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Background: Photoreceptor degeneration is one of the most refractory oculopathy in the

world, leading to vision loss in severe cases. Methyprednisolone is one of the most com-

monly prescribed medications for the treatment of retinal degenerative diseases, either by

oral administration or repeated intraocular injections. However, the efficacy was unsatisfac-

tory due to its systemic or local side effects and short retention time within the retina.

Methods: Nanoscale zirconium-porphyrin metal-organic framework (NPMOF) was synthe-

sized and characterized. The biotoxicity and imaging capability of NPMOF were evaluated

using zebrafish embryos and larvae. NPMOF was then used as a skeleton and loaded with

methylprednisolone (MPS) to prepare a novel kind of nanoparticle, MPS-NPMOF.

Photoreceptor degeneration was induced by high-intensity light exposure in adult zebrafish.

MPS-NPMOF was delivered to the injured retina by intraocular injection. The photoreceptor

regeneration and its underlying mechanism were explored by immunohistochemistry, quan-

titative real-time polymerase chain reaction and behavioral test.

Results: NPMOF not only had low biotoxicity but also emitted bright fluorescence. Following

a single MPS-NPMOF intraocular injection, the injured retina exhibited the faster photoreceptor

regeneration with better visual function by promoting the cell proliferation.

Conclusion: NPMOF is an ideal carrier and could be applied in tracking and delivering

medications. By intraocular injection, the novel drug delivery system, MPS-NPMOF, accom-

plishes the sustained release of drug and plays a therapeutic role in photoreceptor degeneration.

Keywords: nanoscale zirconium-porphyrin metal-organic framework, photoreceptor,

degeneration, methylprednisolone, drug delivery

Introduction
Retinal degeneration is one of the leading causes of progressive blindness. In many

human ocular diseases, such as retinitis pigmentosa and age-related macular degen-

eration, the death of photoreceptor cells was the principal event lacking curative

treatment.1 Zebrafish is an excellent model of visual diseases, especially those

involving dysfunction of photoreceptors, because their gene expression patterns,

structure and function are remarkably similar to those of the human retina.2 The

zebrafish model not only broadens our understanding of the genetics and signaling

pathways underlying human ocular diseases but also provides novel insights for

developing diagnostic and therapeutic approaches.
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Glucocorticoids are among the most commonly pre-

scribed drugs for the treatment of retinal diseases because

of their anti-inflammatory, immunosuppressive and vaso-

constrictive effects by systemic administration or intravitr-

eous injection.3–5 Unfortunately, the use of glucocorticoids

is limited by their undesirable effects.6,7 Therefore, there is

an urgent need to optimize medication delivery. In the

intraocular system, some nanoparticles can protect their

cargo from rapid degradation, sustain the release period

and penetrate physiological barriers, thus delivering the

loaded drugs to specific tissues and cells by either passive

or active targeting mechanisms.8,9 Porphyrin metal-organic

frameworks (MOFs) are a class of porous materials com-

posed of metal ions and organic ligands. On the one hand,

these frameworks possess a large surface area, tunable

porosity and robust stability. Their ultra-large channels

can carry polycyclic drugs.10 On the other hand, they retain

the photophysical properties of porphyrin and emit bright

red fluorescence, which offers an approach to monitor and

track the particles.11 Until now, little was known about the

application of MOFs as intraocular carriers.

In this study, a nanoscale zirconium-porphyrin metal-

organic framework (NPMOF) was synthesized and used as

a skeleton. Methyprednisolone (MPS), a glucocorticoid

medication, was then loaded to prepare a novel nanoparti-

cle, MPS-NPMOF. Specifically, the following properties

were determined: 1) physical and chemical characteristics

of NPMOF; 2) in vivo biotoxicity and biodistribution of

NPMOF; 3) uptake-release properties of MPS-NPMOF;

and 4) the degeneration-regeneration of photoreceptors

and functional changes following intraocular injection of

MPS-NPMOF. To our knowledge, the present study is the

first report on an NPMOF-based intraocular delivery sys-

tem and creates an avenue to develop a new therapeutic

approach for photoreceptor degeneration.

Materials and Methods
Synthesis and Characterization of

NPMOF
NPMOF was synthesized by a slightly modified solvent-

thermal method.11 Briefly, 10 mg of 5,10,15,20-tetrakis(4-car-

boxyl)-21H,23H-porphine (TCPP; TCI Shanghai Chemical

Industry, China), 30 mg of zirconium chloride (ZrCl4; Alfa-

Asia, Tianjin, China), 200 mg of benzoic acid (BA, 98.5%;

Guangfu Fine Chemical Research Institute, Tianjin, China),

100 mg of cetyltrimethylammonium bromide (CTAB; Fuchen

Reagent, Tianjin, China), 200mg of polyethylene glycolM.W.

6000 (PEG-6000; Fuchen Reagent), and 10 mL of dimethyl-

formamide (DMF; Concord Reagent, Tianjin, China) were

mixed and dissolved by ultrasonication for 10 mins. The

dark purple suspensionwas heated at 120 °C for 24 hrs in a 30-

mL Teflon-lined steel-autoclave and subsequently cooled to

room temperature. NPMOF was purified by centrifugation,

washed with DMF, 100% ethanol, and ddH2O twice each and

then dried by lyophilization. To obtain a 1 mg/mL NPMOF

solution, NPMOF was re-suspended in 0.1 M phosphate buf-

fered saline (PBS, pH 7.4; Sangon Biotech, China).

The morphology of NPMOF was observed using trans-

mission electron microscopy (TEM, accelerating vol-

tage=200 kV; Tecnai G2 F20, FEI, Hillsboro, USA) and

scanning electron microscopy (SEM; JSM-7500F, JEOL,

Tokyo, Japan). The structure of NPMOF was characterized

by X-ray diffraction (XRD), N2 adsorption-desorption and

pore-size distribution. XRD patterns were obtained by a D/

max-2500 diffractometer (Rigaku, Tokyo, Japan) using

Cu-Kα radiation (λ=1.5418 Å). N2 adsorption-desorption

isotherms and the pore size distribution were tested with

a Tristar 3000 at 77 K. The pore-size distribution was

calculated by the Barrett, Joyner and Halenda (BJH)

method according to the density functional theory (DFT)

program. The composition of NPMOF was examined by

thermogravimetric analysis (TGA), differential scanning

calorimetry (DSC) and Fourier transform infrared (FTIR)

spectroscopy (400–4000 cm−1). TGA was performed on

a PTC-10ATG-DTA analyzer (Thermo plus EVO2

TG8121, Rigaku) heated from 20°C at a ramp rate of

10°C/min under air, and infrared spectra were obtained

via a Bruker TENSOR 27 Fourier transform infrared spec-

trometer. The optical properties of NPMOF were revealed

using a UV-2450-visible spectrophotometer (Shimadzu,

Japan) and FL-4600 Fluorescence Spectrometer (Hitachi,

Japan) equipped with a quartz cell (1 cm×1 cm).

Preparation of MPS-NPMOF
To prepare loaded nanoparticles, 10 mg of methylpredni-

solone (MPS; Adamas, China) was mixed with 5 mg of

NPMOF in a 10 mL DMF solution under stirring for three

days. After 2, 4, 8, 12, 24, 48, and 72 hrs of agitation,

0.5 mL of solution was centrifuged, and the supernatant

was diluted and analyzed by UV-Vis spectrophotometry at

266 nm. The loading efficiency (LE) was calculated with

the following equation:

LE ¼ WD

WMOF
� 100% (1)
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where D indicates the drug. WD is the mass of MPS loaded

in the NPMOF, and WMOF is the original mass of NPMOF.

WD was calculated from the adsorption value at 266 nm.

After 72 h, the remaining mixture was centrifuged,

dried and re-suspended in 0.1 M PBS to a concentration

of 2 mg/mL MPS-NPMOF.

MPS release experiments were conducted by incubat-

ing 5 mg of MPS-NPMOF in 5 mL of 5% hyaluronic acid

solution for three days to simulate the environment of the

vitreous body. The amounts of released MPS in the super-

natant were measured by fluorescence spectrophotometry

at 430 nm after 4, 8, 12, 24, 48, and 72 hrs of agitation.

The release efficiency (RE) was calculated with the fol-

lowing equation:

RE ¼ WRE

WD
� 100% (2)

where WRE represents the mass of MPS released from

MPS-NPMOF. WD means the mass of MPS loaded into

NPMOF.

Experimental Animals
Wild-type zebrafish (AB strain) and transgenic zebrafish Tg

(lysC:EGFP) (a gift fromDr. Yao) were used in this study. The

animals were maintained in a fish facility under standard

conditions, with a 10/14 hr dark/light cycle at 28.5°C.12

Protocols for all animal procedures were approved by the

Nankai University Animal Care and Use Committee and

complied with National Institutes of Health (NIH) guidelines.

Aqueous Exposure
At 48 hrs post fertilization (hpf), wild-type and Tg (lysC:

EGFP) embryos were placed in a 6-well plate (30 embryos

per well) and exposed continuously to NPMOF-Holt buffer

(60 mmol/L NaCl, 0.67 mmol/L KCl, 0.3 mmol/L NaHCO3,

0.9 mmol/L CaCl2, pH 7.2) at a concentration of 100 mg/L

and 50 mg/L, respectively, until 120 hpf. Thirty embryos

were raised in Holt buffer as the control group. The experi-

ment described above was repeated three times.

Light Lesion and Intravitreous Injection
To induce selective photoreceptor death, adult wild-type fish

were exposed to high-intensity light from a mercury arc lamp

(>180,000 lux, BH2-RFL-T3-W, Olympus, Japan) for

45 mins.13 Thirty minutes after light lesioning, the fish

were anesthetized with 0.1% 3-aminobenzoic acid ethyl

ester methanesulfonate (MS-222; Sigma, St. Louis, MO,

USA). An incision was made in the corneal limbus using

a microblade. In all experiments except behavioral test, only

the left eye was injected while the right eye was used as the

uninjected control. A microsyringe (Hamilton, 1701RN;

Reno, Nevada, USA) was used to operate injection, 0.8 μL

of either control (0.1 M PBS, pH 7.4) or 0.1 M PBS contain-

ing 1 mg/mL MPS, 1 mg/mL NPMOF, or 2 mg/mL MPS-

NPMOF into the vitreous chamber. Following injection, the

fish were revived in fish water, returned to the system and

raised regularly. Thirty fish were injected in each group.

Histology and Immunofluorescence
NPMOF-exposed larvae at 120 hpf or injected adult fish

were anesthetized in 0.1% MS-222 and euthanized imme-

diately. In adult fish, eye cups were harvested at 1, 2, 3, 4,

5, 6 and 7 days post lesion (dpl). Larvae or eye cups were

fixed in 4% paraformaldehyde (PFA). Hematoxylin and

eosin (HE) staining and immunohistochemistry were per-

formed using standard procedures.14,15 The primary anti-

bodies were Zpr1 (1:200; Zebrafish International Resource

Center (ZIRC), Eugene, OR, USA), Zpr3 (1:200; ZIRC),

Zn12 (1:200; ZIRC) and anti-proliferating cell nuclear

antigen (PCNA, 1:1000; clone PC-10, Sigma). For

PCNA immunolabelling, slides were first incubated in

0.01 M sodium citrate buffer (pH 6.0) with 0.05%

Tween-20 at 95-98°C for 20 min prior to retrieving the

antigen.16 The secondary antibody was Alexa Fluor 488

(1:1000; ab150113, Abcam, Cambridge, MA) or fluores-

cent-labelled Cy3 (1:500; Millipore, Billerica, MA). The

sections were counterstained with a 1:1000 dilution of

4ʹ,6-diamidino-2-phenylindole (DAPI, Sigma) to label the

nuclei.

In situ Hybridization
Embryos were raised in 0.003% 1-phenyl-2-thiourea (PTU,

Sigma) until 24 hpf to prevent pigmentation until 120 hpf.

Larvae were anesthetized with 0.1% MS-222, euthanized

immediately and fixed in 4% PFA at 120 hpf. Hepatocytes

were specifically labeled by ceruloplasmin (cp, GenBank

NM_131802) mRNA probe. The primer sequences for the

amplification of cp were forward 5′-TGGAACGCTCTA

CCACAA-3′ and reverse 5′-TACGGTTCTGTGGAATAG

TG-3′. The cDNAwas linearized with Sac I, and the digox-

igenin-labeled RNA probe was synthesized with T7 poly-

merase. Whole-mount in situ hybridization was performed

using a standard protocol.17 The concentration of cp probe

was 2 ng/μL. Six individuals were processed in each group.
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Quantitative Real-Time Polymerase Chain

Reaction (qRT-PCR)
Total RNAwas extracted from larval zebrafish at 120 hpf or

eye cups using TRIzol reagent according to the manufac-

turer’s protocol (Life Technologies, Carlsbad, California,

USA) and was reverse-transcribed using TransScript First-

Strand cDNA Synthesis SuperMix (TransGen Biotech,

Beijing, China). qRT-PCR was assembled using TransStart

Top Green qPCR SuperMix (TransGen). Reaction proce-

dures were as follows: 5 mins at 95°C, followed by 40 cycles

of 15 seconds at 95°C, 20 seconds at 55°C, and 30 seconds at

72°C. Primer sequences are listed in Supplementary Table 1.

The comparative 2−ΔΔCt method was used for data analysis.

The qRT-PCR experiment described above was repeated

3 times.

Behavioral Test
Optomotor response (OMR) tests were performed on adult

zebrafish from the normal (unlesioned and uninjected),

0.1 M PBS, 1 mg/mL MPS and 2 mg/mL MPS-NPMOF

groups at 7 dpl. The injection was operated biocularly as

described previously. The injectants were same in both

eyes. The normal group was used to determine the baseline

of parameters. All behavioral tests were performed

between 14:00 and 18:00 to avoid the influence of circa-

dian rhythms on locomotor activity and visual

sensitivity.18,19 The stimulus of the OMR apparatus was

a rotating, radial, black and white grating, modified from

a classic OMR stimulus.20,21 The spatial and temporal

frequencies were set at 0.03 cycles per degree (c/deg)

and 30 rotations per minute (rpm), respectively. After

a 15 min acclimatization, the movement was tracked

using a camera (CX240, Sony, Japan) positioned above

the apparatus. The grating was presented to the fish in four

60-second trials, with the first two trials serving as adapta-

tion and the last two trials used for data collection. For

each pair of trials, the gratings rotated once clockwise and

once counterclockwise. All digital tracks were analyzed by

Ethovision XT software (version 11.5, Noldus Information

Technology, Wageningen, the Netherlands). The positive

response was defined as swimming following the grating

direction. OMR performance was quantified by the posi-

tive proportion of distance (distance of positive response/

total distance) and positive proportion of time (time of

positive response/total time). Eight fish were tested in

each group.

Photography and Image Analysis
Images of immunofluorescence were captured with an

LSM710 confocal microscope (Carl Zeiss, Jena, Germany).

Images of HE staining, in situ hybridization, NPMOF distri-

bution and neutrophil aggregation were photographed with

a BX51 microscope (Olympus Corporation, Tokyo, Japan).

ImageJ software (1.49X, NIH, http://rsb.info.nih.gov/ij/) was

used to convert images to 8-bit grayscale prior to thresholding;

subsequently count GFP-expressing and retinal cells; calculate

the positive areas of Zpr1, Zpr3 and Zn12 immunostaining;

and measure the defect length of retinas following light

lesioning.

Statistical Analysis
Statistical analysis was performed with SPSS software

(version 20.0, IBM, New York, USA) and GraphPad soft-

ware (version 5.0, GraphPad Software, La Jolla, USA).

Statistical analysis of differences among groups was deter-

mined by using one-way analysis of variance (ANOVA)

with the exception of the survival rate (with the Log rank

test). The significance level was set at p-value ˂ 0.05.

Results and Discussion
Characterization of NPMOF
In the present study, we prepared a novel NPMOF and used it

as a loading skeleton. The design strategy for NPMOFwas as

follows: BA andCTABwere used as subsidiary ligand block-

ers and surfactants to regulate the size. Zirconium was

selected as the metal ion of NPMOF because of its high

biocompatibility. The dispersibility and hydrophilicity of

NPMOF were improved using PEG-6000. Porphyrin was

used as the imaging unit because it can provide powerful

red fluorescence. Figure 1A shows the schematic illustration

of NPMOF. There were two main channels that could carry

the drug. Zr6O16 clusters (green polyhedron) were linked

through the planar TCPP to form a Kagome-type topology.

TEM and SEM images revealed that NPMOF had a spherical

structure approximately 270 nm in diameter (Figure 1B

and C), so the water-soluble NPMOF could easily enter into

the zebrafish.11 The XRD study showed that the main diffrac-

tion peaks of NPMOF emerged at 2θ values of 4.7°, 5.4°,

7.1°, 9.4°, 10.8°, 11.8° and 14.3° (Figure 1D). These sharp

and narrow peaks indicated that NPMOF was highly crystal-

line and finely porous. N2 adsorption-desorption isotherms of

NPMOF were classified as type II according to International

Union of Pure and Applied Chemistry (IUPAC) nomencla-

ture (Figure 1E; see22), indicating the presence of mesopores.

Wang et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:149766

https://www.dovepress.com/get_supplementary_file.php?f=225992.docx
http://rsb.info.nih.gov/ij/
http://www.dovepress.com
http://www.dovepress.com


The Brunauer-Emmett-Teller (BET) surface area of NPMOF

was 111.4 m2 g−1, and the main pore size was 3.5 nm

(Figure 1F). The FTIR image showed a peak at 656 cm−1

that was assigned to the Zr-O vibration of the Zr cluster

(Figure 1G, arrow). The composition and stability of

NPMOF were detected by TGA. DSC curves showed that

NPMOF was stable until 426.4°C, and the calculated mole-

cular formula was Zr3O8(OH)3TCPP (Figure 1H). For UV-

Vis adsorption, NPMOF exhibited a strong absorption peak at

421 nm for the Soret band and four peaks at 522, 560, 590,

and 650 nm for the Q band, while fluorescence was observed

at an emission peak at 689 nm (Figure 1I). Compared to the

spectrum of the precursor porphyrin (TCPP), most peaks

were still present, although slightly red-shifted (Figure 1I),

which was attributed to the enlarged conjugate area of por-

phyrin after NPMOF formation.23

Biological Distribution and Phenotypes

Following NPMOF Exposure
To observe the in vivo distribution of NPMOF, embryos were

exposed to NPMOF until 120 hpf. Phenotypes were assessed

on exposed larvae at 96 and 120 hpf. Compared to the control

group, no obvious malformation was observed in embryos in

the exposed groups at any time point (Figure 2A–D). From

96 hpf, bright red fluorescence was detected, mainly in the

gastrointestinal tract, in both the 50 mg/L and 100 mg/L

exposed groups, and it intensified with longer exposure

time (Figure 2B and D, arrowheads). The NPMOF distribu-

tion in the gastrointestinal tract was attributed to swallowing

and digestion.24 To explore whether NPMOFs can enter into

the retina, we performed cryosections of embryos at 120 hpf.

Compared to the control retina, scattered fluorescent signals

were detected in the inner plexiform layer (IPL) and optic

Figure 1 The morphology, composition and optical properties of NPMOF. (A) Schematic illustration of NPMOF. (B) TEM and (C) SEM images of NPMOF show an average

size of 270 nm. (D) XRD pattern, (E) adsorption and desorption isotherm, (F) pore size distribution, (G) FTIR curve and (H) TGA and DSC analysis of NPMOF. (I) UV−Vis
and fluorescence spectra of TCPP (red, in pH 10 NaOH aqueous solution, 25°C; λex = 514 nm) and NPMOF (black, in water, 25°C; λex = 530 nm). Note that compared to

TCPP, the UV-Vis absorbance and fluorescence of NPMOF revealed a slight red-shift. Scale bar in (B) and (C): 200 nm.
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nerve (ON) in the exposed groups (Figure 2E). The residence

in eyeballs can be explained by nanoscale size and nutrient

requirement of NPMOFs. Nanoparticles can penetrate across

conjunctiva or skin and reach the retina.25 Moreover, por-

phyrin is one of the key components for many enzymes and

proteins such as hemoglobin and P450.26 Porphyrin is essen-

tial for biosynthesizing hemoglobin and is thus involved in

erythropoiesis, oxygen carrying and the homeostatic balance

of systems, including the nervous system.27–29 We then ana-

lyzed the survival rate, malformation rate, heart rate, body

length and area and perimeter of the eye to further evaluate

the biotoxicity (Figure 2F–K). There was no significant

difference among the control, 50 mg/L and 100 mg/L

exposed groups (Figure 2F–K; Log rank test & ANOVA,

p>0.05). The above data suggest that exposure to NPMOF

does not lead to abnormal development.

Retinal Neural Differentiation and Liver

Development Following NPMOF Exposure
To investigate whether NPMOF is neurotoxic, retinal

histology and neural differentiation were assessed at

120 hpf. Similar to the control group, retinas from the

50 mg/L and 100 mg/L exposed groups did not show

abnormal structural or cellular morphology (Figure 3A).

For neural differentiation, three antibodies, namely,

Zpr1, Zpr3 and Zn12, were used to label cones, rods

and ganglion cells, respectively. Zpr1-positive and Zpr3-

positive cells were strongly detected in the outer nuclear

layer (ONL), while Zn12-positive cells were found in

the ganglion cell layer in all three groups (Figure 3B).

To quantify this finding, we analyzed the fluorescence

areas of the positive cells. There was no significant

difference among groups (Figure 3C; ANOVA,

p>0.05). To evaluate the hepatotoxicity of NPMOF,

liver development was examined by HE staining and

whole-mount in situ hybridization using the hepatocyte-

specific mRNA probe ceruloplasmin (cp) at 120 hpf.

Images of HE staining showed that the liver was formed

by well-delineated polygonal cells with abundant cyto-

plasm and a prominent nucleus in larvae from either

the control or NPMOF-exposed groups (Figure 3D).

The results of in situ hybridization showed that

Figure 2 Phenotypes and tissue distribution of larval zebrafish following NPMOF exposure. Bright field and fluorescence images of larval zebrafish at (A and B)
96 and (C and D) 120 hpf. Columns (B) and (D) are magnified images of columns (A) and (C), respectively. Note that NPMOF gathers mainly in the

gastrointestinal tract (arrowheads). (E) The NPMOF localization in sections taken from retinas in the control, 50 mg/L and 100 mg/L exposed groups at 120 hpf.

Note that NPMOF localizes predominantly in the IPL and ON (arrows). The location of the image is shown by the square in the cartoon. (F) Statistical analysis
of the survival rate. No significant difference was found among the control, 50 mg/L and 100 mg/L exposed groups (Log rank test, p>0.05). (G) Statistical analysis

of the malformation rate, (H) heart rate at 120 hpf, (I) body length, (J) area and (K) perimeter of the eye ball at 96 hpf and 120 hpf. No significant difference

was found among the three groups (ANOVA, p>0.05). (A-D) Dorsal is up, and rostral is left. Scale bar in (A) and (C): 200 μm; (B) and (D): 100 μm; (E): 10 μm.

Abbreviations: L, lens; IPL, inner plexiform layer; ON, optic nerve.
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cp-expressing cells were located posterior to the heart

and lateral to the intestine (Figure 3E, arrowheads);

meanwhile, the size of the livers was very similar in

larvae from all three groups (Figure 3F; ANOVA,

p>0.05). We also examined the expression level of cp

by qRT-PCR. There was no significant difference among

the three groups (Figure 3G; ANOVA, p>0.05). These

data indicate that exposure to NPMOF had little impact

on neural differentiation and liver development.

Evaluation of the Inflammatory Response

Following NPMOF Exposure
To verify whether NPMOF exposure could trigger an

inflammatory response and reactive oxygen species (ROS),

transgenic zebrafish Tg (lysC:EGFP)were also exposed to

the same NPMOF solution as the AB larvae. lysC expression

was reported to specifically label the neutrophils.30 In the

process of the inflammatory response, neutrophils were

recruited to the inflammatory site.31 At 96 hpf and 120

Figure 3 The histology of the retina and liver following NPMOF exposure. (A and B) Sections taken from the retina at 120 hpf. (A) HE staining; (B) Zpr1, Zpr3 and Zn12

staining. (C) Statistical analysis of Zpr1-positive, Zpr3-positive and Zn12-positive areas among the control, 50 mg/L and 100 mg/L exposed groups (ANOVA, p>0.05). (D) HE

staining of the liver in the control, 50 mg/L and 100 mg/L groups. (E) Images of in situ hybridization. The expression of riboprobe ceruloplasmin (cp) mRNA is shown with

arrowheads. (F) Statistical analysis of the liver size among the three groups (ANOVA, p>0.05). (G) The expression of cp. Dorsal is up and rostral is left in (E). Scale bar in

(A) 20 μm; (B): 50 μm; (D): 20 μm; (E): 200 μm.

Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; ON, optic nerve.
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hpf, the number of neutrophils in the ocular (Figure 4A,

circle) and hepatic regions (Figure 4C, square) was counted,

and no significant difference was found among the three

groups (Figure 4B and D; ANOVA, p>0.05). Tumor necrosis

factor-alpha (tnfα) is a pleiotropic inflammatory cytokine,

and superoxide dismutase 1 (sod1) is an oxidoreductase that

limits the detrimental effects of ROS.32,33 The expression of

tnfα and sod1 was quantified by qRT-PCR at 120 hpf. The

results showed that the expression was non-significant

among the three groups (Figure 4E and F; ANOVA,

p>0.05). The negative results demonstrated that NPMOF

did not trigger an inflammatory response. Hence, the larvae

were in normal phenotypes with well-developed livers and

fully differentiated retinas. As a drug carrier, the nano-scale

size and low biotoxicity of NPMOF ensured its bioavail-

ability and biocompatibility.

NPMOF Retention in the Retina and

Uptake-Release Properties of MPS-NPMOF
Intense light exposure to adult zebrafish specifically led the

apoptosis of rods and cones and served as an excellent

model to study photoreceptor regeneration.34 In this study,

we used this model to investigate the distribution and reten-

tion time of NPMOF in retinas and therapeutic effect of the

NPMOF loading systems. Following intravitreous injection

of NPMOF, cryosections from 1 dpl to 7 dpl were per-

formed. Time-lapse red fluorescence signals were found in

the ON, choroid layer (CL) and retina, particularly in the

ONL, photoreceptor layer (PL) and retinal pigment epithe-

lium (RPE) layers (Figure 5A, arrowheads; Supplementary

Figure 1a), suggesting that NPMOF diffused rapidly

through the vitreous body, reached the photoreceptor and

RPE layers along with the optic nerve and passed into the

Figure 4 Inflammatory response following NPMOF exposure. (A and C) The distribution of neutrophils in the (A) ocular region and (C) hepatic region. (B and D)

Statistical analysis of the number of neutrophils in the ocular (A, circle) and hepatic regions (C, square), respectively. The red fluorescence is emitted by NPMOF in the

gastrointestinal tract (C, arrowheads). (E and F) The expression of tnfα and sod1. Dorsal is up and rostral is left in (A) and (C). Scale bar in (A): 100 μm.
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choroid layer to be cleaned (Figure 5A). To identify the

amount of NPMOF around the lesioned site (Figure 5A,

dotted rectangles), the area of red fluorescence was

measured at each time point. It increased sharply and

reached its peak at 2 dpl, before decreasing gradually until

7 dpl (Figure 5B). In particular, the amount of NPMOF at 2

Figure 5 Distribution of NPMOF in the retina from 1 to 7 days post lesion and the loading efficiency and release efficiency for MPS in NPMOF. (A) The distribution of

NPMOF (arrowheads) around the lesioned area (dotted rectangles) in the retina from 1 to 7 dpl. (B) The statistical analysis of NPMOF in the retina (ANOVA, *p<0.05).
(C and D) The UV-Vis absorbance (insert, standard curve) of MPS in DMF and its loading performance. (E and F) The fluorescence (insert, standard curve) of MPS in 5%

hyaluronic acid and its release performance. Scale bar in (A): 50 μm.

Abbreviations: CL, choroid layer; RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; ON, optic nerve.
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dpl was significantly higher than that at 1, 4, 5, 6 and 7 dpl,

and the amount of NPMOF at 3 dpl was also above that at 1,

5, 6 and 7 dpl (Figure 5B; ANOVA, *p<0.05). Statistics of

the amount of NPMOF in different layers was shown in

Supplementary Figure 1b. Within two days, more fluores-

cent signals were found in RPE and PL (Supplementary

Figure 1b, grey columns; ANOVA, *p<0.05). At 3 days post

lesion, the amount reached the peak in CL (Supplementary

Figure 1b, white columns; ANOVA, *p<0.05). These data

suggest that NPMOF can be retained in the retina for 7 days

and that the concentration is enriched at 2 and 3 dpl.

Figure 5C show the loading property of MPS. The

loading efficiency was 97.3% (w/w) at 72 h (Figure 5D).

The high loading efficiency of MPS was attributed to the

interconnected 3D pore geometry and large channel size of

NPMOF. 5% hyaluronic acid was used to imitate vitreous

body. The releasing property of MPS in 5% hyaluronic

acid is given in Figure 5E. MPS in NPMOF was released

at a moderate rate in 5% hyaluronic acid (75.6% at 72 h;

Figure 5F). Currently, intravitreous injection is the most

common procedure in the treatment of vitreoretinal

diseases.7 Compared to systemic administration, intravitr-

eous injection can minimize the potential systemic adverse

effects. However, the repetitive injections may lead to

unfavorable outcomes, including subconjunctival hemor-

rhage, intraocular pressure rise, floaters and infection.7,35

Therefore, the long-standing drug delivery system is an

ideal approach. After intravitreous injection, NPMOF dis-

tributed throughout the retina quickly and remained in the

retina for 7 days. In vitro experiments also showed that

MPS-NPMOF released moderately in 5% hyaluronic acid.

Both of the above results ensured the sustained effect.

Photoreceptor Regeneration and

Recovery of Visual Function
To explore whether the injection of MPS-NPMOF had any

impact at the lesioned site, the morphology of retinas from

the PBS, MPS andMPS-NPMOF groups was evaluated at 1

dpl, 3 dpl and 7 dpl. At 1 dpl, nuclear debris appeared in the

outer segment layer (OSL), which suggested that photore-

ceptors were exfoliated from the ONL to the OSL

(Supplementary Figure 2a, dotted rectangles). At 3 dpl,

the nuclear layer structure of the retina was disrupted, and

cells in the cone outer nuclear layer (cONL) were comple-

tely interrupted (Supplementary Figure 2a, arrowheads).

Interestingly, the MPS-NPMOF group had a tighter

arrangement and shorter defect range of retinal cells

compared to the other groups (Supplementary Figure 2b

and c; ANOVA, *p<0.05). Moreover, long spindle-shaped

cells appeared in the nuclear layer at 3 dpl (Supplementary

Figure 2a, arrows). At 7 dpl, the lesioned site was filled with

cells in all three groups (Supplementary Figure 2a).

Based on the results of HE staining, retinas from PBS,

MPS and MPS-NPMOF groups were immunolabeled by

Zpr1 and Zpr3 antibodies at 3 dpl and 7 dpl to further

investigate the degeneration and regeneration of cones and

rods, respectively. In the PBS and MPS groups at 3 dpl, the

Zpr1-positive cells were absent or disorganized in the

lesioned retina, and the ONL of the lesion site was thinner

than that in the unlesioned region (Figure 6A). In the MPS-

NPMOF group, the arrangement of Zpr1-positive cells was

also completely interrupted at 3 dpl, whereas the shorter

defect range meant that more cones were present than in

the PBS and MPS groups per 300 microns (Figure 6A

and C; ANOVA, *p<0.05). Zpr3-positive cells had a similar

performance, showing massive exfoliation in the PBS group,

partial exfoliation in the MPS group and slight disorganiza-

tion in the MPS-NPMOF group (Figure 6A). The MPS-

NPMOF group had more residual rods in the lesioned site

(Figure 6D; ANOVA, *p<0.05). These data indicate that only

minor ablation of cones and rods were observed in the MPS-

NPMOF group at 3 dpl. In the PBS and MPS groups at 7 dpl,

Zpr1-positive cells filled in the OSL of the lesioned site with

a loose pattern, while Zpr1 was strongly and continuously

expressed in the MPS-NPMOF group (Figure 6B). Zpr3 was

strongly expressed in all three groups at 7 dpl (Figure 6B),

indicating that rods were well regenerated. At this time point,

no significant difference was found in the numbers of Zpr1-

positive or Zpr3-positive cells among the three groups

(Figure 6E and F; ANOVA, p>0.05). To determine the cor-

responding visual function, optomotor response (OMR) ana-

lysis was performed. Both the positive proportion of distance

and positive proportion of time in the MPS-NPMOF group

were close to those in the normal group, while the PBS and

MPS groups showed significant decreases (Figure 6G and H;

ANOVA, *p<0.05). These data suggest that retinas in the

MPS-NPMOF group gained better differentiated cones and

visual function at 7 dpl. MPS had the ability to protect the

retina from damage.5 We administrated MPS-NPMOF via

intravitreous injection. It avoided the lower efficiency and

adverse effects caused by systemic administration and pro-

longed the retention time of the drug.36,37 That’s why retinas

revealed smaller scale of lesioned site, milder injury and

faster recovery following MPS-NPMOF injection. The
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Figure 6 Degeneration-regeneration of photoreceptors and changes in visual function following treatment with MPS-NPMOF. (A and B) Zpr1 and Zpr3 staining in sections

taken from retinas in the PBS, MPS and MPS-NPMOF groups at 3 and 7 dpl. Note that retinas in the PBS and MPS groups have a loose arrangement of Zpr1-positive cells at

lesioned sites (arrowheads) at 7 dpl. (C and D) Quantification of the number of cones and rods per 300 microns in the lesioned retina at 3 dpl. More photoreceptors

remained in the MPS-NPMOF group compared to the PBS and MPS groups (ANOVA, *p<0.05). (E and F) Quantification of the number of cones and rods per 300 microns at

7 dpl. There are no significant differences among the three groups (ANOVA, p>0.05). (G and H) The statistical analyses of the positive proportion of distance and positive

proportion of time at 7 dpl. Note that the significant decrease in the PBS and MPS groups (ANOVA, *p<0.05). Scale bar in (A) and (B): 50 μm.

Abbreviations: CL, choroid layer; OSL, outer segment layer; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; ON, optic nerve.
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NPMOF-related drug delivery system was demonstrated to

be effective.

Cell Proliferation at the Lesion Site
During the regeneration process of retina, the proliferating

cells were derived from Müller glia and recognized by

PCNA.38 To investigate the underlying mechanisms of

NPMOF-MPS promoting recovery, the anti-PCNA antibody

was used to identify precursor cells and evaluate cell prolif-

eration, while the expression of ascl1a and sox2 was exam-

ined. At 1 dpl, scattered PCNA-positive cells gathered in

clusters in the INL in retinas from the PBS, MPS and MPS-

NPMOF groups (Figure 7A). At 2 dpl, the increasing PCNA-

positive cells were found to have a long spindle shape,

extending from the INL to the ONL (Figure 7A). At 3 dpl,

the compact proliferating cells in the PBS and MPS groups

Figure 7 Cell proliferation of light-lesioned retina following injection of MPS-NPMOF. (A) PCNA staining in sections taken from retinas at 1, 2, 3 and 4 dpl. (B) Statistical
analysis of the percentage of PCNA-positive cells from GCL to ONL. There was a significantly higher percentage in the MPS-NPMOF group than in the PBS and MPS groups

at 3 dpl (ANOVA, *p<0.05). (C and D) The expression of ascl1a and sox2 mRNA. Note that ascl1a was increased in the MPS-NPMOF group at 36, 48 and 72 hpl, while sox2
was increased at 48 and 72 hpl (ANOVA, *p<0.05). Scale bar in (A): 20 μm.

Abbreviations: ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.
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had almost finished their migration to the ONL.However, the

proliferating cells in the MPS-NPMOF group not only clus-

tered in the ONL but also distributed in the INL (Figure 7A).

At 4 dpl, the number of proliferating cells decreased in all

three groups (Figure 7A). We then scored the percentage of

PCNA-positive cells (the area of PCNA-positive cells/the

total area from GCL to ONL) to quantify these findings. At

3 dpl, there was a significantly higher percentage of PCNA-

positive cells in the retinas of the MPS-NPMOF group than

those from the PBS and MPS groups (Figure 7B; ANOVA,

*p<0.05). Since ascl1a and sox2 genes were required for

the Müller glia’s reprogramming and proliferation,15,39 we

performed qRT-PCR to examine their expression. Compared

with the PBS and MPS groups, the MPS-NPMOF

group showed an increased expression of ascl1a from

36 hrs post lesion (hpl) (Figure 7C; ANOVA, *p<0.05),

while a statistically higher expression of sox2 appeared

from 48 hpl (Figure 7D; ANOVA, *p<0.05). The above

results indicate that MPS-NPMOF promotes Müller glia

proliferation and retinal regeneration.

Conclusion
In summary, the novel synthesized nanoparticle, NPMOF,

has excellent in vivo biocompatibility and low biotoxicity,

making it an ideal skeleton to prepare drug delivery systems.

By intraocular injection, MPS-NPMOF releases at the lesion

site continuously and exerts the therapeutic effects of MPS,

including defending the stress-induced apoptosis of retina

after light injury and promoting photoreceptor regeneration.

Intraocular injection of the loaded-NPMOF delivery system

provides a promising approach to treat ocular posterior seg-

ment diseases, such as solar retinopathy, diabetic retinopathy

and age-related macular degeneration.
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