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Background: Hepatocellular carcinoma (HCC) is the most common primary liver cancer and 

severely threatens human health. Since the prognosis of advanced HCC remains poor, there is 

an urgent need to develop new therapeutic approaches. Porphyrin metal-organic frameworks 

are a class of porous organic-inorganic hybrid functional materials with good biocompatibility.

Methods: Gadolinium-porphyrin metal-organic frameworks were used as a skeleton for folic 

acid (FA) conjugation to synthesize a novel type of nanoparticle, denoted as folic acid-nanoscale 

gadolinium-porphyrin metal-organic frameworks (FA-NPMOFs). The FA-NPMOFs were 

characterized using transmission electron microscopy, Fourier transform infrared spectroscopy 

and thermogravimetric-differential thermal analysis. The biotoxicity and imaging capability 

of the FA-NPMOFs were determined using HepG2 cells and embryonic and larval zebrafish. 

The delivery and photodynamic therapeutic effect of FA-NPMOFs were explored in transgenic 

zebrafish with doxycycline-induced HCC. 

Results: FA-NPMOFs were spherical in structure with good dispersion and water solubility. 

They showed low biotoxicity, emitted bright red fluorescence, and exhibited an excellent magnetic 

resonance imaging capability, both in vitro and in vivo. Meanwhile, the FA-NPMOFs exhibited 

a strong affinity for folate receptor (FR)-expressing cells and were delivered to the tumor site 

in a targeted manner. Moreover, HCC tumor cells were eliminated following laser irradiation.

Conclusion: FA-NPMOFs can be used for dual-modality imaging and photodynamic therapy 

in HCC and show promise for use as a carrier in new therapies for HCC and other FR-positive 

tumors.

Keywords: nanoscale gadolinium-porphyrin metal-organic frameworks, folic acid, hepatocellular 

carcinoma, dual-modality imaging, photodynamic therapy

Introduction
Hepatocellular carcinoma (HCC), arising from hepatocytes, is the most common 

primary liver cancer. Although the outcome of HCC diagnosed at an early stage has 

improved due to the implementation of screening procedures and advances in imaging, 

the prognosis of advanced HCC remains poor. Therefore, it is imperative to develop 

novel therapeutic approaches for HCC.1,2 Zebrafish is currently considered as one of 

the most useful models for studying human diseases, including cancers. Zebrafish are 

oviparous organisms with external fertilization, transparent eggs, and temporospatial 

development pattern.3–6 Studies have revealed that zebrafish can spontaneously develop 

a variety of tumors, which can be induced either by chemical mutagen exposure or with 
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transgenic techniques.7 Several models have been generated 

successfully, including models of leukemia, melanoma, and 

rhabdomyosarcoma.8,9 Among them, the transgenic line 

Tg (fabp10:rtTA2s-M2; TRE2:EGFP-krasG12V) (krasG12V) 

serves as an ideal model for investigating HCC. krasG12V 

fish are tetracycline-inducible (Tet-on) transgenic fish 

expressing oncogenic enhanced green fluorescent protein 

(EGFP)-krasG12V specifically in the liver. By treatment with 

doxycycline, robust and homogeneous liver tumors can 

be induced in krasG12V fish. Moreover, the developed liver 

tumors resemble human HCC in both molecular biology and 

histopathology.10,11

Folic acid (FA), also known as vitamin B
9
, is a nutrient 

required by all living cells for nucleotide synthesis and cell 

growth. FA functions by binding to its specific receptor, 

folate receptor (FR). FR is a glycoprotein that captures its 

ligand from the extracellular milieu and transports it inside 

the cell via endocytic mechanisms. Under physiologic condi-

tions, the FR expression level is very low on the surface of 

normal cells. Nevertheless, FR is overexpressed in several 

epithelial cancer tissues, such as ovarian, breast, cervical, 

colorectal, renal, and nasopharyngeal cancer, compared 

to the normal corresponding tissues.12,13 Hence, FA can be 

used as a targeting ligand for tumor-specific drug delivery.14 

Metal-organic frameworks (MOFs) are a class of porous 

organic–inorganic hybrid functional materials composed 

of metal ions and organic ligands.15,16 Porphyrin MOFs 

(PMOFs), consisting of porphyrin and metal ions, circumvent 

the hydrophobic nature and aggregation of porphyrin while 

retaining its photophysical properties. PMOFs not only have 

good biocompatibility and dispersion but also emit bright red 

fluorescence.17,18 Meanwhile, PMOFs can also be used as a 

photosensitizer and have been used in photodynamic therapy 

(PDT).19 Gadolinium (Gd) compounds are widely used 

as contrast media for magnetic resonance imaging (MRI) 

because Gd3+ ions have a long electronic relaxation time, 

which enhance the T1-weighted MRI contrast.20 Recently, 

imaging-guided therapy systems further integrate visualiza-

tion technology to exert the combination of imaging and 

therapy.21 However, there is still a lack of knowledge about 

Gd-based antitumor effect.

In the present study, nanoscale gadolinium-porphyrin 

MOFs (NPMOFs) were synthesized and used as a skeleton 

for FA conjugation and preparation of a novel type of 

nanoparticle, folic acid-nanoscale gadolinium-porphyrin 

metal-organic frameworks (FA-NPMOFs). Subsequently, 

we determined the following properties of the FA-NPMOFs: 

1) physical and chemical characteristics; 2) cytotoxicity and 

in vitro fluorescence imaging capability; 3) in vivo toxicity 

and fluorescence and MRI capability in zebrafish embryos 

and larvae; and 4) capability for selective accumulation 

and PDT in HCC in krasG12V zebrafish. Our study not only 

evaluated the biotoxicity of FA-NPMOFs but also broadened 

their potential applications in HCC by demonstrating 

their capability for dual-modality imaging and PDT.

Materials and methods
cell culture
Human HCC HepG2 cells and L02 hepatocytes were pur-

chased from ATCC and Beijing Union Medical College 

Hospital, respectively. The use of L02 cell line was approved 

by the Institutional Ethics Committee at Nankai University. 

HepG2 cells and L02 cells were cultured in complete DMEM 

(Biological Industries [BI], Israel) and complete Roswell Park 

Memorial Institute 1640 medium (BI), respectively, contain-

ing 10% (v/v) FBS (BI) and 1% penicillin–streptomycin 

(Thermo Scientific, Waltham, MA, USA). All cells were 

incubated at 37°C with 5% CO
2
.

experimental animals
Wild-type zebrafish (AB strain) and krasG12V transgenic 

zebrafish (a kind gift from Dr Gong) were used in this study. 

Fish were raised at 28.5°C with a 10-hour dark/14-hour light 

cycle.22 Wild-type embryos were incubated in E3 medium 

(5 mmol/L NaCl, 0.17 mmol/L KCl, 0.33 mmol/L CaCl
2
, 

0.33 mmol/L MgSO
4
, pH 7.2) and staged by hours post 

fertilization (hpf), days post fertilization (dpf), and months 

post fertilization (mpf). All protocols involving animals were 

approved by the Institutional Animal Care Committee at 

Nankai University and conformed to the National Institutes 

of Health Guidelines.

reagents
All reagents were of at least analytical grade. The reagents 

used were as follows: cetyltrimethylammonium bromide 

(CTAB; Fu Chen Reagent Co., Ltd., Tianjin, China); 

polyetherimide (PEI, molecular weight =10,000; Fu 

Chen); 5,10,15,20-tetrakis(4-carboxyl)-21H,23H-porphine 

(TCPP; TCI Chemical Development Co., Ltd., Shanghai, 

China); gadolinium trichloride (GdCl
3
; Alfa-Asha, Tianjin, 

China); 1-ethyl-3-(3-dimethylaminepropyl) carbodiimide 

(EDC; Aladdin, Shanghai, China); N-hydroxysuccinimide 

(NHS; Aladdin); FA (Shanghai Bu Bai Chemical Technology 

Co., Ltd., Shanghai, China); and N,N-dimethylformamide 

(DMF) and anhydrous ethanol (Concord Technology Co., 

Ltd., Tianjin, China).
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Preparation of Fa-NPMOFs
The FA-NPMOFs were prepared as follows: 8 mg of TCPP 

and 150 mg of CTAB were added and dissolved in 10 mL of 

DMF and heated to 110°C under vigorous stirring in a 50 mL 

beaker. Then, 6.8 mg of GdCl
3
 was dissolved in 5 mL of DMF 

and subjected to ultrasonic treatment (KQ2200; Kunshan 

Ultrasonic Instruments Co., Ltd., China) for 5 minutes, fol-

lowed by the addition of porphyrin and another 10 minutes of 

sonication. Subsequently, 5 mg of PEI was dissolved in 5 mL 

of DMF and dispersed by 5 minutes of ultrasound treatment. 

Pre-MOFs were then added into the above mixture, allowed 

to react for 10 minutes, and removed from heat. When 

the temperature of the reaction system reached the room 

temperature, the precipitate was dispersed in 10 mL of DMF, 

stirred, and dissolved thoroughly in a 50 mL round-bottom 

flask. Then, the solution was centrifuged at 12,000 rpm for 

5 minutes. The supernatant was discarded, and 25 mg of 

EDC, 11.2 mg of NHS, and 44 mg of FA (at a molar ratio 

of 1.2:0.5:1) were dissolved in 10 mL of DMF overnight. 

After centrifugation, the supernatant was discarded, and the 

precipitate was washed twice with DMF, ethanol, and water 

to obtain a purple-red powder. The washed powder was 

lyophilized to obtain FA-NPMOFs.

characterization of the Fa-NPMOFs
The morphology of the FA-NPMOFs was characterized 

using a transmission electron microscopy (TEM, accelerat-

ing voltage =200 kV; JEM100CXII, JEOL Japan Electronics 

Co., Ltd., Japan). The functionalization of the FA-NPMOFs 

was characterized by Fourier transform infrared spectroscopy 

(FTIR; 400–4,000 cm−1) on a Tensor 27 Fourier infrared 

spectrometer (Bruker, Germany) and thermogravimetric-

differential thermal analysis (TG-DTA). TG-DTA measure-

ments were obtained in air heated from 20°C at a ramp rate of 

10°C min−1 in a PTC-10ATG-DTA thermal analyzer (Thermo 

plus EVO2 TG8121, Rigaku Co., Ltd., Japan). The optical 

properties of the FA-NPMOFs were determined by UV-Vis 

spectroscopy (U-3900 spectrophotometer, Hitachi, Japan). 

The steady-state fluorescence was performed on spectros-

copy (FL-4600 fluorescence spectrometer; Hitachi, Japan) 

equipped with a plotter unit and a quartz cell (1×1 cm). The 

excitation and emission spectral slit width was 10 nm.

In vitro cytotoxicity assay
HepG2 cells and L02 cells were plated into 96-well plates at 

4×103 cells per well and incubated with 100 µL of cell culture 

medium or FA-NPMOFs (25, 50, 100, 200, and 400 µg/mL) 

for 6 hours. For the PDT test, HepG2 cells were then 

irradiated with a 655 nm laser for 10 minutes (300 mW cm−2). 

In vitro cytotoxicity was detected with an MTT kit (Keygen 

Biotech, Jiangsu, China) according to the manufacturer’s 

instructions. Three parallel replicates were measured for 

each sample. The absorbance (OD value) at a wavelength of 

560 nm was measured using a microplate reader (Promega, 

Madison, WI, USA) to calculate the survival rate. In addition, 

HepG2 cells were plated into a six-well plate and incubated 

with 2 mL FA-NPMOFs at a concentration of 200 µg/mL for 

3 hours. After removing FA-NPMOFs, cells were incubated 

in cell culture medium and the content of Gd3+ was measured 

in the supernatant at 3, 6, and 12 hours, respectively. The 

release efficiency was then calculated to evaluate the in vitro 

release of FA-NPMOFs.

In vitro biologic imaging
HepG2 cells were seeded in a 24-well plate at a density of 

4×104 in 500 µL/well and cultured for 24 hours. To assess 

the biologic imaging capability of the FA-NPMOFs at dif-

ferent concentrations, the HepG2 cells were cultured with 

fresh DMEM containing FA-NPMOFs at 400, 200, 100, 

50, and 25 µg/mL for 3 hours. FA-NPMOF-free cells were 

considered the control group. NPMOFs-incubated HepG2 

cells (at concentrations of 400, 200, and 100 µg/mL) were 

set as the negative control. The cells were washed with 

0.1 M PBS (pH 7.2), fixed with 4% paraformaldehyde (PFA) 

for 20 minutes, and stained with DAPI (diluted at 1:1,000; 

Sigma-Aldrich Co., St Louis, MO, USA) for 15 minutes. 

After being washed with PBS-0.1% Tween three times for 5 

minutes each, the cells were sealed with mounting medium. 

Confocal fluorescence images were captured using an FV 

1000 confocal microscope (Olympus Corporation, Tokyo, 

Japan). Red fluorescence images of FA-NPMOFs were cap-

tured using 559 nm excitation; blue fluorescence of the DAPI 

staining was acquired using 405 nm excitation.

Aqueous exposure and fluorescence 
imaging of zebrafish embryos and larvae
Aqueous exposure was carried out according to the guide-

lines of the Organization for Economic Cooperation and 

Development.22,23 For in vivo fluorescence imaging, wild-

type embryos were placed in a 12-well plate (50 embryos 

in 3 mL of solution/well) at 1 hpf and were soaked with 

FA-NPMOF-E3 medium at a concentration of 400, 200, 

100, and 50 µg/mL. The same number of embryos was raised 

in only E3 medium as the control group. After continuous 

incubation for 5 hours, the embryos were returned to E3 

medium. Fluorescence images of the embryos were captured 
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with a DP72 camera mounted on an SZX16 stereomicroscope 

(Olympus Corporation). To observe the tissue distribution 

of FA-NPMOFs in larvae, wild-type fish were incubated 

in FA-NPMOF-Holt buffer (3.5 g/L NaCl, 0.05 g/L KCl, 

0.025 g/L NaHCO
3
, 0.1/L CaCl

2
, pH 7.2) at a concentration 

of 200 µg/mL at 5 dpf. After 12 hours of aqueous exposure, 

larvae were observed under a BX51 fluorescence microscope 

(Olympus Corporation) every 12 hours. Larvae incubated in 

Holt buffer alone were used as the control group. The above 

aqueous exposure experiments were repeated three times.

MrI
A total of 100 embryos from each FA-NPMOF-exposed 

group were packed into a 1.5 mL Eppendorf tube and 

placed in the MRI system (1.2 T; Huantong Corporation, 

Shanghai, China). T1-weighted images were captured along 

the horizontal and sagittal planes. Juvenile fish were anesthe-

tized in 0.016% tricaine, euthanized immediately, and then 

placed in a 1.5 mL Eppendorf tube to obtain T1-weighted 

images along the sagittal plane. The MRI parameters 

were TR/TE =9.7/3.0 milliseconds, flip angle =13°, field 

of view =100×100 mm2, matrix =256×256, slice thick-

ness =1 mm without gaps, and 30°C.

Induction of hcc in krasg12V zebrafish
At 1 mpf, krasG12V fish were treated with doxycycline (D989 

1-25 G-9; Sigma-Aldrich Co.) in the system water at a con-

centration of 60 µg/mL for 15 days in the dark.10 At 9 AM 

each day, the juveniles were allowed a 30-minute interval 

in doxycycline-free system water and were fed with shrimp. 

Then, the fish were again treated with fresh doxycycline 

solution.

Treatment of HCC-bearing zebrafish 
with Fa-NPMOFs and PDT
HCC-bearing krasG12V fish were treated with FA-NPMOF-

Holt buffer at a concentration of 200 µg/mL. Samples were 

collected at 24, 48, 72, and 96 hours post treatment (hpt). 

Wild-type fish were also treated with FA-NPMOF-Holt 

buffer to discern the potential toxicity of FA-NPMOFs at the 

same time points. For negative control, HCC-bearing krasG12V 

fish were treated with NPMOF-Holt buffer at a concentration 

of 200 µg/mL and collected at 24, 48, and 96 hpt. For the PDT 

test, HCC-bearing fish were irradiated with a 655 nm laser 

for 10 minutes (300 mW/cm2) after soaking in 200 µg/mL 

FA-NPMOFs for 48 hours. HCC-bearing fish soaked in a 

doxycycline solution were used as the control group.

small animal imaging
Following FA-NPMOF treatment, HCC-bearing fish were 

anesthetized in 0.016% tricaine (A5040; Sigma-Aldrich 

Co.) and euthanized immediately. Thermal imaging was per-

formed along the sagittal section using a NightOWL LB 983 

small animal in vivo imaging system (Berthold Technolo-

gies, Germany) with the following parameters: Ex =530 nm, 

Em =660 nm, and exposure time =0.1 second.

histology and immunohistochemistry
Fish were anesthetized in 0.016% tricaine and euthanized 

immediately. The liver was dissected, fixed in 4% PFA 

at 4°C overnight, and then embedded in paraffin. Sagittal 

sections were prepared at a thickness of 5 µm. H&E staining 

was performed using a standard protocol.24 The livers from 

HCC-bearing zebrafish were then collected and serially 

cryosectioned at a thickness of 8 µm. Immunohistochemistry 

was performed as previously described.25 For immunofluo-

rescence staining, L02 cells or HepG2 cells were seeded 

into a 24-well plate at a density of 4×104 in 500 µL/well for 

growth on glass coverslips. The cells were washed 3 times 

with 0.1 M PBS containing 0.5% Triton X-100 for 5 minutes, 

fixed in 4% PFA for 20 minutes, and stained using standard 

protocols.26 The primary antibody used in this study was 

anti-FR antibody (1:50; sc-28997, Santa Cruz Biotechnology 

Inc., Dallas, TX, USA). The secondary antibody was a Cy3-

labeled antibody (1:200; Merck Millipore, Billerica, MA, 

USA). DAPI was used to counterstain the nuclei. Images of 

immunostaining were captured using an FV 1000 confocal 

microscope (Olympus Corporation).

statistical analysis
GraphPad Prism software (version 6.0; GraphPad Software, 

Inc., La Jolla, CA, USA) was used for the statistical analysis. 

The viability of cells, the survival rate, and the hatching 

rate of the zebrafish embryos are expressed as a percentage 

(mean ± SEM) of three replicates. Before performing the 

threshold processing, ImageJ software (1.49×, NIH, http://

rsb.info.nih.gov/ij/) was used to convert the immunostaining 

images into 8-bit grayscale images. Statistical analysis of dif-

ferences among groups was performed by one-way ANOVA. 

P-values ,0.05 were considered statistically significant.

Results
synthesis and characterization of 
Fa-NPMOFs
Figure 1A shows a schematic illustration of the procedure for 

preparing FA-NPMOFs. TEM images (Figure 1B) revealed 
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the structure of the FA-NPMOFs to be spherical and ~200 nm 

in diameter with an outer PEI coating layer ~15 nm thick. FTIR 

showed a peak at 1,407 cm−1 from the C−N amide bonds of 

FA (Figure 1C, arrow) and peaks at 2,854 and 2,923 cm−1 due 

to the stretching vibrations of C−H of PEI (Figure 1C, circle 

and arrows). These findings demonstrate the immobilization 

of FA. The composition of the FA-NPMOFs was further char-

acterized by thermogravimetric analysis (TGA) (Figure 1D 

and E). The molar ratio of FA-to-porphyrin was ~0.75:1, 

which shows the grafting rate of FA. The emission and exci-

tation wavelengths of the UV absorbance (Figure 1F, black 

line) and normalized fluorescence (Figure 1F, blue line) 

provided a basis for biologic imaging. The zeta potential of 

NPMOFs was −18.3 mV, whereas that of the NPMOF@PEI 

was 21.3 mV. The conjugation with FA decreased the positive 

charge to 19.58 mV (Figure S1). The above data suggest that 

the FA-NPMOFs were synthesized successfully.

Fa-NPMOFs show bright in vitro 
fluorescence and low cytotoxicity
First, we checked the expression of FR in HCC cells by immu-

nohistochemistry using L02 cells as the negative control. 

No positive signal was detected in L02 cells (Figure S2A). 

In contrast, FR was strongly expressed in the membrane and 

Figure 1 synthesis and characterization of Fa-NPMOFs.
Notes: (A) schematic illustration of Fa-NPMOF synthesis. (B) Transmission electron microscopy images. (C) NPMOF (purple) and Fa-NPMOF (black) composition 
determined by Fourier transform infrared spectroscopy. (D) Tga of NPMOFs and Fa-NPMOFs. (E) Fa-NPMOF composition determined by Tga. (F) UV-vis absorbance 
(black) and normalized fluorescence (blue, λex =530 nm). scale bar in (B) 200 nm and 50 nm (inset).
Abbreviations: DMF, N,N-dimethylformamide; Fa-NPMOF, folic acid-nanoscale gadolinium-porphyrin metal-organic framework; PeI, polyetherimide; TcPP, 
5,10,15,20-tetrakis(4-carboxyl)-21h,23h-porphine; cTaB, cetyltrimethylammonium bromide.

°

°
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cytoplasm of HepG2 cells (Figure S2B),27,28 indicating the 

overexpression of FR in HepG2 cells. To test the in vitro 

imaging capability of the FA-NPMOFs, HepG2 cells were 

incubated with FA-NPMOFs at different concentrations. 

Following 3 hours of incubation, the red fluorescence signals 

were detected and intensified with increasing FA-NPMOF 

concentration; positive signals were localized in the cyto-

plasm rather than the nucleus (Figure 2A). In negative control 

group, weak fluorescence was detected in the cytoplasm in 

NPMOF-incubated HepG2 cells (Figure S3). To further 

quantify this finding, we scored the ratio between the area of 

FA-NPMOF-positive signals and the area of nuclei (stained 

by DAPI) in each group. These results showed that FA-

NPMOF fluorescence occurred in a dose-dependent manner 

(Figure 2B). Moreover, similar cell shape was observed in 

cell groups (five exposed and one control group). The MTT 

assay was then performed to assess the in vitro toxicity and 

PDT effect of FA-NPMOFs. No significant difference in 

viability was found between the L02 and HepG2 groups 

at any concentration (Figure 2C). The viability of HepG2 

cells following laser irradiation (HepG2 + PDT) at higher 

treatment concentrations (100, 200, and 400 µg/mL) was 

significantly decreased compared to L02 and HepG2 cells 

(Figure 2C; ANOVA, *P,0.05, ***P,0.001). The in vitro 

release experiment showed that the FA-NPMOFs were 

released gradually (Figure S4). Together, these data indicate 

that FA-NPMOFs not only have low cytotoxicity with a suf-

ficient capability for cellular imaging but also enable PDT 

to eliminate cancer cells in vitro.

Fa-NPMOFs are capable of dual-modality 
imaging and have low in vivo toxicity
Following 5 hours of exposure to FA-NPMOFs, red fluo-

rescence signals were observed in embryos in all exposed 

groups; the fluorescence intensity was in a dose-dependent 

manner (Figure 3A and B). For MRI, the T1-weighted 

signals became stronger by increasing the FA-NPMOF dose 

(Figure 3C and D). FA-NPMOFs were then removed, and 

the embryos were raised in Holt buffer regularly until 72 hpf. 

Compared to the control group (Figure S5A),29 no obvious 

malformations were observed in embryos in the exposed 

groups at 6, 24, 48, and 72 hpf (Figure S5A). Analysis of 

the survival and hatching rates showed no significant dif-

ferences (Figure S5B and C). These results indicate that the 

as-prepared FA-NPMOFs can be used for fluorescence and 

MRI in vivo imaging. Additionally, short-term exposure 

Figure 2 In vitro cytotoxicity of Fa-NPMOFs.
Notes: (A) Fluorescence images of hepg2 cells; red signals are from Fa-NPMOFs, blue signals are from DaPI staining. Note that the Fa-NPMOFs are localized at the 
membrane and in the cytoplasm. (B) Statistical analysis of fluorescence intensity in the control and FA-NPMOF-exposed groups. (C) statistical analysis of viability of l02 cells 
treated with Fa-NPMOFs (white), hepg2 cells treated with Fa-NPMOFs (gray), and hepg2 cells treated with Fa-NPMOFs and photodynamic therapy (black). scale bar in 
(A): 20 µm. *P,0.05, ***P,0.001.
Abbreviation: FA-NPMOF, folic acid-nanoscale gadolinium-porphyrin metal-organic framework; PDT, photodynamic therapy; NS, not significant.
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to FA-NPMOFs does not disrupt the gross development of 

embryonic zebrafish.

The distribution of FA-NPMOFs in 5-dpf larvae was 

assessed following exposure to FA-NPMOFs. Most of the 

fluorescence signals were detected in the gastrointestinal 

tract and decreased over time, disappearing at 60 hours post 

exposure (Figure 4). Interestingly, no positive signals were 

detected in the liver at any time point. These results indicate 

Figure 3 Fluorescence imaging and MRI of FA-NPMOFs in zebrafish embryos.
Notes: (A, B) Bright-field and fluorescence images of FA-NPMOF-exposed zebrafish embryos. Note that the red fluorescence was emitted by FA-NPMOFs. (C, D) MrI 
scans on the (C) sagittal and (D) horizontal planes. scale bar in (A, B): 100 µm.
Abbreviations: Fa-NPMOF, folic acid-nanoscale gadolinium-porphyrin metal-organic framework; MrI, magnetic resonance imaging.

Figure 4 Time-lapse distribution of FA-NPMOFs in zebrafish larvae.
Notes: (A, B) Fluorescence and bright-field images of FA-NPMOF-exposed larvae at 5 days post fertilization. Note that the red fluorescence was emitted by FA-NPMOFs. 
(C) Merged images from (A and B). scale bar: 100 µm.
Abbreviation: Fa-NPMOF, folic acid-nanoscale gadolinium-porphyrin metal-organic framework; hpe, hours post exposure.
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that FA-NPMOFs are ingested by the wild-type larvae and 

accumulate mainly in the gastrointestinal tract.

Tumor targeting of Fa-NPMOFs in 
hcc-bearing krasg12V juveniles
In this study, we used doxycycline to induce HCC in one-

month-old krasG12V transgenic fish and assessed its formation 

every 3 days (Figure S6). To eliminate the possible toxicity 

of FA-NPMOFs in the liver, wild-type zebrafish at 1 mpf 

were treated in the same way and were used as the control. 

No positive signals were found in the liver in the control 

group (Figure S6A). At 3 days post induction (dpi), low 

EGFP-positive signals were detected on the ventral side 

of the esophagus and intestinal bulb, although the liver did 

not show obvious enlargement (Figure S6B). From 6 to 

12 dpi, the liver enlarged gradually, and the fluorescence in 

the liver increased. Next, we also performed H&E staining 

for histologic examination of the liver. From 6 to 12 dpi, 

cells in the liver exhibited a disordered growth arrangement 

with thickened plates. Over time, these cells became darkly 

stained and showed a higher nuclear-to-cytoplasmic ratio 

(Figure S6C–E).30–32 At 15 dpi, the liver showed remarkable 

cell pleomorphism, multinuclear cells, and vesicular nuclei 

with prominent nucleoli (Figure 5A). Because FR is over-

expressed in HCC cells rather than normal hepatocytes, we 

also tested the expression of FR using immunohistochemistry 

in doxycycline-induced juveniles at 15 dpi. Briefly, bright 

red signals were detected in the membrane and cytoplasm, 

indicating strong FR expression (Figure 5B). HCC in krasG12V 

fish was defined as an EGFP-positive liver enlarged to at 

least twice the size of a normal liver with histologic changes, 

including plate disarrangement and atypical cells with an 

increased nuclear-to-cytoplasmic ratio.33,34 Moreover, we 

found that the EGFP-positive and FR-positive signals were 

colocalized. The above data illustrate that HCC is fully devel-

oped in krasG12V juveniles following 15 days of induction 

with doxycycline at 60 µg/mL, thus providing an efficient 

and reliable HCC model.

Figure 5 hcc in krasg12V zebrafish.
Notes: (A) Bright-field, GFP fluorescence and H&E staining images in wild-type (control, the upper line) and krasg12V zebrafish (the lower line) at 15 dpi. (B) Fr immunostaining 
in the liver from krasg12V zebrafish at 15 dpi. Scale bar in (A): 500 µm; 10 µm; (B): 20 µm.
Abbreviations: dpi, days post induction; FR, folate receptor; GFP, green fluorescent protein; HCC, hepatocellular carcinoma; WT, wild type.
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To determine the targeting ability of FA-NPMOFs 

in vivo, HCC-bearing juveniles were treated with FA-

NPMOFs at a concentration of 200 µg/mL for 96 hours. 

We then dissected the liver and performed DAPI staining 

on cryosections. A gradual increase in fluorescence signal 

was observed during the first 48 hours, and then it progres-

sively decreased (Figure 6A). The positive signals from 

Figure 6 Time-lapse retention of Fa-NPMOFs in the liver of hcc-bearing krasg12V zebrafish.
Notes: (A) Retention of FA-NPMOFs in the liver of HCC-bearing zebrafish at 0 (control), 24, 48, 72, and 96 hpt. (B) Images of GFP fluorescence and DAPI staining in 
the same liver from (A). (D) Merged images of (A–C). (E) Magnetic resonance imaging scans and thermal images of FA-NPMOF-treated HCC-bearing zebrafish at 48 hpt. 
scale bar: 20 µm.
Abbreviations: FA-NPMOF, folic acid-nanoscale gadolinium-porphyrin metal-organic framework; GFP, green fluorescent protein; HCC, hepatocellular carcinoma; hpt, hours 
post treatment; MrI, magnetic resonance imaging.

FA-NPMOFs were observed in the cytoplasm and overlapped 

with the EGFP signals (Figure 6B–D). In negative control 

group, NPMOFs emitted faint red fluorescence, which 

located the cytoplasm of HCC tumor cells (Figure S7). At 

48 hpt, we performed in vivo and in situ imaging on the same 

fish by MRI and small animal imaging. Both the T1-weighted 

and thermal imaging signals were detected in the abdomen 
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of the HCC-bearing fish, respectively (Figure 6E). These 

data suggest that FA-NPMOFs are specifically delivered and 

enriched in HCC for at least 48 hours.

Significant tumor shrinkage following 
laser irradiation via photodynamic effect 
of Fa-NPMOFs
Following 48 hours of treatment with FA-NPMOFs, HCC-

bearing fish underwent laser irradiation. The efficiency of 

PDT was evaluated 48 hours later by EGFP fluorescence, 

thermal imaging, H&E staining, and tumor volume mea-

surement. Compared to the fish in the FA-NPMOF group, 

the EGFP-positive area was decreased (Figure 7A) in the 

PDT group. The scope and intensity of the thermal imaging 

signals were also reduced in the PDT-treated fish (Figure 7B). 

H&E staining of liver sections from the PDT-treated fish 

showed patchy necrosis with inflammatory cell infiltration 

(Figure 7C). To quantify our findings, we measured the 

tumors from ten fish in each group (Figure 7D). The tumor 

volume (22.5±3.6 mm3) in the FA-NPMOF + PDT group 

was significantly lower than that (48.0±3.6 mm3) in the FA-

NPMOF group (Figure 7E; Student’s t-test, ***P,0.001). 

The above data indicate that the photodynamic effect of 

FA-NPMOFs leads to tumor shrinkage.

Discussion
In the present study, we established and validated a novel 

theranostic nanoparticle consisting of FA conjugated to Gd-

PMOFs for image-guided treatment of HCC. Our design 

strategy for the FA-NPMOFs was as follows: 1) FA-NPMOFs 

were synthesized with CTAB as surfactants to confine 

the rapid growth of MOF. Templates and auxiliary ligand 

methods were used to achieve nanoscale PMOFs in a micro-

porous emulsion.21 The basic skeleton consisted of TCPP and 

Gd3+. 2) FA was used for active tumor targeting and selec-

tive tumor cell entry. 3) The dispersion of the FA-NPMOFs 

was improved using PEI-10000, which is hydrophilic and 

biocompatible and was used as a linker between the targeting 

Figure 7 Tumor inhibition after PDT in HCC-bearing zebrafish.
Notes: (A–C) Bright-field, fluorescence, thermal, and H&E staining images of HCC-bearing zebrafish before (FA-NPMOF; left column) and after (FA-NPMOF + PDT; right 
column) PDT. (D) Images of tumors in the Fa-NPMOF and NPMOF + PDT groups. (E) statistical analysis of tumor volume between the two groups. scale bar in (A): 500 µm, 
(C): 20 µm. ***P,0.001.
Abbreviations: FA-NPMOF, folic acid-nanoscale gadolinium-porphyrin metal-organic framework; GFP, green fluorescent protein; HCC, hepatocellular carcinoma; PDT, 
photodynamic therapy.
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and fluorescence units. 4) Porphyrin was used as a theranostic 

platform for both fluorescence-guided imaging and PDT; 

porphyrin can provide powerful fluorescence and gener-

ate singlet oxygen following irradiation. Previous studies 

have reported that targeted MOF vectors require the use of 

dimethyl sulfoxide as a cosolvent;35 however, the nanoma-

terials we constructed showed good dispersion and water 

solubility, allowing them to enter tissues and cells.

After confirming the high expression of FR, HepG2 cells 

were used as an in vitro HCC model. In vitro imaging and 

MTT assay data revealed two suitable features. First, the 

FA-NPMOFs could be used for efficient cellular imaging, 

as the FA-NPMOFs entered the HepG2 cells successfully 

with the same cellular localization as NPMOFs.36 Second, 

the decent morphology of FA-NPMOF-exposed cells and 

the MTT assay results demonstrated the low cytotoxicity 

of FA-NPMOFs, and the conjugation of NPMOFs with FA 

did not increase the cytotoxicity. Therefore, these novel 

nanoparticles exhibited proper cellular localization in tumor 

cells with minimal toxic side effects in vitro.

Pores in the chorion of zebrafish embryos are ~600 nm 

in diameter.25 The FA-NPMOFs are ~200 nm in diameter; 

thus, they can enter zebrafish embryos via the chorion 

pores. As there is no septum between the cells and yolk in 

early-stage zebrafish embryos, FA-NPMOFs invaded either 

the cells or yolk and dispersed throughout the embryo.37 

Hence, the red fluorescence emitted from FA-NPMOFs 

was roughly uniformed in each embryo at all concentra-

tions. Malformations, mortality, and hatching are the key 

variables used for measuring the toxicity of nanoparticles in 

zebrafish models.38,39 Following exposure to FA-NPMOFs, 

the embryos exhibited an approximately normal phenotype 

with no obvious changes in either the survival rate or the 

hatching rate. Therefore, the biotoxicity resulting from 

short-term exposure to FA-NPMOFs was low. The in vivo 

imaging of FA-NPMOFs was first evaluated in embryos. 

On the one hand, the synthetic FA-NPMOFs emitted red 

fluorescence due to the properties of porphyrin. On the other 

hand, the FA-NPMOFs also have potential as a T1-weighted 

MRI contrast agent because of the strong paramagnetism 

of Gd3+. Therefore, the FA-NPMOFs have an excellent 

capability for fluorescence and MRI dual-modality imaging. 

The in vivo imaging of FA-NPMOFs was further observed 

in larvae. Larvae at 5 dpf become active and begin to prey; 

meanwhile, the gastrointestinal tract has begun preliminary 

function.40,41 Therefore, we selected 5 dpf as the time point to 

observe the distribution of FA-NPMOFs. Except the kidney, 

normal tissues do not seem to concentrate folate conjugates.42 

The expression level of FR in the heart, lungs, liver, intes-

tines, and brain tissue is also very low.43 The FA-NPMOFs 

gathered in the gastrointestinal tract, similar to other MOFs.44 

We speculated that the FA-NPMOFs were excreted through 

the digestive tract or the kidneys.

This study used the Tet-on zebrafish HCC model driven 

by carcinogenic kras signaling.11 The dose of doxycycline 

was set at 60 µg/mL because this dose did not cause the mass 

death of 1-month-old juveniles. The formation of HCC was 

confirmed in three ways: 1) following induction for 15 days, 

the liver was enlarged with an obvious atypical morphology. 

2) FR was overexpressed in HCC cells compared to the 

normal hepatocytes. In our model, FR was highly expressed 

in the liver in doxycycline-treated juveniles. 3) In krasG12V 

fish, EGFP was expressed when the kras gene was activated, 

and only the HCC cells could spontaneously and stably 

exhibit strong green fluorescence. Our data illustrated that a 

reliable HCC model was fully developed following 15 days 

of induction with doxycycline.

In this study, we accomplished actively and passively 

targeted FA-NPMOF delivery in an HCC zebrafish model. 

On the one hand, we designed FA-NPMOFs based on a 

receptor–ligand interaction. Because FR was highly expressed 

in HCC, the FA-NPMOFs entered the tumor cells via 

receptor-mediated endocytosis, which was applied for active 

targeting.45 On the other hand, the enrichment of FA-NPMOFs 

in tumor sites partially occurred due to the enhanced perme-

ability and retention (EPR) effect, which is a tumor-specific 

characteristic that contributes to the basis of delivery by 

passive targeting.46 In the present study, we set the negative 

control both in vitro and in vivo. HepG2 cells or HCC-bearing 

zebrafish were only exposed to NPMOFs and weak signals 

were detected in cells or tumor tissue. This approach was an 

ideal and effective way to accomplish active targeting further 

enhanced by the EPR effect. Whether nanoparticles could be 

easily taken up by the mononuclear phagocyte system is also 

an important factor that depends on the size and hydropho-

bicity of the nanoparticles.47 Nanoparticles between 10 and 

200 nm in size are small enough to evade phagocytosis by 

the reticuloendothelial system. These particles may penetrate 

capillaries and exhibit long plasma circulation times, allowing 

them to achieve the most effective distribution in a particular 

tissue.48,49 Our FA-NPMOFs were equipped with a hydrophilic 

layer and had a size that was suitable for avoiding phagocy-

tosis. Thus, FA-NPMOFs accumulated in the tumor site due 

to the combination of active targeting and the EPR effect.

PDT is a form of phototherapy that involves light and a 

photosensitizer and is used in conjunction with oxygen to 
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elicit cell death. In FA-NPMOFs, porphyrin was not only 

used for fluorescence imaging but also acted as a photosen-

sitizer. Tumor tissues exhibit preferential porphyrin uptake. 

Moreover, the retention of porphyrin in tumor tissues is 

longer than that in normal tissues.50 This preferential tumor 

accumulation with a long retention time suggested the tre-

mendous advantage of FA-NPMOFs for clinical applications. 

After a sufficient amount of porphyrin accumulated in the 

tumor tissue, the porphyrin was activated by exposure to light 

at a specific wavelength, generating enough singlet oxygen 

to exert a toxic effect on tumor cells rather than damaging 

the neighboring tissue. This process is the underlying mecha-

nism of porphyrin-based PDT.51 Remarkable HepG2 cell 

death was observed after PDT with the FA-NPMOFs. In the 

zebrafish, the HCC cells underwent necrosis, which triggered 

an inflammatory reaction. The therapeutic efficacy was also 

validated by EGFP fluorescence, thermal imaging, and tumor 

shrinkage. Hence, the FA-NPMOFs played therapeutic role 

both in vitro and in vivo.

Conclusion
In summary, we synthesized and validated novel low-toxicity 

nanoparticles consisting of FA conjugated to Gd-PMOFs that 

actively and passively target tumor tissue. The FA-NPMOFs 

offer a dual-theranostic platform: 1) it can be detected by both 

fluorescence and magnetic resonance in vitro and in vivo. 

2) It can specifically recognize FR-positive cells; once in the 

cell it can enable PDT and induce damage to the malignant 

cells. This property may accelerate drug onset and reduce 

side effects. FA-NPMOFs are potential carriers that can be 

used for the development of new treatments for HCC and 

other FR-positive tumors.
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Supplementary materials

Figure S1 Zeta potential of NPMOF, NPMOF@PeI, and Fa-NPMOF.
Abbreviations: Fa-NPMOF, folic acid-nanoscale gadolinium-porphyrin metal-organic framework; PeI, polyetherimide.

Figure S2 Fr expression in l02 and hepg2 cells.
Notes: Fr expression in (A) l02 cells and (B) hepg2 cells. scale bar: 20 µm.
Abbreviation: Fr, folate receptor.
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Figure S3 Fluorescence images of NPMOFs in hepg2 cells.
Notes: (A) red signals are from NPMOFs, blue signals are from (B) DaPI staining. (C) Merged images from (A) and (B). scale bar: 20 µm.
Abbreviation: NPMOF, nanoscale gadolinium-porphyrin metal-organic framework.

Figure S4 The release efficiency for folic acid-nanoscale gadolinium-porphyrin metal-organic frameworks.
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Figure S5 Phenotype, survival rate, and hatching rate of zebrafish embryos following exposure to FA-NPMOFs.
Notes: (A) embryonic phenotype from 6 to 72 hpf in the control and Fa-NPMOF-exposed groups at concentrations of 50, 100, 200, and 400 µg/ml. (B, C) statistical analysis 
of the (B) survival and (C) hatching rates. The dorsal side is at the top, and the rostral side is to the left. scale bar in (A): 200 µm.
Abbreviations: Fa-NPMOF, folic acid-nanoscale gadolinium-porphyrin metal-organic framework; hpf, hours post fertilization.
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Figure S6 Tumorigenesis of hepatocellular carcinoma in doxycycline-treated krasg12V zebrafish.
Notes: (A–E) Bright-field (left column), green fluorescent protein fluorescence (middle column), and H&E staining images of livers (right column) in (A) wild-type (control) 
and (B–E) krasg12V zebrafish at (B) 3 dpi, (C) 6 dpi, (D) 9 dpi, and (E) 12 dpi. scale bar: 500 µm (middle column); 20 µm (right column).
Abbreviation: dpi, days post induction.
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Figure S7 Time-lapse retention of NPMOFs in the liver of HCC-bearing zebrafish.
Notes: (A) Retention of NPMOFs in the liver of HCC-bearing zebrafish at 0 hours post treatment (hpt; control), 24, 48, and 96 hpt. (B) Images of GFP fluorescence and 
(C) DaPI staining in the same liver from (A). (D) Merged images of (A–C). scale bar: 20 µm.
Abbreviations: GFP, green fluorescent protein; HCC, hepatocellular carcinoma; hpt, hours post treatment; NPMOF, nanoscale gadolinium-porphyrin metal-organic 
framework.
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