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Introduction: Advanced tumor-targeted theranostic nanoparticles play a key role in tumor

diagnosis and treatment research. In this study, we developed a multifunctional theranostic

platform based on an amphiphilic hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine) derivative

(HA-g-PZLL), superparamagnetic iron oxide (SPIO) and aggregation-induced emission

(AIE) nanoparticles for tumor-targeted magnetic resonance (MR) and fluorescence (FL)

dual-modal image-guided photodynamic therapy (PDT).

Materials and Methods: The amphiphilic hyaluronan acid (HA) derivative HA-g-PZLL was

synthesized by grafting hydrophobic poly-(N-ε-carbobenzyloxy-L-lysine) (PZLL) blocks onto

hyaluronic acid by a click conjugation reaction. The obtained HA-g-PZLLs self-assembled into

nanoparticles in the presence of AIE molecules and SPIO nanoparticles to produce tumor-

targeted theranostic nanoparticles (SPIO/AIE@HA-g-PZLLs) with MR/FL dual-modal imaging

ability. Cellular uptake of the theranostic nanoparticles was traced by confocal laser scanning

microscopy (CLSM), flow cytometry and Prussian blue staining. The intracellular reactive

oxygen species (ROS) generation characteristics of the theranostic nanoparticles were evaluated

with CLSM and flow cytometry. The effect of PDT was evaluated by cytotoxicity assay. The

dual-mode imaging ability of the nanoparticles was evaluated by a real-time near-infrared

fluorescence imaging system and magnetic resonance imaging scanning.

Results: The resulting theranostic nanoparticles not only emit red fluorescence for high-

quality intracellular tracing but also effectively produce singlet oxygen for photodynamic

tumor therapy. In vitro cytotoxicity experiments showed that these theranostic nanoparticles

can be efficiently taken up and are mainly present in the cytoplasm of HepG2 cells. After

internalization, these theranostic nanoparticles showed serious cytotoxicity to the growth of

HepG2 cells after white light irradiation.

Discussion: This work provides a simple method for the preparation of theranostic nano-

particles with AIE characteristics and MR contrast enhancement, and serves as a dual-modal

imaging platform for image-guided tumor PDT.

Keywords: aggregation-induced emission, MR imaging, dual-modal imaging,

photodynamic therapy

Introduction
Recently, theranostic nanoparticles with tumor-targeting ability, strong magnetiza-

tion and fluorescent properties have attracted much attention in the field of tumor

diagnosis and treatment. This system could provide real-time therapy information in
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a noninvasive manner. Moreover, medical staff can adjust

the treatment plan according to the actual situation of

patients to reach the goal of individualized treatment.1–7

However, developing such an ideal theranostic platform

still faces many challenges. For example, how to enhance

contrast agents or drug water solubility, prolong the

in vivo circulation time, maximize the accumulation in

tumor tissue and reduce the adverse effects.8

It is well known that polymeric nanoparticles can

enhance guest molecule water solubility, prolong blood cir-

culation time and improve specific accumulation in tumor

tissue via passive targeting (enhanced permeability and

retention (EPR) effect) or active targeting (receptor–ligand

interaction).9,10 Therefore, polymeric nanoparticles show

great potential as theranostic tools to deliver drugs or contrast

agents to tumor tissue for treatment or imaging.11,12

However, passive targeting with low selectivity would

reduce the bioavailability and cause side effects. To over-

come the above drawbacks of passive targeting, a series of

targeting molecules, such as folic acid, antibodies, peptides

and carbohydrates, have been introduced into polymeric

nanoparticles.13,14 As a natural polysaccharide, hyaluronan

(HA) not only has high water solubility and biocompatibility

but also targets CD44.15,16 Therefore, HA and its derivatives

play an important role in targeted drug or contrast agent

delivery. For example, hyaluronan-block-poly(γ-benzyl glu-
tamate) copolymers were prepared by Lecommandoux and

coworkers and acted as multifunctional nanocarriers for drug

delivery.17 Daniela and coworkers found that superparamag-

netic iron oxide (SPIO)-loaded hyaluronan polymeric

micelles show selective anticancer effects towards

a number of human cancer cell lines, and the in vivo intra-

muscular tumor accumulation of SPIO could be detected by

MR imaging.18 Theranostic nanoparticles based on hyalur-

onan-modified superparamagnetic iron oxide nanoparticles

(HA-SPIO) were prepared by Yang et al, and HA-SPIO not

only showed tumor-targeting capacity but also exhibited

excellent T2-weighted MR contrast enhancement and photo-

thermal therapy abilities.19 Disulfide bond-linked hyaluro-

nan-SS-poly(ε-caprolactone) block copolymers were

prepared by Yang et al after loading DOX and SPIO and

acted as theranostic nanocarriers to load doxorubicin and

SPIO for tumor diagnosis and treatment.20

As a noninvasive modern biomedical imaging technology,

MR imaging possesses several advantages such as high spatial

and temporal resolution, excellent soft tissue penetration depth

and no potential radiation damage. However,MR imaging still

suffers from low sensitivity.21 To obtain high-resolution and

sensitive diagnostic information, the development trend ofMR

imaging-based molecular imaging technology has developed

from a single-mode imaging system to a dual-mode or multi-

mode imaging system.22–24 For instance, many imaging mod-

alities such as computed tomography (CT), positron-emission

tomography (PET), ultrasonic imaging and FL imaging have

been combined with MR imaging to develop dual-modal or

multimodal imaging systems.25 Among them, the combination

of MR/FL dual-modal imaging has captured great interest

because these imaging techniques can offer the advantages of

improving the relatively poor sensitivity of MR imaging and

overcoming the detection depth and resolution limits of FL

imaging.

In this context, theranostic nanoplatforms with MR/FL

dual-modal imaging have been developed by integrating

MR and FL imaging contrast agents into nanoparticles. In

the past, luminous quantum dots (QDs) and commercial

organic dyes have been used as FL imaging contrast agents.

Although quantum dots have good photostability, they con-

tain heavy metals and have potential biological toxicity.26

Commercially available organic dyes, such as fluorescein

isothiocyanate (FITC), porphyrin and Nile Red, have good

biocompatibility and high emission efficiency. However,

these organic dyes suffer from low fluorescence quantum

yield or even fluorescence quenching at high concentrations

or in the solid-state due to the aggregation-caused quench-

ing (ACQ) effect.27,28 Recently, a new kind of organic dye

with AIE characteristics has received much attention owing

to its high photochemical stability and quantum yield at

high concentrations or in the aggregated state.29 In recent

years, a large variety of AIE-based bioprobes with MR

imaging functions have been developed for biomedical

imaging, diagnosis, and therapy.30 Liu et al prepared mag-

netic-fluorescent dual-modality probes based on gadoli-

nium-functionalized AIE dots for cancer metastasis

studies.31 Tong and her coworkers synthesized a novel tet-

raphenylethene (TPE) derivative containing Gd (TPE-2Gd).

These contrast agents have AIE characteristics, excellent

longitudinal relaxivity in water and a long circulation life-

time for high-resolution images.32 Hu et al developed ther-

anostic nanoparticles with MR/FL dual-modal imaging

diagnostic and therapeutic functionalities by integrating

TPE, DOTA (Gd) MR imaging contrast agents and camp-

tothecin (CPT) in one system. After conjugating with

tumor-targeting peptides, the theranostic nanoparticles

showed better tumor accumulation and MR imaging

performance.33 It should be noted that many AIE dyes that

have been used in MR/FL dual-modal probe systems are
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blue or green emitters. These AIE dyes have limited tissue

penetration depth and autofluorescence interference. To

overcome these problems, AIE dye with emission in the

near-infrared region has been used to develop near-infrared

MR/FL dual-modal probes.34 Furthermore, some AIE dyes

have the ability to transfer the absorbed optical energy to

molecular oxygen, generating ROS and singlet oxygen.35,36

ROS can oxidize the surrounding biomolecules and induce

cell death through apoptosis, necrosis and/or autophagy.37

AIE dyes can be used as both fluorescent imaging probes

and as photosensitizers for PDT.38,39 Therefore, AIE-based

theranostic nanoparticles with MR/FL dual-modal imaging

characteristics show great potential in the field of image-

guided PDT.

Herein, we developed MR/FL dual-modal imaging

theranostic nanoparticles for targeted image-guided photo-

thermal therapy. Amphiphilic hyaluronan acid/poly-(N-ε-

carbobenzyloxy-L-lysine) derivatives were prepared

through a click chemistry reaction. As Figure 1 illustrates,

the obtained HA-g-PZLLs self-assembled into nanoparti-

cles in aqueous solution, and SPIO and AIE could be

loaded into the inner core of the nanocarrier, while the

hydrophilic HA on the surface of the nanocarrier extended

into the aqueous media, which could target CD44-

overexpressing cancer cells. The obtained theranostic

nanoparticles SPIO/AIE@HA-g-PZLL show high fluores-

cence efficiency and strong magnetization. Under white

light irradiation, these theranostic nanoparticles can pro-

duce enough singlet oxygen for photodynamic tumor

therapy. Moreover, the cellular uptake, intracellular ROS

generation and photocytotoxicity of the theranostic nano-

particles against HepG2 cells were evaluated using CLSM,

flow cytometry, Prussian blue staining and (methyl thiazo-

lyl tetrazolium) MTT assays. Finally, theranostic nanopar-

ticles were used for in vivo MR imaging of HepG2 cells in

mice.

Materials and Methods
Materials
Hyaluronan acid with a molecular weight of 8.5 kDa, was

obtained from C.P. Freda Pharmaceutical Co. Ltd.

(Shangdong, China) as sodium salts. Tetrahydrofuran (THF,

99.5%) was refluxed and distilled over sodium benzophenone

until a purple color was obtained. N-(3-Dimethylamino-

propyl)-N′-ethylcarbodiimide hydrochloride (EDC),

N-Hydroxysuccinimide (NHS), copper sulfate (CuSO4·5H2

O), sodium ascorbate (99%), triphosgene (98%), N-epsilon-

benzyloxycarbonyl-L-lysine (ZLL) (98%) and propargyla-

mine (98%) were purchased from Aldrich. MTT, dimethyl

sulfoxide, paraformaldehyde and phosphate buffer solution

(PBS; pH = 7.0) were purchased from Sigma-Aldrich

Corporation, USA. Human hepatocellular carcinoma cell

lines (HepG2) were obtained from ATCC. Dulbecco’s mod-

ified Eagle’s medium (DMEM), fetal bovine serum, pancrea-

tin, phosphate buffer saline (PBS), penicillin and streptomycin

were purchased from Guangzhou Zuoke Biotechnology Co.

Ltd, China. 1-Azido-3-aminopropane was synthesized accord-

ing to a reported procedure.

Figure 1 The preparation of dual-modal imaging platform for MR/FL image-guided tumor photodynamic therapy.

Abbreviations: HA, hyaluronan; PZLL, poly-(N-ε-carbobenzyloxy-L-lysine); SPIO, superparamagnetic iron oxide; AIE, aggregation-induced emission; MR, magnetic

resonance; FL, fluorescence; PDT, photodynamic treatment; ROS, reactive oxygen species; CD44, cluster of differentiation 44.
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Synthesis of Propargylamido-Substituted-

HA (HA-PPA)
Propargylamido-substituted hyaluronan derivatives were

prepared by a chemical conjugation method. Typically,

HA (3 g, 0.20 mmol) was dissolved in 40 mL of deionized

water. EDC (0.48 g, 2.5 mmol) and NHS (0.30 g, 2.5

mmol) were added under magnetic stirring for 2 h. Then,

propargylamine (0.22 g, 2.5 mmol) was added, and the pH

value of the solution was adjusted to 5.5 by adding 0.1

M HCl and the mixture was stirred at room temperature

for 24 h. In order to obtain pure product, excess reagents

were removed from the mixture by dialysis (MWCO =1

kDa) against water. The dialysate was lyophilized; thus,

a white powder (2.74 g, 91%) was received. Fourier trans-

form infrared spectroscopy (FTIR, KBr, cm−1): 3200–3600

(ν N-H and ν O-H), 2883 (ν C-H), 1650 (ν C=O), 1110 (ν
C-O). The degree of substitution (DS, the percent of car-

boxyl-derived azido groups) was calculated from the
1H Nuclear magnetic resonance spectrum (NMR, Bruker,

Germany, 500 MHz, D2O) by integration of the methylene

proton at 2.74 ppm belonging to 3-azidopropanamine com-

pared to the N-acetyl methyl group signal located at 1.85

ppm. From the HA-N3
1H-NMR spectrum, approximately

10% of the carboxyl groups of HA reacted with

3-azidopropanamine.

Synthesis of α-Azido-Poly-(N-ε-
Carbobenzyloxy-L-Lysine)
The synthetic homo polypeptide, α-azido-poly-(N-ε-
carbobenzyloxy-L-lysine) (N3-PZLL) was synthesized

using a well-studied N-carboxyanhydride (NCA) ring-

opening polymerization (ROP) of Z-L-lysine-

N-carboxyanhydride (ZLL-NCA) and 3-azidopropanamine

as the initiator. First, ZLL-NCA was synthesized following

an already published procedure. In brief, ZLL (4.2 g, 20

mmol) and triphosgene (2.0 g, 6.74 mmol) were suspended

in 60 mL of dry THF bubbled with slow steady nitrogen flux

in a flame-dried three-neck flask. The mixture was stirred in

a 50°C oil bath until the cloudy solution turned clear. The

mixture was concentrated by reduced pressure distillation,

and a yellowish oil was obtained and dissolved in 100mL of

ethyl acetate, followed by washing with 50 mL of 0.5% ice-

cold aqueous NaHCO3 solution three times. The organic

phase was then dried over anhydrous MgSO4 and evaporated

to give ZLL-NCA as a white solid (3.4 g, 70%). Then, 10 of

anhydrous N,N-Dimethylformamide (DMF) and ZLL-NCA

(0.306 g, 1 mmol) was introduced into a dried Schlenk flask

under an argon atmosphere with continuous stirring.

3-Azidopropanamine (0.024 g, 0.1 mmol) as the initiator

was introduced into the reaction mixture, which was stirred

for 3 days at room temperature. The mixture was placed into

a dialysis bag and dialyzed in distilled water for 2 days to

remove the DMF. The deposit was collected and dried under

vacuum. 1H NMR (yield=90%). 1H NMR (CDCl3/CF3CO2

D (v/v) 85:15, δ, ppm): 1.24 (m, 2H, -CHCH2CH2-), 1.39 (m,

2H, -CHCH2CH2-), 1.7 (t, 2H, -CHCH2CH2-), 3.09 (2H, -

NHCH2CH2), 3.95 (2H, -CCH2NH-) 4.41 (s, 1H, -NHCH),

5.08 (s, 2H, -OCH2Ph), 7.30 (s, 5H -Ph), 8.27 (s, 1H, -CONH-

). FT-IR (KBr, cm-1): 3293 (ν N-H); 2944 (ν C-H), 1734 (ν
CO-O), 1652 (ν C=O), 1546, 1386 (ν CO-NH).

Synthesis of HA-g-PZLL by a Huisgen’s
1,3-Dipolar Cycloaddition
The process for Huisgen’s 1, 3-dipolar cycloaddition (click

reaction) was that HA-PPA (0.685g, 40 μmol, 1 equiv) and

α-azido-PZLL (0.6 g, 50 μmol, 1.25 equiv) were dissolved

in 20 mL of DMSO with argon bubbling. After the HA-

PPA and the PZLL dissolved completely, 10 mg of

CuSO4.5H2O was introduced into the flask and the mixture

was further bubbled with argon for approximately 5 min

until 16 mg of sodium ascorbate (NaAsc) was added. The

Schlenk flask was sealed and placed in an oil bath regu-

lated at 60°C for 2 days. The excess HA-PPAwas removed

by extensive dialysis (MWCO=50 kDa) against water for 3

days. After dialysis and lyophilization, the block copoly-

mers were obtained as a white powder (0.9 g, 77%).

Preparation of Blank Nanoparticles
Dialysis is an easy way to self-assemble the amphiphilic

copolymer in water. HA-g-PZLL copolymer (10 mg) was

dissolved in 2mL of dimethyl sulfoxide (DMSO) and then

dialyzed in 25°C deionized water for 24 h in a cellulose

membrane bag with a molecular weight cut-off of 3.5 kDa.

The solution was filtered through a 0.45 μm syringe filter

and analyzed by dynamic light scattering (DLS) and trans-

mission electron microscopy (TEM).

Preparation of SPIO/AIE-Loaded

Theranostic Nanoparticles
Tumor-targeting multifunctional nanoparticles simulta-

neously loaded with AIE and SPIO were developed for

targeted cancer photodynamic therapy and FL/MR dual-

modal imaging. In brief, 2 mL of warm DMSO containing

AIE (1 mg), SPIO (1 mg) and grafted copolymer (10 mg)
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was added dropwise into 5 mL of PBS (pH=7.5) under

vigorous stirring. The resulting mixture solution was trans-

ferred into a dialysis bag (MWCO= 3.5 kDa) and dialyzed

against water to remove the unencapsulated AIE and SPIO

and excess DMSO was removed by dialysis for 24

h against PBS (MWCO= 3.5 kDa). Finally, the mixture

solution was filtered through 0.45 μm syringe filter mem-

brane. The AIE loading content (LC) and loading effi-

ciency (LE) were determined by a Ultraviolet–visible

spectrophotometer (UV-Vis) at 497 nm. The AIE loading

content was determined as follows: the SPIO/AIE@HA-

g-PZLL nanoparticles were broken in a mixture (DMSO:

PBS (v: v= 90:10)). Then, the sample was filtered and

subjected to UV analysis at λ max of 497 nm.

Quantification was carried out from the calibration curve

of AIE in the DMSO: PBS (v: v= 90:10) mixture. The AIE

loading content (LC) and loading efficiency (LE) were

calculated from the following equations:

LC %ð Þ ¼ w1=w2 � 100 (1)

LE %ð Þ ¼ w1=w3 � 100 (2)

where w1 is the weight of loaded AIE, w2 is the weight of

HA-g-PZLL, and w3 is the weight of AIE in the feed.

The SPIO loading content was determined from atomic

absorption spectroscopy (AAS) at 248.3 nm, a specific

absorption wavelength for Fe, based on a previously estab-

lished calibration curve.

Characterization
FTIR spectra of all samples were obtained in transmission

mode on a Perkin-Elmer Paragon 1000 spectrometer under

ambient conditions. Samples were ground with KBr and

then compressed into pellets. The spectra were taken at

frequencies ranging from 500 to 4000 cm−1. Typically, 32

scans at a resolution of 8 cm−1 were accumulated to obtain

one spectrum. 1H NMR spectra measurements were per-

formed on a Bruker 500 NMR spectrometer operating at

500 MHz using deuterated chloroform (CDCl3-d) or deut-

erated dimethyl sulfoxide (DMSO-d6) as the solvent and

tetramethylsilane (TMS) as the internal standard. The tem-

perature was 25°C. The mean particle size and distribution

of all samples were measured in water (pH 7.4) using

a dynamic/static laser scattering system (BI-200SM,

Brookhaven Instruments Corporation). The dialyzation

solutions were filtered through 0.45 μm pore size filters,

the measurements were conducted using a 630 nm diode

laser at 25°C, and the scattering angle was fixed at 90°.

The presented data are the means of three independent

measurements. The morphology of the block polymer

was observed using TEM. Briefly, one drop of the micelle

solution was placed on a copper grid. Excess liquid was

removed by blotting with filter paper. The sample was

negatively stained with 2% (w/v) phosphotungstic acid

solution for 60 s and again blotted dry with filter paper.

TEM images were recorded with a transmission electron

microscope (JEM2010) operated at 80 kV.

Cell Culture
HepG2 cells were cultured in a regular growth medium

composed of Dulbecco’s modified Eagle’s medium supple-

mented with 10% fetal bovine serum and 1% penicillin/

streptomycin at 37°C in a humidified environment contain-

ing 5% CO2.

Cellular Uptake
HepG2 cells were separately seeded on 24-well plates at

a density of 1×105 cells/well and cultured for 24 h to

achieve the logarithmic growth phase. Then, 500 μL of

SPIO/AIE@HA-g-PZLL nanoparticle solution at four dif-

ferent concentrations (0 μg/mL, 0.1 μg/mL, 0.5 μg/mL, 1

μg/mL) was added to each well of the 24-well plates, with

each concentration having four duplicates, and then the

cells were incubated for 24 h. Next, the mixture medium in

each well was removed by pipetting, and the cells were

washed twice with PBS, and observed under an Olympus

1X71 fluorescence microscope.

Furthermore, the dynamic uptake process according to

time and the blocking experiment were carried out. HepG2

cells were incubated with SPIO/AIE@HA-g-PZLL nano-

particle solution (AIE concentration of 1 μg/mL) for 1 h, 4

h and 12 h in several confocal cell incubators. After stain-

ing the cell nuclei with Hochest 33258, the cells were

evaluated by CLSM. In the blocking experiment, the

HepG2 cells were first incubated with free hyaluronic

acid (Mw=8.5 kDa) at a concentration of 2 mg/mL at

37°C or 8 h, and then the HepG2 cells were washed

twice with PBS and incubated with SPIO/AIE@HA-

g-PZLL nanoparticle solution (AIE concentration of 1

μg/mL) for 4 h. After staining the cell nuclei with

Hochest 33258, the cells were evaluated by CLSM.

Cellular uptake was quantitatively investigated by flow

cytometry (Guava easyCyte 5HT-2L, Merck Millipore,

Germany). HepG2 cells were seeded on 6-well plates at

a density of 2×105 cells/well and incubated overnight.

After the cells attached, the culture medium was removed,
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and the cells were incubated with SPIO/AIE@HA-g-PZLL

nanoparticle solutions at different AIE concentrations (0,

0.1, 0.5 and 1 μg/mL). After 24 h of incubation, 200 μL of

a solution containing 0.25% EDTA was injected into each

well to digest the cells for 3 min, and the cells were

collected in a flow tube and washed three times with

PBS. After the cell number in each tube was confirmed

to be more than 1×106 cells, the cellular uptake efficiency

was determined by flow cytometry.

Prussian blue staining was carried out to suggest the

uptake of the SPIO/AIE@HA-g-PZLL nanoparticle solu-

tion by HepG2 cells. In total, 2 × 105 HepG2 cells were

seeded in a 12-well plate for 24 h. Then, the SPIO/

AIE@HA-g-PZLL nanoparticle solution (final concentra-

tion of iron was 10, 5, 2.5 and 1.25 mM) was added

followed by cultivation at 37°C for 12 h. The cells were

washed three times with PBS and fixed with 4% formal-

dehyde for 10 min. The fixed cells were incubated with

500 μL of pre-prepared Prussian blue solution at 37°C for

30 min, and then washed three times with PBS. Iron

staining of the cells was observed under a microscope.

Intracellular ROS Detection
ROS production inside the cells after light irradiation was

detected using the ROS-sensitive probe dichlorofluorescein

diacetate (DCF-DA). After reaction with ROS, DCF-DA

can form DCF, which emits green fluorescence, and CLSM

and flow cytometry were used to evaluate the effect of ROS

generation. For CLSM, HepG2 cells were seeded onto

15 mm glass-bottom dishes at a density of 1 × 104. After

the cells were attached and the cell density reached 70%-

80%, the culture medium was removed. Then, the HepG2

cells were incubated with the SPIO/AIE@HA-g-PZLL

nanoparticle solution (AIE concentration of 2 μg/mL) for

4 h and washed twice with PBS. Second, the cells were

incubated with 5 μg/mL DCFH-DA in DMEM for 20 min

and then exposed to light irradiation at a power density of

10 mW/cm2 for 0, 5 or 10 min. Then, the cells were fixed

with 4% paraformaldehyde for 10 min and washed with

PBS three times, and the nuclei was stained with Hoechst

33342 (1:1000) for 5 min followed by washing with PBS

three times. Cells were observed under a laser confocal

microscope (Nikon, Japan). For flow cytometry analysis,

HepG2 cells (1×106) were seeded in a 6-well culture plate

and cultured for 24 h to achieve logarithmic growth of the

cells. After the culture medium was removed, the cells were

incubated with SPIO/AIE@HA-g-PZLL nanoparticle solu-

tion (AIE concentration of 2 μg/mL) for 4 h and washed

twice with PBS. Then, culture medium containing 5 μg/mL

DCFH-DAwas added to the culture medium and incubated

for 20 min, followed by exposure to light irradiation at

a power density of 10 mW/cm2 for 0, 5 or 10 min. The

culture medium was removed. The cells were treated with

trypsin, centrifuged, washed with PBS three times, and

resuspended in 0.3 mL of PBS. At least 10,000 cells were

analyzed from each sample.

Photodynamic Therapy
The experimental procedure is described in the following

steps. First, HepG2 cells were seeded in a 96-well plate at

a density of 1 × 105 cells/well and incubated for 24

h. Then, the SPIO/AIE@HA-g-PZLL nanoparticle solu-

tion (AIE concentration of 0.25 μg/mL, 0.5 μg/mL, 1 μg/
mL, 2 μg/mL, 4 μg/mL or 8 μg/mL) was added to the

culture media except the blank control and incubated for

12 h. Second, the 96-well plate was irradiated by white

light at a power density of 10 mW/cm2 for 10 min, and the

HepG2 cells were incubated in the dark for 24 h. The

irradiated cells were used as test samples, whereas the

cells in the wells without irradiation were used as control

samples. Thereafter, the wells were washed three times

with PBS, and then 10 μL of the MTT reagent (5 mg/mL

in PBS) was separately added to the test and control

samples. All the cells were continuously incubated for 4

h at 37°C, allowing viable cells to reduce the yellow MTT

to dark blue formazan crystals. After the mixed solutions

were pipetted from the 96-well plate, 100 μL of DMSO

was added to each well to dissolve the formazan crystals.

Then, the 96-well plate was shaken on a swing bed for 10

min at 37°C. Finally, the absorbance of the solution in

each well was measured with a microplate reader (TECAN

NanoQuant plate Infinite 200 Pro) at 570 nm to evaluate

the viability of the HepG2 cells.

Ability of the in vitro Dual-Modal Imaging
The application of the dual-modal imaging of SPIO/

AIE@HA-g-PZLL nanoparticles was performed using T2-

negative enhanced MR imaging and fluorescence imaging

in vitro. For MR imaging, the iron concentration was diluted

to 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM and 0.0312

mM with deionized water and imaged using a 3.0 Tesla MR

imaging scanner (Verio, Siemens, Erlangen, Germany) with

an 11 cm circular surface coil. T2-weighted images were

acquired using the following parameters: TR/TE 5000/100

ms; FOV 150 mm; matrix, 256 × 256; and slice thickness

1.5 mm. T2 signal intensities were measured using the region
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of interest technique. For in vitro FL imaging, 100 μL of

SPIO/AIE@HA-g-PZLL nanoparticle solution (AIE concen-

tration of 1.56, 3.125, 6.25 or 12.5 μg/mL) was added to a 96-

well plate, and PBS was used as the blank control. Then, the

96-well plate was exposed to an FLI machine. The scan

parameters were as follows: excitation laser was 490 nm,

emission wavelength was 600 nm, and the scan time was 6 s.

In vivo MR Imaging
All animal experiments were approved by the Medical

Ethics Committee of South China University of

Technology. All of the animal studies were conducted in

compliance with guidelines set by the Animal Care

Committee at South China University of Technology. To

establish the tumor-bearing mouse model, HepG2 cells

(2×106) dispersed in 100 μL of PBS were subcutaneously

inoculated into the right front flank of female BALB/c nude

mice, and the tumor volume was calculated using the fol-

lowing formula: volume = ((tumor length) × (tumor

width)2)/2. When the tumor nodules reached the expected

size (approximately 200–300 mm3), the mice were used for

experiments. For in vivo MR imaging, 3.0 T MR imaging

scanner equipped with a soft coil was used at room tem-

perature. Tumor-bearing mice were imaged using a spin

echo sequence (TR =3500 ms, TE =88 ms). MR images

were recorded before and after tail vein injection of SPIO/

AIE@HA-g-PZLL nanoparticle solution (5 mg/kg Fe of

body weight) at various time points (0, 2 and 8 h).

Results and Discussion
Synthesis of HA-g-PZLL
The grafted copolymer HA-g-PZLL was synthesized via

click chemistry conjugation. To this aim, hydrophobic

PZLL with an azido terminal group was prepared through

ring open polymerization (ROP) of the ZLL-NCA monomer

and 3-azidopropanamine as the initiator, as shown in

Figure 2. The ROP reaction was carried out in anhydrous

DMF at room temperature for 3 days. After purification, N3-

PZLLwas obtained as white solid, and the chemical structure

of PZLL was characterized by FTIR and 1H NMR. The

characteristic absorption peak of the azido group was located

at 2100 cm−1.40 As seen from the data in Figure 3A,

a characteristic absorption peak appeared at 2103 cm−1,

which belongs to the azido group. Furthermore, the charac-

teristic peak located at 3300 cm−1 was attributed to the

N-H absorption peak, the peak at 2950 cm−1 was attributed

to C-H, and the absorption peak of the C=O group was

located at 1748 cm−1. The 1H NMR spectrum of N3-PZLL

with peak assignments is shown in Figure 4A. As expected,

all peaks appeared in the 1H NMR spectrum. In particular,

from the 1H NMR spectrum, we found that the methylene

protons belonging to the initiator (NH2CH2-CH2CH2N3)

were observed at 3.3, 0.85 and 2.1 ppm, respectively.

Furthermore, the molar mass of PZLL was approximately

35, which could be calculated by the relative integration of

the methylene group signal at 1.78 ppm (-CH2CH2CH2N3)

compared to the methylene proton signal of the benzylic

groups located at 5.0 ppm (-O-CH2-Ph).
41 Propargyl amido-

substituted hyaluronan was prepared in the presence of EDC/

NHS to activate the carboxyl groups of HA, and then the

activated HA was reacted with propargylamine under con-

tinuous stirring for 24 h. The FTIR analysis for HA-PPA is

shown in Figure 3B. The characteristic peak for the -OH

group was located at 3500 cm−1, and a C=O stretching band

appeared at 1652 cm−1. Figure 4B shows the 1H NMR HA-

PPA proton signals. The diastereotopic proton signals at 4.0

and 4.1 ppm belonged to the methylene group (-NH-CH2-

C≡CH) of propargylamine, which indicated that propargyl

amido-substituted hyaluronan was prepared. HA-g-PZLL

was prepared via the “azido-alkylene” click conjugation

reaction. From Figure 3C we found that the characteristic

peak at 2103 cm−1 belonging to the azido group disappeared,

and the absorption peaks at 3300 and 1748 cm−1 were

assigned to the presence of the -NH and C=O groups on the

PZLL backbone, and the -OH group absorption band for the

HA block was at 3500 cm−1. The above result could confirm

completion of the click conjugation reaction. Furthermore,

the 1H NMR spectrum of HA-g-PZLL is illustrated in

Figure 5. The 1H NMR spectrum not only clearly shows

the typical proton signals of both the PZLL and HA blocks,

but also shows that the proton signal peak of triazole ring

appeared at 7.5 ppm.17 These data enable us to conclude that

the HA-g-PZLL grafted copolymer was prepared through the

click conjugation reaction.

Self-Assembly Behavior of HA-g-PZLL
Owing to their good biocompatibility, water solubility and

tumor-targeting ability, HA is regarded as an attractive

candidate in the field of biomaterials.42 In this work,

click chemistry, a versatile chemical modification metho-

dology, was used to graft a hydrophobic block PZLL onto

the HA backbone. The obtained HA derivatives show

amphiphilic properties and are expected to self-assemble

into nanoparticles such as micelles in aqueous solution.

The critical micelle concentration (CMC) is an important
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parameter that reflects the formation and thermodynamic

stability of micelles in aqueous and can be determined by

using a pyrene fluorescence probe.43 Figure 6A shows the

emission spectra for the pyrene-loaded HA-g-PZLL

solutions. From the emission spectra, we found that the

wavelength for the absorbance peak of the pyrene probe

was nearly constant below a certain concentration. As the

concentration increased substantially, an obvious redshift

occurred, which indicated the incorporation of pyrene into

the hydrophobic domain formed by HA-g-PZLL. The

CMC value was calculated from Figure 6B by the ratio

of the pyrene fluorescence intensities at 337 and 335 nm

(I337/I335) against the logarithm of the copolymer concen-

trations. The CMC value was approximately 0.0733 mg/

mL, which indicated that HA-g-PZLL could form stable

nanostructures in aqueous solution.

Then, the size and morphology of the nanoparticle solu-

tions at a constant copolymer concentration of 1.0 mg/mL

was revealed by dynamic light scattering (DLS) measure-

ments at 90° and transmission electron microscopy (TEM)

analysis negatively stained with 1.5% phosphotungstic acid

solution. As illustrated in Figure 7A, a monomodal size

distribution was observed, and the average size for the nano-

particles was approximately 100 nm. The morphology of the

nanoparticles was revealed by TEM, as shown in Figure 7B,

in which monodispersed well-defined spherical HA-g-PZLL

nanoparticles were observed. We found that the average

Figure 2 Synthetic routes for the preparation of amphiphilic hyaluronan derivatives HA-g-PZLL.
Abbreviations: ZLL, N-epsilon-benzyloxycarbonyl-L-lysine; THF, tetrahydrofuran; ZLL-NCA, Z-L-lysine-N-carboxyanhydride; DMF, N,N-dimethylformamide; PZLL, poly-

(N-ε-carbobenzyloxy-L-lysine); HA, hyaluronan; EDC, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride; NHS, N-hydroxysuccinimide; PPA, propargylamine;

SPIO, superparamagnetic iron oxide; AIE, aggregation-induced emission; m-x, degree of polymerization of HA; m, degree of polymerization of HA; x, degree of

polymerization of HA-g-PZLL; HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine) derivative.

Figure 3 FTIR spectral of (A) N3-PZLL, (B) HA-PPA and (C) HA-g-PZLL.
Abbreviations: FTIR, Fourier transform infrared spectroscopy; N3-PZLL, α-azido-poly
-(N-ε-carbobenzyloxy-L-lysine); HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy
-L-lysine) derivative; HA-PPA, propargylamido-substituted hyaluronan.
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particle size detected by TEM was approximately 70 nm,

which is smaller than the DLS results.

Synthesis and Characteristics of the SPIO/

AIE@HA-g-PZLL Nanoparticles
Nanoparticles play an important role in the field of nano-

medicine. In this work, hydrophobic SPIO nanoparticles

and the dye AIE were encapsulated into the inner domain

of the nanoparticles through a dialysis method. It has been

reported that after loading with hydrophobic guest mole-

cules, the nanoparticles show an increase in diameter.44 As

illustrated in Figure 7C, the mean diameter of the SPIO/

AIE@HA-g-PZLL nanoparticles obtained from DLS

measurements was approximately 184 nm. The increase

in diameter may be due to AIE and SPIO loading into the

nanoparticles. As shown in Figure 7D, the TEM images of

SPIO/AIE@HA-g-PZLL nanoparticles show well-defined

spherical shapes, and the mean diameter was larger than

that of the blank HA-g-PZLL nanoparticles.

The photophysical properties of SPIO/AIE-loaded

nanoparticles were examined by UV-vis and

Photoluminescence (PL) spectroscopy and are illustrated

in Figure 8A. As the UV-vis spectra show, a maximum

absorption peak belonging to the SPIO/AIE@HA-g-PZLL

nanoparticles appeared at 459 nm. PL spectra were

recorded under 459 nm excitation. In the PL spectra, an

emission peak appeared at 615 nm, and the SPIO/

AIE@HA-g-PZLL nanoparticles showed a typical AIE

effect, which clearly indicated that the AIE monomers

were encapsulated into the hydrophobic inner core without

fluorescence quenching. Furthermore, a large Stokes shift

(156 nm) of the AIE/SPIO-loaded nanoparticles showed

great potential in the field of bioimaging applications.34,45

Then, in vitro bioimaging experiments were performed to

investigate the FL imaging ability of the SPIO/AIE@HA-

g-PZLL nanoparticles. As shown in Figure 8B, as the AIE

concentration increased, a strong fluorescence imaging

signal showing an excellent signal-to-noise ratio was

obtained. These results suggest the potential of subcellular

fluorescence bioimaging in vitro.

The generation of reactive oxygen species plays an

important role in PDT. Previous studies have shown that

ROS can oxidize anthracene in 9, 10-anthracene-bis

(methylene) dimalonic acid (ABDA), resulting in a rapid

decrease in the ultraviolet absorption spectra.46 ROS pro-

duction from the SPIO/AIE@HA-g-PZLL nanoparticles

Figure 4 (A) 1H NMR spectral of N3-PZLL in CDCl3-d contain 15% Trifluoroacetic Acid (TFA), (B) 1H NMR spectral of (B) HA-PPA in D2O-d.
Abbreviations: NMR, nuclear magnetic resonance; N3-PZLL, α-azido-poly-(N-ε-carbobenzyloxy-L-lysine); CDCl3-d, deuterium chloroform; HA-PPA, propargylamido-

substituted hyaluronan; D2O-d, deuterium oxide.

Figure 5 1H NMR spectrum of HA-g-PZLL in DMSO-d6.
Abbreviations: NMR, nuclear magnetic resonance; DMSO-d6, deuterium

dimethylsulfoxide; HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine)
derivative.
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can be measured by the UV absorption spectra of ABDA

as an indicator of ROS. As shown in Figure 8C, the UV

absorption spectra of ABDA in the presence of SPIO/

AIE@HA-g-PZLL nanoparticles at different illumination

times were recorded. We should note that with white light

irradiation (10mW/cm2), the absorption peak of ABDA at

Figure 6 (A) Emission spectral for the pyrene-loaded HA-g-PZLL solutions. (B) Plot of I337/I335 in the excitation spectrum versus the concentrations of copolymers in

aqueous solution.

Abbreviations: HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine) derivative; CMC, critical micelle concentration.

Figure 7 (A) Autocorrelation function and diameter distribution for HA-g-PZLL. (B) TEM image of HA-g-PZLL nanoparticles solution negatively stained with 1.5%

phosphotungstic acid solution. (C) Autocorrelation function and diameter distribution for SPIO/AIE@HA-g-PZLL. (D) TEM image of SPIO/AIE@HA-g-PZLL nanoparticles

solution negatively stained with 1.5% phosphotungstic acid solution.

Abbreviations: HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine) derivative; C(t), autocorrelation function; TEM, transmission electron microscope; SPIO,

superparamagnetic iron oxide; AIE, aggregation-induced emission.
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358, 378 and 400 nm decreases gradually, which confirms

that the SPIO/AIE@HA-g-PZLL nanoparticles produce

ROS.45

As a noninvasive diagnostic tool, MR imaging plays an

important role in clinical diagnosis. In recent years, the

development of MR/FL dual-modal imaging technology

has received considerable attention, because imaging tech-

nology combines the advantages of tissue penetration

depth, spatial resolution and sensitivity.6,31 The MR ima-

ging ability of SPIO/AIE@HA-g-PZLL nanoparticles was

measured by a 3.0 T Siemens MRI scanner at room tem-

perature. Figure 8D shows the T2-weighted images. From

these images, we can see that the higher the iron concen-

tration, the darker the image. The results show that SPIO/

AIE@HA-g-PZLL nanoparticles have negative contrast

enhancement ability. The transverse relaxation time calcu-

lated from the T2 rate of iron concentration is approxi-

mately 251.4 Fe mM−1s−1. Compared with Feridex®

(111.5 Fe mM−1 s−1), SPIO/AIE@HA-g-PZLL nanoparti-

cles exhibit greater relaxation properties, indicating their

potential in MR imaging.47

In vitro Cellular Uptake
The in vitro cellular uptake of SPIO/AIE@HA-g-PZLL

nanoparticles were observed under a fluorescence micro-

scope. As shown in Figure 9A, the control group did not

show any red fluorescence, while cells treated with the nano-

particle solution showed red fluorescence, and the cells incu-

bated with higher concentrations of AIE showed a higher

fluorescence intensity. Fluorescence imaging results showed

that even at a low AIE concentration (1 μg/mL), the cells still

showed bright fluorescence, indicating that SPIO/AIE@HA-

g-PZLL nanoparticles can be used as fluorescence probes for

fluorescence imaging. The cellular uptake of SPIO/

AIE@HA-g-PZLL nanoparticles was quantitatively analyzed

by flow cytometry. As shown in Figure 9B, the corresponding

fluorescence intensity curve shifted to the right after incuba-

tion of the cells with a high concentration of AIE. The above

results showed that the fluorescence intensity of HepG2 cells

was positively correlated with the concentration of AIE.

Cellular uptake of AIE at different time periods was

studied by CLSM. As shown in Figure 9C, the fluores-

cence intensity of AIE in the cell increased gradually with

Figure 8 (A) Normalized UV-vis absorption and FL spectra of SPIO/AIE@HA-g-PZLL nanoparticles. (B) FL images of SPIO/AIE@HA-g-PZLL nanoparticles as a function of

AIE concentration. (C) UV-vis absorbance changes of ROS indicator ABDA (200 mM) mixed with SPIO/AIE@HA-g-PZLL nanoparticles for different white light irradiation

times. (D) Relaxation rate (1/T2) and T2-weighted MR images of SPIO/AIE@HA-g-PZLL nanoparticles as a function of iron concentration.

Abbreviations: HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine) derivative; UV-vis, ultraviolet-visible; FL, fluorescence; SPIO, superparamagnetic iron oxide;

AIE, aggregation-induced emission; ROS, reactive oxygen species; ABDA, 9, 10-anthracene-bis (methylene) dimalonic acid; MR, magnetic resonance.
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increasing incubation time from 1, 2 to 4 h. In addition, the

blue fluorescence in the nucleus was due to Hoechst;

hence, from the merged CLSM, we found that AIE was

predominately present in the cytoplasm of HepG2 cells.

ROS produced by photosensitizers under radiation expo-

sure can oxidize a variety of cell molecules, resulting in cell

death.48 To avoid unnecessary damage to healthy tissues,

tumor-specific nanoparticles based on amphiphilic HA deri-

vatives were developed to enhance the accumulation of AIE

in target tumors. The cellular uptake mechanism of the

nanoparticles was revealed by competitive inhibition experi-

ments. To block the HA receptor (CD44), HepG2 cells were

treated with free HA. As shown in the CLSM image in

Figure 9D, HepG2 cells without free HA showed bright

red fluorescence, while the intracellular fluorescence inten-

sity decreased significantly after treatment with free HA. We

believe that the interaction between HA and the receptor

(CD44) plays a key role in the cellular uptake of SPIO/

AIE@HA-g-PZLL nanoparticles.49

Next, Prussian blue staining was performed to further

prove the in vitro cellular uptake of SPIO/AIE@HA-

g-PZLL nanoparticles. As shown in Figure 9E, blue spots

were not detected in HepG2 cells incubated in pure medium,

but obvious blue spots were detected in cells treated with

SPIO/AIE@HA-g-PZLL nanoparticles. These results confirm

that SPIO particles were efficiently taken into HepG2 cells.

Intracellular ROS Generation and PDT
The main pathways of cell death caused by ROS include

apoptosis, necrosis and/or autophagy.48 Therefore, the ROS

generation ability of AIE-loaded nanoparticles under irradia-

tion plays a key role in PDT. In this work, the ROS generation

ability was measured by CLSM and flow cytometry, and

dichlorofluorescein diacetate (DCF-DA) was used as a ROS-

sensitive probe. As shown in Figure 10A, HepG2 cells without

white light irradiation did not show green fluorescence, which

indicated no ROS generation. The cellular uptake experiment

confirmed that AIE molecules mainly accumulated in the

cytoplasm. Once the cells were exposed to white light, the

DCF-DA probe was oxidized to dichlorofluorescein (DCF) by

ROS, and green fluorescencewas detected in the cytoplasm. In

addition, the intensity of green fluorescence in the cytoplasm

increased gradually with increasing irradiation time from 5

min to 10 min, indicating that the AIE-loaded nanoparticles

can effectively produce ROS under the complexity of biolo-

gical system.

Figure 10B shows the flow cytometry quantitative ana-

lysis of DCF green fluorescence from HepG2 cells incubated

Figure 9 (A) Fluorescent images of HepG2 cells incubation with SPIO/AIE@HA-g-PZLL nanoparticles (AIE concentration: 0, 1, 2.5 and 5 μg/mL) for 12 h. Scale bars is

200μm. (B) Quantitative analysis of AIE fluorescence intensity in HepG2 cells after incubation with SPIO/AIE@HA-g-PZLL nanoparticles for 12 h. (C) CLSM images of

HepG2 cells incubated with SPIO/AIE@HA-g-PZLL nanoparticles at 37°C. Scale bars is 200 μm. (D) Competitive inhibition of SPIO/AIE@HA-g-PZLL nanoparticles in the

presence of free hyaluronan. Scale bars is 200 μm. (E) Prussian blue staining images of HepG2 cells incubated with SPIO/AIE@HA-g-PZLL nanoparticles (SPIO mM) for 4 h at

37°C. Scale bars is 200 μm.

Abbreviations: HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine) derivative; SPIO, superparamagnetic iron oxide; AIE, aggregation-induced emission; NP,

nanoparticles; CLSM, confocal laser scanning microscopy.
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with SPIO/AIE@HA-g-PZLL nanoparticles and DCF with

white light irradiation for 0, 5 and 10 min. Cells cultured in

pure culture medium were used as control group. Flow

cytometry analysis showed that the green fluorescence inten-

sity of DCF was related to the time of white light irradiation.

In the absence of white light irradiation, the fluorescence

intensity curve of the cells overlapped with that of the

control group. When HepG2 cells received white light irra-

diation for 5 min, the fluorescence intensity curve shifted to

the right, and a more obvious fluorescence intensity increase

was observed after 10 min of white light irradiation.

Before the PDT experiment, we determined the cyto-

toxicity of the SPIO/AIE@HA-g-PZLL nanoparticles to

HepG2 cells in the dark by a cell growth inhibition test.

As shown in Figure 10C, HepG2 cells cocultured with

different concentrations of SPIO/AIE@HA-g-PZLL nano-

particles up to 8 μg/mL at 37°C for 24 h in the absence of

light had a survival rate of 85%. These results suggest that

SPIO/AIE@HA-g-PZLL nanoparticles have slight cyto-

toxicity to cells and are suitable as theranostic nanoparti-

cles for tumor diagnosis and treatment.

From the PDT results, we found that exposure to white

light merely decreased the cell viability when the cells incu-

bated without SPIO/AIE@HA-g-PZLL nanoparticles and. It

should be noted that after exposure to white light, the viability

of HepG2 cells was dependent on the AIE dose. When the

concentration of AIE increased to 4 μg/mL, the survival rate of

HepG2 cells was decreased to approximately 11%. The SPIO/

Figure 10 (A) Fluorescent images of HepG2 cells after incubation with SPIO/AIE@HA-g-PZLL nanoparticles and DCF for 12 h without or with white light irradiation. Scale

bars: 200 μm. (B) Flow cytometry quantitative analysis of HepG2 cells treated with SPIO/AIE@HA-g-PZLL nanoparticles and DCF without or with white light irradiation.

(C) Cell viability of HepG2 cells treated with different concentrations of SPIO/AIE@HA-g-PZLL nanoparticle without or with white light irradiation (10 min, 100 mW/cm2)

(*p < 0.05, **p < 0.01).

Abbreviations: HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine); DCF, derivative dichlorofluorescein; SPIO, superparamagnetic iron oxide; AIE, aggregation-

induced emission.

Figure 11 T2-weighted magnetic resonance imaging of mice bearing HepG2 tumors injected with SPIO/AIE@HA-g-PZLL nanoparticles at a dose of 5 mg Fe per kg.

Abbreviations: HA-g-PZLL, hyaluronan/poly-(N-ε-carbobenzyloxy-L-lysine) derivative; SPIO, superparamagnetic iron oxide; AIE, aggregation-induced emission.
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AIE@HA-g-PZLL nanoparticles show excellent PDTactivity

and great potential in tumor therapy.

In vivo MR Imaging
The SPIO/AIE@HA-g-PZLL nanoparticles showed good

in vitro MR imaging capacity. Herein, in vivo T2-weighted

MR imaging of tumor-bearing mice was performed in a 3.0

T MR imaging scanner. As shown in Figure 11, after tail vein

injection with theranostic nanoparticles at a dose of 5 mg Fe

per kg, the T2-weighted MR images of the tumor region

showed obvious dark signal. Compared to the T2-weighted

MR signal in the tumor region before contrast agent injection,

MR signals of the tumor region were gradually darkened

likely due to the accumulation of the theranostic nanoparticles

within the tumor region. At 8 h postinjection, the tumor region

showed maximum contrast enhancement, indicating that the

injected theranostic particles mainly accumulated in the tumor

site. Afterwards the MR signals in the tumor site gradually

recovered, indicating that the particles were removed from the

tumor site through metabolism. These results suggested that

SPIO/AIE@HA-g-PZLL nanoparticles have good potential as

T2-weighted MR contrasted agents for tumor diagnosis.

Conclusions
In summary, we succeeded in developing CD44-targeted MR/

FL dual-modal imaging theranostic nanoparticles for image-

guided PDT. These nanoparticles were obtained by the simul-

taneous loading of SPIO nanoparticles and AIE molecules

into the core of HA-g-PZLL nanoparticles. The diameter,

morphology, photophysical properties and dual-modal ima-

ging ability of the theranostic nanoparticles were character-

ized in detail. These nanoparticles not only showed AIE

characteristic and MR contrast enhancement ability but also

efficiently generated singlet oxygen upon light irradiation.

Cellular uptake experiments indicated that these theranostic

nanoparticles can be efficiently taken up and are predomi-

nately present in the cytoplasm. In vitro cytotoxicity experi-

ments showed that these nanoparticles showed that these

nanoparticles had serious cytotoxicity to the growth of

HepG2 cells after white light irradiation. This work provides

a simple method for the preparation of theranostic nanoparti-

cles with AIE characteristics and MR imaging contrast

enhancement that can serve as a dual-modal imaging platform

for image-guided tumor PDT.
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