found for x/y =3: 1, indicating the saturated
loading capacity at x/y=2: 1. Fig. 2B displays the fluorescence
spectra of pristine AuNCs and AuNCs,/Gd-LDH,, samples. Pristine
AuNCs gives a rather weak fluorescence intensity; an increased
intensity of AuNCs,/Gd-LDH,, is observed from x/y=0.1: 1 to x/
y=2: 1. However, the intensity decreases from x/y =2: 1 to 3: 1,
which is ascribed to the self-quenching resulting from enhanced
gold—gold interactions between adjacent AuNCs [41,42]. Such a
phenomenon was further quantified by quantum yield (QY) mea-
surements. As illustrated in Fig. 2C, the highest QY value is obtained
for the sample of AuNCs,/Gd-LDH; (18.5%), which is ~6.6 folds
larger than pristine AuNCs (3.1%). The photographs of all these
samples under UV light irradiation were recorded (Fig. 2C, inset),
which showed a similar variation tendency in fluorescence in-
tensity. The excitation-state lifetime of AuNCs,/Gd-LDH; reaches to
~15.1 ps, which is 7 times longer than that of pristine AuNCs
(~1.99 ps) (Fig. S11). Moreover, the comparison of stability against
photobleaching was performed between pristine AuNCs and
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and AuNCs,/Gd-LDH; with various Gd concentrations, respectively.

AuNCs/Gd-LDH. The photographs in Fig. S12 show that the lumi-
nescence intensity of pristine AuNCs was bleached within 12 h
under UV light irradiation while that of AuNCs/Gd-LDH maintained
unchanged even after 24h continuous irradiation. We further
investigated the influence of Gd content on the fluorescence
property of AuNCs,/Gd-LDH;. It's interesting that the fluorescence
intensity increases gradually along with the increment of Gd con-
tent from 0% to 50% (Fig. 2D). This is probably ascribed to the
electron interaction between of Gd3>* and AuNCs, which will be
discussed in the next section.

In addition, the in vitro T{-weighted relaxivity (r;, the magnetic
relaxation enhancement of the neighboring water protons, which
determines MRI efficiency) of Gd-LDH and AuNCs/Gd-LDH was
investigated. Notably, as shown in Fig. 2E, the Ti-weighted relax-
ivity increases significantly from 9.641mM 's~' (Gd-LDH) to
17.57 mM~'s~! (AuNCs/Gd-LDH), demonstrating that the loading of
AuNCs remarkably improves the MRI sensitivity of Gd-LDH
monolayer. This value is ~5.2 fold larger than that of commercial
MRI contrast agent Gd-DOTA (~3.4mM~'s~!). Moreover, the 1
values of Gd-LDH and AuNCs/Gd-LDH are larger than that of bulk
Gd-LDH (6.233 mM~'s™!, Fig. S13). The T;-weighted MR images of
Gd-LDH and AuNCs/Gd-LDH are presented in Fig. 2F, showing an
enhanced brightness as the Gd concentration increases from 0 to
0.08 mM.

The results above demonstrate that a significant synergistic ef-
fect occurs between MRI performance of Gd-LDH monolayer and
fluorescent characteristic of AuNCs, which is very rare in dual- or
multi-mode imaging systems. Previous studies have shown that the
luminescent property of AuNCs originates from Au(I)—thiol species
and its concentration determines the fluorescent performance [43].
Herein, X-ray photoelectron spectroscopy (XPS) was employed to
investigate the valence state of AuNCs in the AuNCs/Gd-LDH. As
shown in Fig. 3A, both pristine AuNCs and AuNCs/Gd-LDH show
two peaks at 85.2 eV and 84.1 eV, which are attributed to Au(l)—
thiol portion (blue line) and Au(0) nanocrystals (green line),
respectively. The content of Au(I)—thiol increases markedly from
~32.5% (pristine AuNCs) to 56.1% (AuNCs/Gd-LDH); moreover, this
proportion further increases from 56.1% to 73.4% as the Gd-doping
rises from 0% to 50% (Fig. 3B—E). Fig. 3F displays the Au(I)—thiol
concentration in AuNCs as a function of Gd-doping in Gd-LDH
monolayer, which gives a similar change tendency toward QY. In
addition, XPS spectra of Gd 3d and O 1s were studied. The binding
energies of O 1s in OH™ group of Gd-LDH decreases from 531.9 eV to
530.8 eV with the increment of Gd ratio from 0% to 50% (Fig. 3G and
I, left column); while Gd 3d3; and 3ds), decrease from 1220 eV to
1219 eV and from 1188 eV to 1187 eV (Fig. 3H and I, right column),
respectively. The results indicate that this system undergoes an
electron transfer from AuNCs to Gd>* through hydroxyl group,
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ratio = 0%, 10%, 30% and 50%, respectively).

which leads to the increase of Au(I)—thiol portion and promotes the
fluorescence quantum yield.

Subsequently, we further studied the reason for enhanced MRI
of AuNCs/Gd-LDH. It has been reported that the performance of
Gd(IlI)-based MRI contrast agents is highly dependent on the
number of coordinated water molecules (q) in the first coordination
sphere of Gd(III) ion, which can shorten the proton relaxation time
of ambient water [44,45]. Herein, the value of q¢ was determined
according to a commonly used luminescence lifetime measure-
ments (Fig. S14; see experimental section for details) [46,47]. The
results show both g values of Gd-LDH (3.03) and AuNCs/Gd-LDH

A

(3.23) are significantly larger than that of commercial MRI
contrast agents (q = 1.0), which is responsible for the enhancement
of longitudinal MR relaxivity (r1). Moreover, AuNCs/Gd-LDH shows
a 1.82-fold enhancement in T{-weighted relaxivity compared with
Gd-LDH. The magnetization curves at room temperature were
measured to illustrate the magnetic behavior of LDH (without Gd-
doping), AuNCs/LDH, Gd-LDH and AuNCs/Gd-LDH. As shown in
Fig. 4A, LDH shows diamagnetic behavior, and AuNCs/LDH displays
a weak ferromagnetic property. Interestingly, after the Gd(III)
doping, Gd-LDH changes to paramagnetic with a magnetic sus-
ceptibility of 3.47 emu/(g-Oe) (Fig. 4B, blue line), due to the strong

o)
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Fig. 4. Magnetization curves at 300K for (A) LDH (without Gd-doping) and AuNCs/LDH, (B
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) Gd-LDH and AuNCs/Gd-LDH, respectively.
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magnetic property of rare-earth Gd ion [48]. Moreover, this
parameter further enhances to 3.97 emu/(g-Oe) for the sample of
AuNCs/Gd-LDH (Fig. 4B, red line), indicating an improved para-
magnetic magnetization after the loading of AuNCs. As discussed
above, a significant synergistic effect occurs between AuNCs and
Gd-LDH: the electron-transfer from AuNCs to Gd>* leads to an
increased Au(I)—thiol concentration and enhanced magnetic sus-
ceptibility, which promotes both the fluorescence QY of AuNCs and
the longitudinal MR relaxivity of Gd-LDH simultaneously. Such a
synergistic effect is rarely documented before.

3.3. In vitro studies

Furthermore, a commonly used photosensitizer (Ce6) was
incorporated with AuNCs/Gd-LDH to obtain the final sample
Ce6&AuUNCs/Gd-LDH, so as to achieve dual-mode imaging and
photodynamic therapy. The loading content (LC) and encapsulation
efficiency (EE) were studied with the mass ratio of Ce6: LDH
ranging from 0.25: 1 to 2: 1 (Fig. S15). Taking into account their
balance, the ratio of 1: 1 (LC = 96.9%, EE = 96.9%) was applied in this
work. The UV—vis characteristic absorption bands of Ce6 at 400 nm
and 660 nm are observed in Ce6&AuNCs/Gd-LDH (Fig. S16A),
indicating the successful combination of Ce6 with AuNCs/Gd-LDH.
Moreover, since Ce6 with carboxyl groups is negatively-charged, it
can be absorbed onto positively-charged Gd-LDH nanosheets. A
decrease in zeta potential is demonstrated after the loading of Ce6
onto AuNCs/Gd-LDH: relative to AuNCs/Gd-LDH with a zeta po-
tential of 19.3 mV (Fig. 1G), Ce6&AuNCs/Gd-LDH shows a decreased
zeta potential (10.7mV) due to the electronegativity of Ce6
(—=15.7 mV, Fig. S16B). The release amount of Ce6 is below 6.5% in
PBS for 24 h, which indicates a good stability of Ce6&AuNCs/Gd-
LDH during in vivo circulation (Fig. S17). Moreover, the UV—vis
spectrum of Ce6&AuNCs/Gd-LDH shows little change within 30
days (Fig. S18), demonstrating a satisfactory storage stability of Ce6
on AuNCs/Gd-LDH under ambient conditions. Ce6&AuNCs/Gd-LDH
also displays a satisfactory storage stability in water, PBS and cul-
ture medium (Fig. S19A) with rather close size distribution for 30
days (Fig. S19B). The strong Tyndall effect further demonstrates a
high aqueous stability and dispersibility of Ce6&AuNCs/Gd-LDH
sample as well (Fig. S20). The production efficiency of singlet ox-
ygen, which is a key parameter in photodynamic therapy, was
measured by using 1,3-diphenylisobenzofuran (DPBF) as a probe,
whose absorption at 410 nm will decrease via reaction with singlet
oxygen [49]. Fig. S21A shows the decreased intensity of normalized
absorbance at 410 nm of DPBF with the presence of pristine Ce6,
Ce6&AuNCs and Ce6&AuNCs/Gd-LDH, respectively, upon irradia-
tion at 650nm. After 8 min irradiation, pristine Ce6 and
Ce6&AuUNCs show a decrease of 20% and 21%, respectively; in
contrast, the sample of Ce6&AuNCs/Gd-LDH displays a decline of
37%, indicating the highest production of singlet oxygen in the case
of Ce6&AuNCs/Gd-LDH. This is mainly ascribed to the enhanced
anti-photobleaching of Ce6 after incorporation with Gd-LDH
(Fig. S21B).

In vitro cellular imaging and PDT performance were performed
with HepG2 cells. Fig. 5A shows the fluorescence images of cells
incubated with AuNCs, AuNCs/Gd-LDH and Ce6&AuNCs/Gd-LDH
for 6 h, respectively. Cells incubated with pristine AuNCs show a
weak fluorescence while an obviously increased fluorescence was
observed in the groups of AuNCs/Gd-LDH and Ce6&AuNCs/Gd-LDH,
indicating an excellent cellular imaging ability of AuNCs after
loading onto Gd-LDH nanosheets. Moreover, flow cytometry
(Fig. 5B) reveals a 12.5 times enhancement in fluorescence intensity
compared with pristine AuNCs, as a result of the largely increased
QY of AuNCs/Gd-LDH relative to pristine AuNCs (Fig. 2B). To further
evaluate the PDT performance in vitro, cells were irradiated at

650 nm with an optical fluence rate of 27]/cm? (15 mW/cm?,
30min) after incubation with different dosage of Ce6 and
Ce6&AuNCs/Gd-LDH, and Fig. 5C and D shows the cell viability
determined by the standard methyl thiazolyl tetrazolium (MTT)
assay. Before irradiation, the cell viability treated with 10 pg/mL of
Ce6, Ce6&AUNCs and Ce6&AuNCs/Gd-LDH are above 95% (Fig. 5C).
After irradiation, cells treated with Ce6 and Ce6&AuNCs with 10 pg/
mL show viability of 39% and 35%, respectively (Fig. 5D). In the case
of cells treated with Ce6&AuNCs/Gd-LDH, the viability decreases
sharply from 100% to 9.2% as the dosage increases from 0 to 10 pg/
mL (red bar). Such a promoted anticancer performance of
Ce6&AuUNCs/Gd-LDH can be ascribed to enhanced permeability and
retention (EPR) effect (discussed below) as well as enhanced singlet
oxygen production efficiency. The anticancer effect was visualized
by using calcein acetoxymethyl ester/propidium iodide (calcein-
AM/PI) method, in which dead cells were stained by PI with red
fluorescence signal while living cells were stained by calcein-AM
with green signal [50]. As shown in Fig. 5E, no cell death is
observed for the blank group while Ce6 group shows a few cell
mortalities. In contrast, Ce6&AuNCs/Gd-LDH (10 pg/mL) group il-
lustrates a prominent cell death (strong PI signal), consistent with
the results of in vitro tests. The singlet oxygen production efficiency
in cells was evaluated by a chemical staining method using 2',7’-
dichlorodihydrofluorescein diacetate (DCFH-DA) [51], which shows
green fluorescence signal after reacting with singlet oxygen. As
shown in Fig. 5F, cells treated with Ce6&AuNCs/Gd-LDH exhibits
the strongest signal, indicating the highest ROS production. More-
over, flow cytometry measurement was applied to quantify the
singlet oxygen production (Fig. 5G), and the results showed the
group treated with Ce6&AuNCs/Gd-LDH (red peak) gives 11.7 times
promoted signal intensity than the group of Ce6 (green peak).

3.4. In vivo imaging and cancer therapy

In vivo MRI performance of Ce6&AuNCs/Gd-LDH and Gd-LDH
was evaluated by mice bearing HepG2 tumor. As the tumor vol-
ume reached ~70 mm>, the mice were administered with an
intravenous (i.v.) injection of Ce6&AuNCs/Gd-LDH and Gd-LDH
with an equivalent dose of Gd (0.88 mg/kg of mouse weight),
respectively. T1-weighted MR images were collected within 0—48 h
after injection. For Ce6&AuNCs/Gd-LDH sample (Fig. 6A), the Ty-
weighted MR signal in the tumor area increases gradually after i.v.
injection and reached the highest level at 12 h, indicating that
Ce6&AUNCs/Gd-LDH accumulates constantly at the tumor site for
the first 12 h due to the enhanced EPR effect. Afterwards, the MR
signal decreases gradually from 12 h to 48 h. Compared with the
commercial Gd-based contrast agents (less than 2 h), the prolonged
MR imaging time suggests potential application of Ce6&AuNCs/Gd-
LDH in diagnosis. In comparison, mice injected with Gd-LDH show
the same trend but with relatively weaker MR signal intensity
(Fig. S22). The promoted in vivo MRI performance of Ce6&AuNCs/
Gd-LDH relative to pristine Gd-LDH can be ascribed to the
enhanced r; value, which has been discussed above.

In vivo fluorescence imaging of Ce6&AuNCs/Gd-LDH was stud-
ied through intratumor injection, due to the limited tissue pene-
tration of excitation wavelength (410nm). Mice injected
intratumorly with pristine AuNCs showed no signal due to the
weak luminescence efficiency and insufficient internal penetration
(Fig. S23). In contrast, intense signal was observed at the mice
treated with Ce6&AuNCs/Gd-LDH after 0.1 h injection (Fig. 6B) and
remained constant for 6 h. Subsequently, the fluorescence signal
expanded from the center and faded away gradually from 6 to 24 h,
illustrating a good stability and clearance ability of Ce6&AuNCs/Gd-
LDH. The largely promoted fluorescence QY of Ce6&AuNCs/Gd-LDH
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relative to pristine AuNCs (18.5% vs. 3.1%) (Fig. S24), is responsible
for its superior in vivo fluorescence image ability. Moreover, to
study the biodistribution of Ce6&AuNCs/Gd-LDH, mice were
injected intravenously and main organs were collected at different
time points. Fig. S25A and B show the biodistribution and averaged
fluorescence intensity of various organs at 2 h, 8 h, 12 h, 24 h and
48 h. The strongest fluorescence intensity of tumor is found at 12 h,
which accords with the MRI results.

Based on the effective accumulation of Ce6&AuNCs/Gd-LDH
within tumor site, in vivo antitumor performance of Ce6&AuNCs/
Gd-LDH was evaluated. The treated mice were i.v. injected with a
drug dose of 2 mg/kg (200 uL) followed by a 650 nm irradiation
(15 mW/cm?, 30 min) or without irradiation at 12 h post injection.
The volume changes of tumor were monitored over 16 d and Fig. 6C
displays the tumor growth curves of mice after various treatments.
The saline with/without irradiation as well as Ce6 and Ce6&AuNCs/
Gd-LDH group without irradiation show negligible tumor inhibi-
tion; mice treated with Ce6 upon irradiation partially inhibits the

tumor growth. In contrast, Ce6&AuNCs/Gd-LDH upon irradiation
produces the most efficient inhibition of tumor growth compared
with the control groups, resulting from the EPR effect and enhanced
PDT efficiency. The digital photos of the mice and corresponding
excised tumors (Fig. 6D) visually illuminate that the tumor size
treated with Ce6&AuNCs/Gd-LDH plus irradiation is significantly
smaller than the other groups. Hematoxylin and eosin (H&E)
staining analysis shows that severe tumor tissues necrosis and cell
shrinkage are observed in the group of Ce6&AuNCs/Gd-LDH with
laser irradiation while only partial necrosis or no damage can be
seen in the control groups (Fig. 6E). In addition, in vivo toxicity of
Ce6&AuUNCs/Gd-LDH was evaluated by histological analysis of main
organs, blood biochemistry as well as liver and kidney function
markers. The H&E analysis of major organs (heart, liver, spleen,
lung, and kidney) (Fig. S26) shows no significant damage in
Ce6&AuUNCs/Gd-LDH and saline group. The blood biochemistry
indices (WBC, RBC, HGB and PLT), as well as the liver and kidney
function indices (AST, ALT BUN and CRE), gave no obvious
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difference after 1 day and 7 days between Ce6&AuNCs/Gd-LDH and
saline group (Fig. S27). The results above demonstrate that
Ce6&AuNCs/Gd-LDH does not show obvious side effect and can be
used as a safe theranostics candidate for in vivo application.

4. Conclusion

In conclusion, we developed an MR/FL dual-modality imaging
guided photodynamic therapy system based on loading AuNCs and
Ce6 on the surface of Gd-LDH monolayer nanosheets. The QY of
Ce6&AuNCs/Gd-LDH enhances to 18.5% compared with pristine
AuNCs (3.1%); moreover, Ce6&AuNCs/Gd-LDH exhibits superior T1-
MRI performance (r; =17.57 mM~!s~1) than that of commercially
used MRI contrast agent Gd-DOTA (r; = 3.4mM !s™!), demon-
strating a synergistic effect between AuNCs and Gd-LDH. In addi-
tion, an excellent MR/FL dual-modality imaging guided cancer
therapy was demonstrated both in vitro and in vivo: an efficient
inhibition of tumor growth can be achieved with a drug dose of
2mg/kg (650nm irradiation; optical fluence rate: 27]/cm?).
Therefore, this work demonstrates an MR/FL dual-modality imag-
ing guided photodynamic therapy by using a highly integrated
nanomaterial, which shows great potential application as a thera-
nostic agent against cancer.
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