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ABSTRACT 
 

Introduction: Retinal and choroidal neovascularization is one of the 

pathognomonic features in various retinal diseases including age-related 

macular degeneration, diabetic retinopathy, and retinopathy of prematurity. 

Vascular endothelial growth factor is the main factor to drive retinal and 

choroidal neovascularization. As an effort to investigate potential therapeutic 

approaches to target pathological neovascularization in the retina, anti-

angiogenic effects of nanoparticles were investigated as they were 

administered through intravitreal injection. 

Methods: With well-characterized gold, silica, and titanium dioxide 

nanoparticles, in vitro and in vivo experiments were performed including in 

vitro proliferation, migration, and tube formation assays using endothelial 

cells and in vivo models of oxygen-induced retinopathy and laser-induced 

choroidal neovascularization. To demonstrate whether nanoparticles induced 

toxicity, cellular viability assays, histologic evaluation, Western blotting of 

caspase-3, terminal deoxynucleotidyl transferase dUTP nick end labeling, and 

gene expression microarray were performed. Nanoparticles were incubated in 

the vitreous ex vivo to mimic the local environment which they encountered 

when they were administered via intravitreal injection. 

Results: Inorganic nanoparticles including gold, silica, and titanium dioxide 

nanoparticles inhibited pathological angiogenesis in vitro and in vivo. It was 

remarkable that they demonstrated effective therapeutic effects without 

definite toxicity at the levels of gene expression, cellular viability, and 

histologic integrity when they were administered through intravitreal injection. 

In particular, size was the determining factor of anti-angiogenic effects of 

nanoparticles on retinal and choroidal neovascularization. Upon 

administration into the vitreous cavity, corona was formed around 
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nanoparticles, which affected the biological action of nanoparticles. 

Conclusions: Taken together, intravitreally administered nanoparticles 

effectively suppressed pathological neovascularization in the retina. 

Mechanistic studies on these anti-angiogenic effects of nanoparticles might 

facilitate biomedical application of nanoparticle-based therapeutics against 

retinal and choroidal neovascularization. 

 

* This work is based on published articles in Nanomedicine (1-3), Nano 

Research (4), and Journal of Ocular Phamacology and Therapeutics (5), a 

published book chapter (6), and accepted manuscripts as an article in Journal 

of Biomedical Nanotechnology and a book chapter (The presumptive title is 

“Metrology and Standardization of Nanoparticles: Protocols and Industrial 

Innovations”). 

---------------------------------------------------------------------------------------------- 

Keywords: Retina, Retinal neovascularization, Choroidal 

neovascularization, Nanoparticle, Intravitreal injection 

Student number: 2011-31154 
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GENERAL INTRODUCTION 

Nanoparticles are small particles of which diameters are from few nanometers 

to several hundred nanometers (Fig. 1). With the development of techniques 

in the production of nanoparticles, they can be utilized in various fields in 

medicine beyond nanoparticle-enhanced imaging. In recent years, there have 

been attempts and practical outcomes in utilization of nanoparticles for the 

treatment of diseases including cancer. Hrkach and colleagues reported that 

targeted polymeric nanoparticles containing docetaxel, a chemotherapeutic 

agent, induce shrinkage of advanced solid tumors even at doses below 

currently used doses for the solvent-based docetaxel formulation (7). As in 

this example, nanoparticles can enhance effectiveness of currently utilized 

drugs and make targeted therapy possible. In this regard, many researchers 

and drug companies have struggled to figure out the effect of nanoparticles in 

the treatment of various diseases. 

 

Treatment Modalities for Angiogenesis-Related Blindness (ARB) 

ARB indicates vision-threatening retinal diseases which are characterized by 

pathologic angiogenesis such as age-related macular degeneration (AMD), 

diabetic retinopathy (DR), and retinopathy of prematurity (ROP) (8). All these 

3 diseases affect substantial population of specific age groups: the elderly, the 

middle-aged and premature infants, respectively. Clinical manifestations of 

diseases differ from each other in some degree. In patients with AMD, 

subretinal fluid or hemorrhage ensues after choroidal neovascularization (9), 

whereas in DR patients, macular edema and extensive vitreous hemorrhage 

are more common clinical findings (10). In ROP, neovascularization process 

occurs at the junction between vascularized and avascular retina (11). On the 

other hand, commonly in the process of all these 3 diseases, 

neovascularization occurs to result in complications including fluid collection 
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Figure 1. Scanning electron microscope (SEM) image of 20 nm sized 

silicate nanoparticles. These nanoparticles are examples of bare inorganic 

nanoparticles. Scale bar, 100 nm. 
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between retinal layers, retinal detachment, and vitreous hemorrhage. 

 Therefore, the mainstay of treatment modalities for ARB is effective 

control of pathologic neovascularization by modulating pro- and anti-

angiogenic factors. Focal treatment modalities such as panretinal 

photocoagulation for DR and laser photocoagulation for ROP suppress the 

secretion of angiogenic factors including vascular endothelial growth factor 

(VEGF) by destruction of the peripheral retina, resulting in regression of 

pathologic angiogenesis (11, 12). A more direct approach regarding 

angiogenic factors is the use of anti-VEGF agents which bound to VEGF. 

Currently, FDA-approved anti-VEGF agents are pegatanib sodium (Macugen®, 

EyeTech, Cedar Knolls, NJ, USA), ranibizumab (Lucentis®, Genentech, South 

San Francisco, CA, USA), and a recently approved fusion protein aflibercept 

(Eylea®, Regeneron Pharmaceuticals, Tarrytown, NY, USA). Bevacizumab 

(Avastin®, Genentech), a widely used anti-VEGF antibody for the treatment of 

ARB, has been used as an off-label drug. 

 These drugs have shown positive effect on visual function in patients 

with ARB. With the treatment of ranibizumab and bevacizumab, many large, 

randomized trials demonstrated improvements in visual acuity of patients with 

AMD (13). Furthermore, a study on aflibercept demonstrated that significant 

gains in visual acuity at 6 months were maintained at 1 year in patients with 

diabetic macular edema (14). 

 However, currently utilized anti-VEGF agents have limitations in 

common. Firstly, in some pathologic conditions, there are concerns that anti-

VEGF agents cannot show sustained effect on neovascularization. Despite 

bevacizumab-induced efficacy in the treatment of stage 3 ROP with plus 

disease in a prospective, controlled, randomized, multicenter trial (15), the 

effect of drug has been questioned to be only transient (16, 17). Similarly, 

although VEGF inhibitors demonstrated efficacy as a short-term treatment 
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option for certain patients with diabetic macular edema, long-term 

improvement in visual acuity and general long-term efficacy are unknown 

(18). Second, repeated intravitreal injections are inevitable to get sustained 

effect, resulting in increased risk of injection-related infection and retinal 

injury (19). Third, direct inhibition of VEGF is expected to influence neuronal 

function of the retina, because VEGF is not only a growth factor for 

endothelial cells but also a protective factor for neuronal cells (20, 21). 

Recently, we also demonstrated that bevacizumab would suppress the 

differentiation of retinoblastoma cells even at the concentration without 

affecting cellular viability, suggesting negative effect of anti-VEGF therapies 

on the function of photoreceptors in the mature retina (22). In this regard, 

although anti-VEGF agents have revolutionized the treatment of ARB to 

improve visual outcomes, there are still needs to develop novel therapeutics. 

 

Nanotechnology: a Tool to Make Our Therapeutics for ARB More 

Powerful 

Nanoparticles have received attention from researchers for possibilities to 

suppress pathologic angiogenesis in vitro and in vivo. Interestingly, currently 

available techniques in manufacturing nanoparticles for medical uses are 

widely utilized in studies investigating the efficacy of nanoparticles on ARB 

(Fig. 2). The first form of anti-angiogenic nanoparticles is the one with 

expression plasmid for specific genetic materials. Zhang et al. devised 

polylactic-co-glycolic acid (PLGA) nanoparticles containing the plasmid 

DNA expressing hypoxia inducible factor (HIF)-1α short hairpin RNA and 

green fluorescent protein (23). These nanoparticles lasted for 4 weeks in the 

retinal pigment epithelium (RPE) cell layer after they were administered via 

the intravitreal route and successfully suppressed choroidal neovascularization 

(CNV) induced by laser in mice. Nanoparticles of Park and colleagues are 
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based on PLGA:Chitosan and contain the expression plasmid for plasminogen 

kringle 5, a domain with anti-angiogenic property (24). They showed that 

intravitreal injection of nanoparticles induced expression of plasminogen 

kringle 5 in the retina and suppressed retinal neovascularization in the 

oxygen-induced retinopathy (OIR) rat model. In this study, the expression of 

kingle 5 was maintained for 4 weeks, and overexpression of VEGF and 

intracellular adhesion molecule-1 was attenuated for the same study period. 

The same group also investigated antiangiogenic effect of the nanoparticles on 

CNV, demonstrating substantial efficacy of them (25). Interestingly, 

intravitreally injected PLGA:Chitosan nanoparticles resulted in expression of 

kringle 5 even at deep retinal layers near the experimentally induced laser 

lesion. Liu et al. explored the possibility of the liposome-protamine-

hyaluronic acid nanoparticles with small interfering RNA (siRNA) targeted 

the human VEGF receptor 1 mRNA (26). In this study, the effect of 

nanoparticles containing siRNA enhanced the effect of naked siRNA, 

suppressing CNV lesions effectively. 

Packing anti-angiogenic molecules into nanoparticles is another 

example of anti-angiogenic nanoparticles. Based on the idea that blocking 

specific types of integrins reduced CNV, Kim and Csaky formulated 

nanoparticles of polylactic acid (PLA)/PLA-polyethylene oxide (PEO) 

encapsulating the water-soluble integrin-antagonist peptide, C16Y (27). In this 

study, nanoparticles released C16Y peptide over 6 weeks in the water and 

intravitreally administered nanoparticles are endocytosed by the RPE cells. 

This study demonstrated the ability of nanoparticles to transport therapeutic 

agents to the retina with sustained effects. Without nanoparticles, 

intravitreally injected peptides would have very short half-lives, as the authors 

of the study suggested. 

With the advancement of nanotechnology, fabrication of nanoparti- 



6 

 

 

Figure 2. Various types of nanoparticles are suggested for the treatment 

of ARB.  

(A) Nanoparticles containing DNA or RNA, including small interfering RNA 

and short hairpin RNA. 

(B) Nanoparticles containing an expression plasmid of antiangiogenic 

molecule. 

(C) Currently used therapeutic agents can be packed into nanoparticles to 

improve bioavailability and to make sustained release possible. 

(D) Bare metal nanoparticles of antiangiogenic effect. 

(E) Functionalized nanoparticles with surface receptor or ligand to improve 

target specificity. 



7 

 

cles with specific surface molecules has been possible. Singh et al. 

intentionally manufactured nanoparticles of which surface were coated with a 

linear arginine-glycine-aspartic acid (RGD) peptide, transferrin, or a 

combination of both (28). These 2 molecules were selected in attention to 

improve targeted delivery of anti-VEGF intraceptor plasmid to the 

neovascular lesion of the eye. According to the study, functionalized 

nanoparticles enhanced the efficacy of gene delivery, resulting in significant 

reduction in CNV lesions in the animal model. 

 The last interesting part of nanoparticles in the treatment of ARB is 

that bare nanoparticles demonstrate anti-angiogenic properties by themselves. 

Nanoceria is known to scavenge reactive oxygen species, and can inhibit the 

progression of pathologic retinal neovascularization by this mechanism (29). 

Metal nanoparticles also inhibit proliferative vasculopathy. Kalishwaralal et al. 

demonstrated antiangiogenic action of siliver nanoparticles on VEGF-induced 

proliferation and migration of endothelial cell in vitro (30) and the same group 

reported that silver nanoparticles could suppress the vascular permeability 

induced by advanced glycation end-products, suggesting possible application 

of them in the treatment of retinal complications of diabetes (31). We also 

investigated anti-angiogenic effect of gold and silicate nanoparticles (1, 32). 

The exact mechanism of anti-angiogenic action of bare nanoparticles is yet to 

be elucidated. However, repeated evidences from separate research groups 

increase the validity of the results of antiangiogenic effect of nanoparticles 

themselves. We summarize the results of studies on anti-angiogenic effects of 

nanoparticles in Table 1. 

 

Rationales in the Use of Nanotechnology for Retinal Diseases 

As we can see examples in the treatment of ARB, nanoparticles enable us to 

utilize novel therapeutics or currently available therapeutic agents more effi- 
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Table 1. Studies on the effects of nanoparticles in the treatment of ARB 

Type  Material  Therapeutic 
material 

Route of 
administration 

References 

NC PLGA HIF-1α shRNA IVT (23) 
NC PLGA: 

Chitosan 
Expressiono 
plasmid for 
plasminogen 

kringle 5 

IVT (24) 

NC PLGA: 
Chitosan 

Expressiono 
plasmid for 
lasminogen 

kringle 5 

IVT (25) 

NC PEG-LPH VEGFR-1 
siRNA 

IVT (26) 

NC PLA/PLA-
PEO 

Integrin-
antagonist 

peptide, C16Y 

IVT (27) 

NC PLGA Expression 
plasmid for anti-

VEGF 
intraceptor 

IV (28) 

NP Cerium 
oxide 

Nanoparticles 
themselves 

IVT (29) 

NP Gold Nanoparticles 
themselves 

IVT (32) 

NP Silicate Nanoparticles 
themselves 

IVT (1) 

shRNA: short hairpin RNA; IV: intravenous; IVT: intravitreal; NC: 

nanocarrier/nanocapsule; PEG-LPH: PEGylated liposome-protamine-

hyaluronic acid; VEGFR-1: vascular endothelial growth factor receptor 1 
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ciently. The following sections discuss underlying rationales in the use of 

nanotechnology for retinal diseases, the most actively studied field in the eye 

in relation with nanotechnology. 

 

Rationale 1: Improved Bioavailability 

Nanoparticles can enhance the concentration of therapeutic agents in the 

retina via various routes of administration. Koirala and colleagues 

investigated the relative expression of RPE-specific vector when the plasmids 

compacted into polyethylene glycol (PEG) nanoparticles and the naked 

plasmids were administered by subretinal injection (33). Interestingly, 

nanoparticles increased expression of enhanced green fluorescent protein 

effectively, and the increase was maintained over 1 month. In the study with 

solid lipid nanoparticles loaded with myriocin, an inhibitor of serin palmitoyl-

CoA transferase, the essential enzyme of ceramide biosynthesis. Strettoi et al. 

examined the effect of topically administered nanoparticles (34). The authors 

proved that by topical administration, solid lipid nanoparticles reached outer 

nuclear layer and between photoreceptors and RPE. As intravitreally injected 

myriocin reduced the loss of photoreceptor cells, topically administered 

myriocin-laden solid lipid nanoparticles evidenced a protective effect on the 

number of photoreceptor rows in the outer nuclear layer in a mouse model of 

retinitis pigmentosa. Nanoparticles can improve the penetration of therapeutic 

agents, enabling topical administration of them to affect deep retinal layers.  

 Nanoparticles can improve bioavailability of intravenously 

administered drugs. The study of Sakai and colleagues was interesting in that 

they demonstrated the presence of nanoparticles in the retinal layers and 

superior efficacy of betamethasone-laden PLA nanoparticles to betamethasone 

alone (35). Systemically administered PLA nanoparticles loaded with 

betamethasone effectively inhibit the inflammation of the retina in a rat model 
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of experimental autoimmune uveitis. Furthermore, bioavailability of 

therapeutic agents injected into the vitreous cavity was also enhanced with the 

aid with nanoparticles. Tamoxifen-loaded PEG nanoparticles resulted in 

significant suppression of inflammatory reaction in rats with autoimmune 

uveitis, whereas free tamoxifen did not induce positive effects (36). These 

studies show that nanoparticles improve the bioavailability of therapeutic 

genes or drugs significantly. 

 

Rationale 2: as a Novel Drug Delivery System (DDS) 

Most studies regarding the action of nanoparticles in the treatment ARB have 

investigated the possible application of nanoparticles as a novel DDS. The 

most noticeable field using nanoparticles as DDS is the gene therapy. As 

previously mentioned, genetic materials can be packed into nanoparticles (23-

26, 28, 33). Furthermore, therapeutic agents are also safely delivered in 

nanoparticles to enhance the efficacy (27, 34-36). Although wide use of anti-

VEGF agents has lessened psychological burdens of intravitreal injection, 

maintanence of effective concentration at the retinal layers is still the problem 

of drug development for ARB (37). A more attractive aspect of nanoparticles 

is that they can prolong the effective period of therapeutic agents. Recurrent 

injections even at 7 to 8 times a year are inevitable drawbacks of currently 

available anti-VEGF agents. Detailed pharmacokinetic information about 

nanoparticles in the eye is not published, but Koirala et al. suggested positive 

possibility of prolonged effectiveness of nanoparticles in their study showing 

that the expression of target gene was maintained over a month (33). Overall, 

insertion of therapeutic materials into nanoparticles is a good option for a 

novel DDS. 

 

Rationale 3: Increased Surface Molecules 
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Another rationale for powerful effects of nanoparticles might be due to their 

physical properties. Dividing certain materials into tiny pieces definitely 

increases the surface area for the constant volume (Fig. 3). Simply, if the 

diameter of a ball is divided in half, the volume decreases to one-eighth, 

whereas the surface area to a quarter. Therefore, in case the volume is constant, 

the surface area increases by two-fold (multiplying 8 by a quarter). In the 

same way, the total surface area of nanometer-sized particles for the 

corresponding volume of millimeter-sized particles can be multiplied by 

several millions. This simple principle might be the reason for anti-angiogenic 

effect of nanoceria and other bare nanoparticles. In fact, a gold bar itself does 

not affect the process of angiogenesis. However, gold nanoparticles exert anti-

angiogenic effect significantly even without involvement of other anti-

angiogenic agents (32, 38). Increased surface area of nanoparticles can induce 

interactions between molecules, which are not expected with large bulk 

materials. 

 

Rationale 4: Overcoming Biological Barriers 

Penetration or diversion of biological barriers in the eye is also a hot issue in 

the development of therapeutics for retinal diseases. Nanoparticles seem to 

penetrate anatomical barriers of the eye such as the cornea, conjunctiva, and 

sclera (33, 34). Therefore, they can affect the retinal tissues even when they 

were administered via topical or intravenous routes. The characteristic of 

overcoming biological barriers can provide various administration options for 

therapeutic agents. Furthermore, intravitreally injected nanoparticles can 

penetrate the retinal layers. In this way, they can be used for the treatment of 

choroidal neovascularization. In a study with intravitreally injected human 

serum albumin nanoparticles, Kim et al. demonstrated that nanoparticles were 

detected in the choroidal space of the rat eyes (39).  
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Figure 3. Dividing certain molecules into tiny pieces definitely increases 

the surface molecules, enhancing the interaction between therapeutics 

and target molecules.  

(A) Utilization of nanotechnology enables us to make millions of 

nanoparticles that can be packed into previously manufactured millimeter-

sized particles.  

(B) The smaller the diameter of a particle, the larger the total surface area of 

particles of the corresponding volume. 
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Interestingly, it seems that nanoparticles can pass through the blood- 

retinal barriers (BRB). We previously reported that nanoparticles of which 

diameter were small enough could penetrate BRB and exist throughout the 

whole retinal layers (40). In this study, 20 nm sized gold nanoparticles were 

distributed in all retinal layers when they were administered intravenously. 

Taken together, there are piles of evidence that nanoparticles improve the 

penetration of therapeutic molecules through biological barriers of the eye. 

 

Rationale 5: Targeted Therapy 

Another important strength of nanoparticles in the treatment of ARB is the 

possible application as a targeted therapy. As previously mentioned, there is 

already an attempt using nanoconjugates that has surface molecules abundant 

in pathological lesions for the treatment of choroidal neovascularization (28). 

Chemotherapeutic docetaxel nanoparticles also utilized the technique of 

production of targeted polymeric nanoparticles targeted prostate-specific 

membrane antigen (7). Currently, nanotechnology regarding the manipulation 

of the surface of nanoparticles is rapidly developing; therefore, conjugation of 

certain ligands and nanoparticles is possible. This technology enables us to 

invent therapeutic options to attack specific cell types or lesion sites as an 

emerging targeted therapy (41). 

 

Nanoparticles and Retinal Diseases 

Due to BRB, consisting of retinal endothelial cells and pigment epithelial cells, 

it is hard for systemically injected therapeutic agents to reach the retina at 

effective concentrations. In this context, the potential of nanoparticles has 

been studied in a series of papers. We previously reviewed therapeutic 

attempts using nanoparticles in the treatment of retinal diseases (5, 42). As in 

brain diseases, the delivery of therapeutic genetic material is one of strategies 
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in the treatment of retinal degeneration in various degenerative diseases 

including retinitis pigmentosa and Stargardt disease. For example, subretinal 

injection of DNA-compacted nanoparticles efficiently induces gene 

expression in retinal neuronal cells and slows degenerative changes in mice 

with a haploinsufficiency mutation in the retinal degeneration slow gene (43). 

A different approach is the use of nanoceria in the treatment of retinal 

degeneration (44). By scavenging reactive oxygen species, nanoceria down-

regulate the level of oxidative stress in the retina and prevent pathological 

changes induced by degeneration of photoreceptor cells. Furthermore, they 

exert anti-angiogenic effect on pathological retinal angiogenesis with similar 

mechanisms (45, 46). 

 The more prominent anti-angiogenic effects of nanoparticles by 

themselves come from inorganic nanoparticles such as gold, silver, silica, and 

titanium dioxide (TiO2) nanoparticles. Interestingly, similar anti-angiogenic 

effects of inorganic nanospheres have been repeatedly reported from several 

research groups (1, 2, 4, 30, 32, 38, 47, 48). In particular, we have observed 

anti-angiogenic effects of inorganic nanospheres on retinal and choroidal 

neovascularization, which is implicated in the development of vision-

threatening disorders including AMD, DR, and ROP with intravitreous 

injection, local administration of nanoparticles into the vitreous cavity of the 

eye (1, 2, 4, 32). There are also provisional approaches using nanoparticles as 

drug carriers containing therapeutic peptides, genetic materials, and currently 

utilized anti-VEGF monoclonal antibody (25, 27, 28, 49). These approaches 

enhances the delivery of therapeutic materials to the retina and further the 

focuses of pathological events, choroidal and retinal neovascularization. 

 In this study, we investigated the potential of nanoparticle-mediated 

therapeutic approaches via intravitreal injection in the treatment of retinal and 

choroidal neovascularization. Intravitreally administered nanoparticles 
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effectively inhibited pathological neovascularization in the retina without 

definite toxicity. Further studies showed that size might be the determining 

factor of anti-angiogenic effects of nanoparticles and the interaction between 

nanoparticles and local environment (the vitreous) might affect the biological 

action of nanoparticles. 
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CHAPTER 1 

Anti-Angiogenic Effects of Inorganic 

Nanoparticles on Pathological 

Neovascularization in the Retina 
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INTRODUCTION 

Angiogenesis is a process that forms new blood vessels from existing vessels, 

and plays an important role in pathologic conditions of various organs (50). In 

the pathogenesis of the most common causes of blindness, pathologic 

angiogenesis precedes vision-threatening complications through bleeding, 

exudate formation, and fibrovascular proliferation (51). In ROP in infants and 

DR in middle-aged adults, retinal neovascularization leads to retinal or 

vitreous hemorrhage and traction retinal detachment, and in AMD in the 

elderly, CNV causes subretinal fluid collection or hemorrhage (52). In this 

regard, we coined the term “ARB”, which emphasized the molecular 

mechanism of the diseases and could help future researches to be performed 

in the pathogenesis-based way (8). 

Nanoparticles of different molecules, such as gold and silver, have 

been reported to have antiangiogenic effect on pathologic neovascularization 

(53, 54). We also reported intravitreal injection of gold nanoparticles could 

inhibit retinal neovascularization in the OIR model (32). Furthermore, we 

previously proved the ability to pass through BRB and the safety of 

intravenously administered gold nanoparticles (40). To figure out if 

nanoparticles based on other molecules also have anti-angiogenic effect and to 

find equivalently safe nanoparticle, we investigated the safety and effect of 

some candidate nanoparticles. 

Silicate is a compound that contains a silicon bearing anion, and a 

well-known material silica, or silicon dioxide, is one example of silicate that 

is abundant in nature. Silicate nanoparticles have been used in drug delivery, 

gene therapy, and combination with other treatment modalities (55, 56). So far, 

researchers mostly utilized silicate nanoparticles with other metals or as a 
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method of transportation of other active molecules, and there is no report on 

antiangiogenic effect of silicate nanoparticles alone. 

In this paper, we demonstrated that intravitreously injected silicate 

nanoparticles could inhibit retinal neovascularization in the OIR animal model, 

possibly resulting from suppression of extracellular signal-regulated kinase 

(ERK) 1/2 activation through inhibition of VEGFR-2 phosphorylation. 
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MATERIALS AND METHODS 

1. Chemicals 

L-arginine (reagent grade, ≥ 98%) was purchased from Sigma-Aldrich. 

Tetraethoxysilane (TEOS) was supplied by ACROS Organics. Cyclohexane 

(99%) was obtained from Samchun chemicals. 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich. 

All chemicals were used without further purification.  

 

2. Synthesis of silicate nanoparticles 

Silicate nanoparticles were synthesized by the reverse microemulsion method 

as reported (57). In brief, 16 mg L-arginine as catalyst was dissolved in 40 mL 

of water. To keep an aqueous phase undisturbed, 3 mL cyclohexane and 3 mL 

of TEOS were added subsequently. Organic phase containing precursor of 

silicate nanoparticles was transferred to aqueous phase by hydrolysis and 

condensation. To form silicate spheres, solutions were slowly stirred for 24 

hours at 70°C. After the reaction, the organic phase was removed, yielding 

water-dispersible silicate nanoparticles. Transmission electron microscopy 

(TEM) images of silicate nanoparticles were obtained by using FE-STEM 

(HD-2300A, Hitachi). The size and size distribution of silicate nanoparticles 

were analyzed by TEM image based on ImageJ program as previously 

described (58). The overall particle size of silicate nanoparticles is 57 nm 

(57.26 ±7.07 nm).  

 

3. Mouse 

C57BL/6 mice were purchased from Samtako and were kept in alternate dark-

light cycles of 12 hours at room temperature (RT). Care, use, and treatment of 

all animals were done in agreement with the Association for Research in 
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Vision and Ophthalmology statement for the use of animals in ophthalmic and 

vision research. 

 

4. Cell Culture 

Human retinoblastoma cell line SNUOT-Rb1, which was established by our 

group (59), was maintained in RPMI 1640 medium (WelGENE), 

supplemented with 10% fetal bovine serum (FBS; Gibco). Human retinal 

microvascular endothelial cells (HRMECs) were purchased from the Applied 

Cell Biology Research Institute (Kirkland) and grown on 0.1% gelatin-coated 

plates in M199 medium supplemented with 20% FBS (Gibco). Culture media 

were supplemented with 1% antibiotic-antimycotic solution (Invitrogen), 3 

ng/ml basic fibroblast growth factor (Sigma-Aldrich), and 10 U/ml heparin 

(Sigma-Aldrich). Both cells were cultured at 37°C in a moist atmosphere of 

95% air and 5% CO2. 

 

5. Cell Viability Assay 

Cell viability was assessed with the MTT assay. Human retinoblastoma cell 

SNUOT-Rb1 and HRMEC (4 x 103 cells) were plated in 96 well plates and 

cultured overnight. Then, cells were treated with silicate nanoparticles (10-107 

per cells) for 48 hours. The medium was then replaced with fresh medium 

containing 0.5 mg/ml MTT, and incubated at 37°C in an atmosphere of 95% 

air and 5% CO2. After incubation for 4 hours, the medium was dumped, and 

the formazan produced from MTT was resuspended with 200 μl DMSO. 

Optical density was measured at 560 nm using a microplate reader (Molecular 

Devices). To confirm the result of MTT assay, we performed cell counting 

after the treatment with SiNP (10-107 per cells) for 48 hours. 
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6. Histological Analysis and Terminal Deoxynucleotidyl 

Transferase Biotin-dUTP Nick End Labeling (TUNEL) Assay 

We intravitreally administered silicate nanoparticles of 1 mg/ml, 100 times in 

vivo effective therapeutic concentration, 6 to 8-week-old male C57BL/6J mice. 

The mice were sacrificed 7 days after the injection of silicate nanoparticles 

and enucleation was performed. We chose this time interval, because 7 days 

was thought to be sufficient to uptake of nanoparticles and induce toxic 

effects (60). Enucleated eyes were immersion-fixed in 4% formalin and then 

embedded in paraffin. From paraffin blocks, 4 μm-thick serial sections were 

done. Paraffin sections were deparaffined and hydrated by sequential 

immersion in xylene and graded ethyl alcohol solutions. For histological 

analysis, the sections were stained with hematoxylin and eosin. To evaluate 

changes in the retinal layers, the ratio of A (retinal thickness from the internal 

limiting layer to the inner nuclear layer) to B (retinal thickness from the 

internal limiting layer to the outer nuclear layer) was measured in all sections 

via the light microscope (Carl Zeiss), as we previously described (61). For 

TUNEL assay, TUNEL labeling was done using fluorescein kit (Roche), 

according to the manufacturer’s instructions. The number of TUNEL-positive 

cells was assessed on randomly selected 10 fields in each slide at x 400 

magnification with the fluorescence microscope (Olympus). 

 

7. OIR 

OIR was induced with the method describe by Smith et al. (62) with some 

modification (63). Newborn mice were randomly assigned to either 

experimental or control groups. At postnatal day (P) 7, pups in the 

experimental group were exposed to hyperoxia (75 ±0.5% O2) for 5 days (P7 

to P11) and then returned to normoxia (room air) for another 5 days. 

Neovascularization occurred on returning to normoxia and peaked at P17. To 
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evaluate the antiangiogenic effect of silicate nanoparticles, we intravitreally 

injected silicate nanoparticles of 10 μg/ml in 1 μl phosphate buffered saline at 

P14. 

 

8. Fluorescein Angiography to Qualitatively Assess Retinal 

Neovascularization 

At P17, both experimental and control OIR mice were perfused with 

fluorescien conjugated dextran (molecular weight = 500,000; Sigma-Aldrich) 

through the tail vein, as we previously described (63). After the perfusion of 1 

hour, enucleation was performed and the enucleated eyes were fixed in 4% 

paraformaldehyde. The retina was then dissected, flat-mounted in Dako 

mounting medium (DakoCytomation), and observed via the fluorescein 

microscope (Olympus). Neovascular tufts of retinal neovascularization were 

assessed. 

 

9. Quantitative Assessment of Retinal Neovascularization in 

Retinal Tissue Sections 

As we previously described, the enucleated eyes were fixed in 4% 

paraformaldehyde and embedded in paraffin at P17 (63). The sections were 

stained with hematoxylin and eosin, and then vascular lumens on the vitreal 

side of the inner limiting membrane were counted in at least 10 sections from 

each eye via the light microscope. The average intravitreal vessels per section 

were counted for each group. 

 

10. Wound Migration Assay  

Cell migration was evaluated with wound migration assay as our previous 

descriptions (32, 64). HRMECs (4 x 105 cells) were placed on the gelatin-

coated culture dishes at 90% confluence, and were wounded with a pipet tip. 
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After wounding, the medium was replaced with serum-free medium, and 

incubated with the treatment of silicate nanoparticles of 105 per cell 

(approximately 5 μg/ml) or 20 ng/ml VEGF (Sigma-Aldrich) for 12 hours. 

Then, the medium was removed and the cells were fixed with absolute 

methanol and stained with Giemsa’s solution (BDH Laboratory Supplies). 

Migration was quantified by counting the cells that moved beyond the 

reference line at x 200 magnification via the light microscope (Carl Zeiss).  

 

11. Tube Formation Assay  

Tube formation assay was performed as our previous description (65). 

HRMECs (1 x 105 cells) were placed on the surface of the Matrigel and 

treated with silicate nanoparticles of 105 per cell (approximately 5 μg/ml) or 

20 ng/ml VEGF (Sigma-Aldrich) for 12 hours. Tube formation was quantified 

by counting the number of connected cells in randomly selected fields at x 

200 magnification via the light microscope (Carl Zeiss), and dividing that 

number by the total number of cells in the same field. 

 

12. Western Blotting 

The protein concentration was measured using a BCA protein assay kit 

(Thermo Fisher Scientific). Equal amount of protein were separated by 

electrophoresis on 6-7% SDS-PAGE and transferred to nitrocellulose 

membrane (Amersham Hybond™ ECL™, GE Healthcare). The membranes 

were incubated overnight at 4°C with anti-VEGFR-2 (Cell Signaling 

Technology), anti-phospho-VEGFR-2 (Cell Signaling Technology), anti-ERK 

1/2 (Cell Signaling Technology), anti-phospho-ERK 1/2 (Cell Signaling 

Technology), anti-AKT (Cell Signaling Technology), anti-phospho-AKT 

(Cell Signaling Technology), anti-alpha-tubulin (Cell Signaling Technology), 

and anti-beta-actin (Cell Signaling Technology). After the incubation with 
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primary antibodies, the membranes were washed and incubated with 

peroxidase-conjugated secondary antibodies (Cell Signaling Technology). 

Then, the membranes were treated with Amersham ECL™ western blotting 

detection reagent (GE Healthcare), and exposured to the film (Amersham 

Hyperfilm ECL, GE Healthcare). The blots were scanned using a scanner and 

the intensity was analyzed using TINA software program (Raytest). Intensity 

values were normalized relative to control values. 

 

13. Statistical Analysis 

Differences between groups were assessed with the Mann-Whitney U-test. All 

statistical analyses were performed using SPSS 12.0 for Windows (SPSS). 

Mean ± standard deviation was shown. We considered P-value less than 0.05 

as statistically significant. 
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RESULTS 

Silicate Nanoparticles Do Not Induce Direct Cellular Toxicity on 

Retinoblastoma and Retinal Microvascular Endothelial Cells 

MTT assay was performed to determine the cellular toxicity of silicate 

nanoparticles. We chose human retinoblastoma cells representative of retinal 

neuronal cells and HRMECs for cellular toxicity assays. In in vitro assays, we 

intended to administer the fixed number of nanoparticles per cell, not the 

fixed molecular concentration of nanoparticle mixture. Therefore, the cells 

were treated with various numbers of nanoparticles per cell (10 to 107 

nanoparticles per cell). In this assay, 107 nanoparticles per cell in this assay 

was equivalent to approximately the concentration of 50 μg/ml, which was 10 

times the effective therapeutic molecular concentration utilized in in vitro 

migration and tube formation assays. Interestingly, there was no direct cellular 

toxicity on retinoblastoma and retinal microvascular endothelial cells, up to 

107 nanoparticles per cell (Fig. 1.1). To confirm the result of MTT assay, we 

counted the number of viable cells after the treatment with SiNP of 10 to 107 

nanoparticles per cell, demonstrating similar results. 

 

Silicate Nanoparticles Have No Toxic Effect on Retinal Tissues in 

Histological Analysis and TUNEL Assay  

We intravitreally injected silicate nanoparticles of 1 mg/mL, 100 times in vivo 

therapeutic effective concentration, to 8-week year old C57BL/6J mice. One 

week after the treatment, the eyes were enucleated and serial sections were 

utilized for histological analysis and TUNEL assay. As we previously 

described, we compared the ratio of A (retinal thickness from the internal 

limiting layer to the inner nuclear layer) to B (retinal thickness from the 

internal limiting layer to the outer nuclear layer) to evaluate changes in retinal  
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Figure 1.1. Silicate nanoparticles do not induce direct cellular toxicity. 

Cell viability was assessed with MTT assay. Each bar on the graph represents 

the relative viability in comparison with the control value, converted into a 

percentage. Each value represents three independent experiments.  

(A) Human retinoblastoma cell line SNUOT-Rb1 cells, representative of 

retinal neuronal cells, were treated with various concentrations of silicate 

nanoparticles and incubated for 48 hours.  

(B) HRMECs were also treated with various concentrations of silicate 

nanoparticles and incubated for 48 hrs. Data shown here were the mean ± SD 

of three independent experiments. NS, P-value > 0.05. 
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layers (61). As shown in Figure 1.2A, we could not find significant difference 

in the ratio between control and treatment groups (P-value > 0.05). In addition, 

the treatment of silicate nanoparticles did not induce proliferation of 

inflammatory cells in the vitreous, retina, or choroid. Furthermore, there was 

no significant difference in the number of apoptotic cell death between 2 

groups according to TUNEL assay (P-value > 0.05) (Figure 1.2B). 

 

Silicate Nanoparticles Inhibit Retinal Neovascularization Induced by 

OIR 

To investigate whether silicate nanoparticles inhibit retinal neovascularization 

induced by OIR, we injected silicate nanoparticles of 10 μg/ml in 1 μl 

phosphate buffered saline at P14. At P17, when neovascularization peaks, 

mice were sacrificed, and eyes were enucleated for further qualitative and 

quantitative analyses. As shown in Figure 1.3A and B, neovascular tufts were 

observed at the junction between vascularized and avascular retina, and 

decreased with the treatement of silicate nanoparticles. In the flat-mounted 

retina that underwent the injection of silicate nanoparticles, 

neovascularization was barely visible. 

 We also counted the vascular lumens of intravitreal 

neovascularization for quantitative analysis. Hematoxylin and eosin staining 

was performed, and vascular lumens on the vitreal side of inner limiting 

membrane were assessed in at least 10 sections. As demonstrated in Figure 

1.3C and D, the number of lumens was lower in the treatment group (7.2 ± 

2.1) than in the control group (14.1 ± 2.0) (P-value < 0.05). 

 

Silicate Nanoparticles Inhibit In Vitro Migration and Tube Formation of 

Retinal Microvascular Endothelial Cells 
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Figure 1.2. Silicate nanoparticles have no definite toxic effect on retinal 

tissues in histological analysis and TUNEL assay. We intravitreally injected 

SiNPs of 1 mg/mL, 100 times the effective therapeutic concentration, to 8-

week old C57BL/6J mice. Seven days after the treatment, the eyes were 

enucleated and 4-μm-thick serial sections were done. Then, hematoxylin and 

eosin staining for histological analysis and TUNEL assay for apototic cell 

counts were performed.  

(A) To evaluate changes in the retinal layers, the ratio of A (retinal thickness 

from the internal limiting layer to the inner nuclear layer) to B (retinal 

thickness from the internal limiting layer to the outer nuclear layer) was 
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measured in all sections via the light microscope.  

(B) For the evaluation of apoptotic cell death in the retina, TUNEL assay was 

performed. TUNEL-positive cells were assessed on randomly selected 10 

fields in each slide at ×400 magnification. White arrow indicates TUNEL-

postive cells. Figures were representative of 3 independent experiments. Data 

were the mean ± SD of three independent experiments. Scale bars = 10 μm. 

GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. 

NS, P-value > 0.05. 
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Figure 1.3. Silicate nanoparticles inhibit retinal neovascularization 

induced by OIR. To evaluate the anti-angiogenic effect of silicate 

nanoparticles, we intravitreally injected silicate nanoparticles of 10 μg/mL in 

1 μL phosphate-buffered saline (PBS) at P14.  

(A, B) At P17, both control (A) and experimental (B) mice were perfused with 

fluorescein-conjugated dextran (molecular weight = 500,000) through the tail 

vein. After the perfusion of 1 hour, enucleation was performed, and the retina 

was dissected, flat-mounted, and viewed via the fluorescein microscope. 

White arrows indicate neovascular tufts at the junction of nonvascularized and 

vascularized retina. Figures were representative of 3 independent experiments.  

(C, D, E, F) For quantitative analysis of retinal neovascularization, 

hematoxylin and eosin staining were performed for the enucleated eyes from 

P17 OIR control (C, E) and silicate nanoparticles injected (D, F) mice. Black 

arrows indicate the vascular lumens of new vessels induced by OIR. Figures 

were also selected as representative of three independent experiments.  

(G) Each value indicated the mean ± SD of 3 independent experiments. Scale 

bar = 50 μm. *, P-value < 0.05. 

 



32 

 

To investigate whether silicate nanoparticles inhibit in vitro migration of 

HRMECs, wound migration assay was performed. With the treatment of 

silicate nanoparticles of 105 nanoparticles per cell (approximately 5 μg/ml), 

increase in migration induced by VEGF was inhibited to the control values 

(Figure 1.4A). Next, we examined the effect of silicate nanoparticles on in 

vitro tube formation of HRMECs. We treated cells with VEGF of 20 ng/ml or 

SiNP of 105 nanoparticles per cell (approximately 5 μg/ml). As shown in 

Figure 1.4B, silicate nanoparticles suppressed the increase in tube formation 

induced by VEGF almost to the control values. 

 

VEGF-Induced VEGFR-2 Phosphorylation is Downregulated by Silicate 

Nanoparticles in Retinal Microvascular Endothelial Cells  

To examine the molecular pathway of anti-angiogenic effect of silicate 

nanoparticles, we performed Western blotting for proteins in VEGF-mediated 

signaling pathways. VEGFR-2 activation by VEGF is known to be required in 

further processes of angiogenesis (66). Therfore, we first assessed whether the 

treatment of silicate nanoparticles would affect phosphorylation of VEGFR-2 

induced by VEGF. As shown in Figure 1.5A, silicate nanoparticles inhibited 

VEGF-induced phosphorylation of VEGFR-2 in HRMEC (P-value < 0.05). In 

addition, we previously reported that activation of ERK 1/2, a signaling 

molecule in mitogen-activated protein kinase (MAPK) pathway, is induced by 

VEGF-mediated VEGFR-2 activation (67, 68). In this regard, we investigated 

whether phosphorylation of ERK 1/2 would be changed with the treatment of 

silicate nanoparticles. As demonstrated in Figure 1.5B, ERK 1/2 

phosphorylation induced by VEGF was effectively suppressed by SiNP 

treatment (P-value < 0.05). We also assessed the level of phosphorylation of 

AKT, a key junction signaling protein in phosphatidyl inositol 3-kinase 

(PI3K)/AKT pathway (69). VEGF did not induce phosphorylation of AKT,  
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Figure 1.4. Silicate nanoparticles inhibit in vitro migration and tube 

formation of retinal microvascular endothelial cells.  

(A) Wound migration assay. HRMECs were placed on the gelatin-coated 

culture dishes at 90% confluence and were wounded with a pipette tip. After 

wounding, the medium was replaced with serum-free medium and incubated 

with the treatment of silicate nanoparticles of 105 per cell (approximately 5 

μg/mL) or 20 ng/mL VEGF for 12 hours. Migration was quantified by 

conunting the cells that moved beyond the reference line at ×200 

magnification via the light microscope. Figures were selected to represent 3 

independent experiments. The number of migrated cells in dishes without the 

treatment of both VEGF and silicate nanoparticles was normalized to 100% 

for comparison. Each bar indicates the mean ± SD of 3 independent 

experiments. *, P-value < 0.05.  

(B) Tube formation assay. HRMECs were placed on the surface of the 

Matrigel, and treated with silicate nanoparticles of 105 per cell (approximately 

5 μg/mL) or 20 ng/mL VEGF for 12 hours. Tube formation was quantified by 

counting the number of connected cells in randomly selected fields at ×200 

magnification via the light microscope and dividing that number by the total 

number of cells in the same field. Figures were selected to represent three 

independent experiments. The basal tube formation of endothelial cells in 

wells without the treatment of both VEGF and silicate nanoparticles was 

normalized to 100% for comparison. Each bar indicates the mean ± SD of 

three independent experiments. *, P-value < 0.05. 
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Figure 1.5. VEGF-induced VEGFR-2 phosphorylation is downregulated 

by silicate nanoparticles in HRMECs. To investigate the molecular pathway 

of angiogenic effects of silicate nanoparticles, western blotting for VEGFR-2 

(A) and its intracellular signaling molecules, Erk (B) from mitogen-activated 

protein kinase pathway and AKT (C) from phosphatidyl inositol 3-

kinase/AKT pathway. HRMECs were inoculated with the treatment of 20 

ng/mL VEGF or silicate nanoparticles of 105 NPs per cell (approximately 5 

μg/mL). β-actin and α-tubulin were used as the loading control. Intensity 

values were normalized relative to control values. For quantitative analysis, 

the blots were scanned using a scanner and the intensity was analyzed using 

TINA software program. Figures were selected to represent three independent 

experiments. Each bar on the graph indicated the mean ± SD of three 

independent experiments. *, P-value < 0.05; NS, P-value > 0.05. 
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nor did silicate nanoparticles affect AKT phosphorylation (P-value > 0.05). 
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DISCUSSION 

In this study, we demonstrated that silicate nanoparticles had negligible acute 

toxicity to retinal neuronal cells, retinal endothelial cells, and the retinal tissue 

at concentration 100 times the effective therapeutic dosage. Even with high 

concentration of silicate nanoparticles, there was no decrease in cellular 

viability of human retinoblastoma and endothelial cells, and no increase in 

apoptosis and inflammation of the retinal tissues. Although there was no 

report on the usage of silicate nanoparticles alone in the treatment of 

pathologic angiogenesis in other organs or retinal neovascularization, in vitro 

and subsequent in vivo safety assays provided sufficient grounds in further 

studies on the therapeutic application of silicate nanoparticles. 

 Previously, we reported that intravenously administered gold 

nanoparticles could pass blood-retinal barrier and induced no retinal toxicity 

(61). On the basis of this result, we performed intravitreal injection of gold 

nanoparticles, and showed that gold nanoparticles blocked in vivo retinal 

neovascularization and in vitro VEGF-induced activation of VEGFR-2, 

inhibiting retinal neovascularization without retinal toxicity (32). The 

property of gold nanoparticles to bind heparin-binding proteins of specific 

VEGF isoforms such as VEGF-165 has been considered to be one of the 

possible mechanisms of antiangiogenic effect of it (53). Interestingly, gold 

nanoparticles suppressed retinal neovascularization in OIR mice and VEGF-

induced VEGFR-2 phosphorylation and lead to inhibition of subsequent 

MAPK pathway in HRMECs, evidencing suppression of ERK 1/2 

phosphorylation (32). 

 VEGF and VEGF-dependent signaling pathway are known to be 

involved in the pathogenesis of retinal diseases with pathologic 

neovascularization (8). Especially, VEGFR-2 is considered to play a pivotal 
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role in developmental and pathologic angiogenesis (70). In this study, silicate 

nanoparticles also effectively suppressed phosphorylation of VEGFR-2. This 

result suggested that the mechanism of anti-angiogenic effect of silicate 

nanoparticles was also based on inhibition of VEGFR-2 activation. Of 

downstream pathways of VEGFR-2 signaling, protein kinase C/MAPK and 

PI3K/AKT pathways are known to be involved in processes of angiogenesis 

(69, 71). Silicate as well as gold nanoparticles inhibited phosphorylation of 

ERK 1/2, a signaling molecule on MAPK pathway, not that of AKT.  

 Interestingly, there was a report suggesting anti-angiogenic effect of 

50 nm silver nanoparticles (54). In this study, silicate nanoparticles also had 

anti-angiogenic effect. These results suggested that the mass, shape or size of 

nanoparticles could be key factors exerting their anti-angiogenic effect. 

Nonetheless, the issue of biodistribution of nanoparticles should be addressed 

in the biomedical application of them. Studies on biocompatibility and 

biodegradation of nanoparticles demonstrated that certain portions of 

nanoparticles accumulated in liver, kidney, and target organs (72). Therefore, 

biodegradation and biodistribution of nanoparticles might be investigated 

before clinical application.  

 In summary, we showed that silicate nanoparticles could be 

considered in the treatment of retinal neovascularization without acute 

toxicity. Silicate nanoparticles effectively inhibited VEGF-induced retinal 

neovascularization, and suppressed ERK 1/2 activation via inhibition of 

VEGFR-2 phosphorylation. In that ARB is the result of pathologic 

angiogenesis induced by angiogenic molecules such as VEGF, silicate 

nanoparticles could have a role in prevention of catastrophic vision loss. 
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INTRODUCTION 

Inorganic nanoparticles can modulate various biological processes including 

apoptosis, angiogenesis, and oxidative stress even without surface 

modification. Although nanoparticles are often utilized as a novel drug 

delivery system, these characteristics can revolutionize the landscape of 

therapeutic application of nanoparticles. However, there are still concerns on 

medical uses of nanoparticles especially for therapeutic purposes because of 

the possibility of toxic responses (73, 74). For instance, titanium dioxide 

(TiO2) nanoparticles are known to induce apoptosis and neural toxicity (75, 

76). Particularly, systemic treatment requires considerable amount of 

nanoparticles, resulting in increased risk of possible toxicity. Nevertheless, 

inorganic nanoparticles still possess the potential for the therapeutic 

application. First, it is relatively easy to manipulate the size, surface charge, 

and shape of nanoparticles to improve bioavailability and efficacy. Second, 

conjugation of ligands and receptors to nanoparticles facilitates targeted 

therapy (42). Targeting ligands enable effective action of nanoparticles on 

target cells (77). Third, inorganic nanoparticles themselves can be good 

therapeutic candidates. Cerium oxide nanoparticles exert antioxidant effect, 

decrease reactive oxygen species, and slow down the degeneration of 

photoreceptor cells in the retina (78, 79). Gold, silver, and silica nanoparticles 

inhibit vascular endothelial growth factor (VEGF)-induced proliferation of 

endothelial cells, in vitro angiogenic processes, and in vivo pathologic 

angiogenesis (1, 30, 32, 80). 

The toxicity of high dose nanoparticles is repeatedly reported and 

might be inevitable (81, 82). We hypothesized that local treatment would be a 

bypass strategy to maintain biological effect of nanoparticles even at a very 

low concentration without definite toxicity. In this regard, as a proof-of-
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concept study, we utilized TiO2 nanoparticles of which toxic mechanisms are 

widely studied. We speculated that we could examine the feasibility of our 

strategy to minimize the toxicity and maintain the biological effect 

simultaneously at the presumptive therapeutic concentration (PTC, 105 

nanoparticles per cell, 130.47 ng/mL). This concentration is lower than the 

limits of concentration at which there is no definite cellular toxicity in 

previous studies with TiO2 nanoparticles (800 ng/mL to 40 μg/mL) (83-86). 

 Furthermore, it is essential to properly prepare and characterize 

nanoparticles before utilization in in vitro and in vivo experiments (87). 

Agglomeration and aggregation often lead to overestimation or 

underestimation of biological effects of nanoparticles of certain sizes (88). To 

investigate the potential of TiO2 nanoparticles in aqueous solution for further 

applications, researchers previously exchange organic ligands or change pH 

with hydrothermal treatment (89, 90). However, we speculated that TiO2 

nanoparticles might be prepared in neutral solution for medical application 

and without functionalization to figure out properties of nanoparticles 

themselves. In this regard, we prepared TiO2 nanoparticles in pH 8.2 distilled 

water (DW) (91), resulting in preparation of mono-disperse anatase TiO2 

nanoparticles stabilized in aqueous solution with the size of 20 nm. 

 In this study, we demonstrate that well-prepared and characterized 

TiO2 nanoparticles in aqueous solution do not induce any definite genetic, 

cellular, and histologic toxicity at 10 times PTC. Surprisingly, they exert anti-

angiogenic effect on retinal neovascularization even at PTC. The anti-

angiogenic effect of TiO2 nanoparticles comes from the inhibition of 

angiogenic processes, not from the toxicity of them. Furthermore, we 

demonstrate the suppression of VEGFR-2/MAPK pathway by TiO2 

nanoparticles at PTC. These results suggest that proper preparation and 

establishment of the adequate concentration range of TiO2 nanoparticles lead 
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to maintenance of biological effect and minimization of the toxicity at the 

same time, especially through local administration. 
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MATERIALS AND METHODS 

1. Preparation and Characterization of Nanoparticles 

To obtain primary nanoparticle suspension of TiO2 with ~25 nm in diameter, 

640 mg of titanium dioxide powder (Degussa/Evonik) was suspended in 10 

mL DW (pH 8.2, 18.2 MΩ) by stirring with magnetic bar (22 mm in length 

and octagonal shape) for 24 hours. Then, the suspension was transferred into a 

50 mL conical tube and sonicated for 5 minutes by using a tip sonicator (tip: 

CV18, power supply: VCX 130, Sonics & Materials) with 13 W supply power. 

The suspension was transferred to a 15 mL conical tube and centrifuged for 40 

minutes at 9,000 rpm. To get primary TiO2 nanoparticle suspension, the 

supernatant of 8 mL was sampled and utilized for further characterization 

procedures. Dynamic light scattering (DLS) size of TiO2 nanoparticles was 

measured from 15 different batches by using a particle size analyzer (ELS-Z 

plus, Otsuka Electronics). Zeta potential was measured by using an 

electrophoretic mobility analyzer (Zetasizer Nano Z, Malvern Instruments). 

To obtain a concentrated suspension adequate for the experiment, the 

suspension was divided as 1 mL aliquots in 1.5 mL microcentrifuge tubes. 

Then, the tubes were centrifuged for 30 minutes at 13,000 rpm. The 

supernatant of 900 mL in each tube was removed and the pellet was 

resuspended by vortexing. The suspension concentration was measured by 

weighing dehydrated powders from 3 mL suspensions. Morphology of 

nanoparticles were observed via the TEM (Technai G2, FEI), operating at 800 

kV. TEM image was analyzed for size and their distribution. The X-ray 

diffraction (XRD) data were obtained from the powder diffractometer 

(Dmax2200, Rigaku) between 20° and 142° at a 2Ɵ step of 0.02° using Cu Kα 

radiation with a graphite monochromator in the reflection geometry at room 

temperature (RT). 
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2. Cell Culture 

HRMECs were purchased from Applied Cell Biology Research Institute and 

maintained in Medium 199 supplemented with 20% FBS, basic fibroblast 

growth factor of 3 ng/mL, heparin of 10 IU/mL, and 1% penicillin-

streptomycin. HRMECs from passage 5 to 7 were used in this study. SNUOT-

Rb1 cells, previously established by our group from the human retinoblastoma 

tissue (59), were maintained in RPMI 1640 medium, supplemented with 10% 

FBS and 1% penicillin-streptomycin. Human brain astrocytes were purchased 

from Applied Cell Biology Research Institute and maintained in Dulbecco’s 

Modified Eagle Medium, supplemented with 10% FBS, N-2 Supplement 

(Gibco), and 1% penicillin-streptomycin. Human brain astrocytes from 

passage 7 to 9 were used in this study. Cells were incubated at 37°C in an 

atmosphere of 95% air and 5% CO2.  

 

3. Cell Viability Assay 

Cell viability was evaluated with WST-1 assay using EZ-Cytox Cell Viability 

Assay kit (Itsbio, Seoul, Korea) according to the manufacturer’s instruction. 

Briefly, HRMECs, SNUOT-Rb1 cells, and human brain astrocytes were plated 

in 48 well plates and cultured overnight (2 x 104 cells per well). The cells 

were treated with TiO2 nanoparticles of different concentrations (10, 103, 105, 

107 nanoparticles/cell) for 48 hours. Then, the reagent from EZ-Cytox Cell 

Viability Assay kit was applied to each well. After 2 hours of additional 

incubation, absorbance was measured at 450 nm using the microplate reader. 

To confirm the results of WST-1 assay, direct estimation of viable cells using 

Trypan Blue Stain (Life Technologies) were performed after the treatment 

with TiO2 nanoparticles of different concentrations (10, 103, 105, 107 

nanoparticles per cell) for 48 hours. 
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4. Mice 

C57BL/6 mice were obtained from Central Lab. Animal and were kept in 

alternate dark-light cycles of 12 hours at RT. During daytime, special attention 

was paid not to prevent animals from adequate overhead lighting. The care, 

use, and treatment of all animals were in agreement with the ARVO statement 

for the use of animals in ophthalmic and vision research. 

 

5. Histologic Observation and TUNEL Assay for In Vivo Toxicity Assays 

To evaluate the histologic toxicity of TiO2 nanoparticles, we intravitreally 

injected TiO2 nanoparticles of 1.30 μg/mL (0.17 nM), which was 10 times 

PTC (130.47 ng/mL, 16.64 pM) into the right eyes of 8-week-old C57BL/6 

male mice (n = 6). Seven days later, the mice were sacrificed with inhalation 

of CO2 gas and the eyes were enucleated carefully. The enucleated eyes were 

fixed in 4% paraformaldehyde and embedded in paraffin. Sagittal sections 

were performed at 4-μm-thickness from paraffin blocks. The sections were 

deparaffinized and hydrated by sequential immersion in xylene and graded 

ethyl alcohol solutions. Then, the sections were stained with hematoxylin and 

eosin and evaluated under the light microscope. As we previously described, 

we observed any change in invasion of inflammatory cells and measured the 

ratio of the retinal thickness from the internal limiting membrane to the inner 

nuclear layer to the retinal thickness from the internal limiting membrane to 

the outer nuclear layer (61). For the TUNEL assay, ApopTag Red In Situ 

Apoptosis Detection Kit (Millipore) was utilized as the manufacturer’s 

instructions. The sections were observed with the fluorescence microscope 

and the number of TUNEL-positive cells was evaluated on randomly selected 

10 fields in each slide at x400 magnification. 
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6. Tissue Preparation and Total RNA Extraction 

To investigate the toxicity of TiO2 nanoparticles at the level of gene 

expression, we intravitreally injected nanoparticles into the right eyes of 8-

week-old C57BL/6 male mice. The concentrations of administered 

nanoparticles were 130.47 ng/mL and 1.30 μg/mL (each concentration 

represents PTC and 10 times PTC, respectively). The number of the animals 

per each group including the control group was 12. Seven days later, mice 

were sacrificed by inhalation of CO2 gas and the eyes were enucleated for 

retinal preparation. Without hesitation, the corneas were resected and the 

lenses were removed from the enucleated eyes. After removal of vitreous gel, 

the retinas were dissected from the underlying choroid and sclera. Retinal 

tissues from 4 animals were pooled into 1 test tube for further experimental 

procedures. Total RNA was isolated using TRI Reagent (Molecular Research 

Center) according to the manufacturer’s instructions and delivered to eBiogen 

for further procedures regarding the gene expression microarray. 

 

7. Microarray 

The synthesis of target complementary RNA (cRNA) probes and 

hybridization were performed using Agilent’s Low RNA Input Linear 

Amplification kit (Agilent Technologies). Briefly, 1 μg of total RNA and T7 

promoter primer mix were mixed and incubated at 65°C for 10 minutes. Then, 

the complementary DNA master mix (5x First strand buffer, 0.1 M DTT, 10 

mM dNTP mix, RNaseOUT, and Moloney murine leukemia virus reverse 

transcriptase) was prepared and added to the reaction mixer. The samples 

were incubated at 40°C for 2 hours and the synthesis of double-stranded DNA 

(dsDNA) was terminated by incubating the samples at 65°C for 15 minutes. 

The transcription master mix (4x Transcription buffer, 0.1 M DTT, NTP mix, 

50% polyethylene glycol, RNaseOUT, inorganic pyrophasphatase, T7-RNA 
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polymerase, and Cyanine 3/5-CTP) was prepared and added to the dsDNA 

samples to initiate the transcription of dsDNA. After the incubation at 40°C 

for 2 hours, amplified and labeled cRNA was purified on cRNA Cleanup 

Module. Labeled cRNA target was quantified using ND-1000 

spectrophotometer (NanoDrop Technologies). After the confirmation of 

labeling efficiency, cRNA was fragmented by adding 10x blocking agent and 

25x fragmentation buffer followed by incubation at 60°C for 30 minutes. The 

fragmented cRNA was resuspended with 2x hybridization buffer and moved 

onto the Agilent’s Mouse GE 4x44K v2 Microarray (Agilent Technologies) 

containing probe sequences sourced from RefSeq, Ensembl, Unigene, 

GenBank, and RIKEN. The arrays were hybridized by incubation at 65°C for 

17 hours using the microarray hybridization oven (Agilent Technologies).  

 

8. Data Acquisition and Analysis 

The hybridized images were scanned via Agilent’s SureScan Microarray 

scanner (Agilent Technologies) and quantified with Feature Extraction 

software (Agilent Technologies). Particularly, the mean values of normalized 

rations were calculated by dividing the average of normalized signal channel 

intensities by the average of normalized control channel intensities. 

Functional annotation of genes was performed according to the Gene 

Ontology Consortium (http://www.geneontology.org) (92) and the Database 

for Annotation, Visualization and Integrated Discovery v6.7 

(http://david.abcc.ncifcrf.gov) (93, 94). The data discussed in this publication 

have been deposited in NCBI’s Gene Expression Omnibus (95) and are 

accessible through GEO Series accession number GSE49048 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49048). 

 

9. OIR 
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As previously described, OIR was induced in newborn mice according to the 

protocol described by Smith et al. with modification by our group (62, 63). 

Briefly, newborn mice were exposed to hyperoxia (75 ± 0.5% O2) for 5 days 

from P7 to P12, and returned to normoxia. To investigate anti-angiogenic 

properties of TiO2 nanoparticles, we injected TiO2 nanoparticles (130.47 

ng/mL, 16.64 pM; PTC) into the right eyes of mice at P14. The number of 

animals for experimental and control groups were at least 10, respectively. At 

P17, mice were sacrificed by inhalation of CO2 gas and the eyes were 

enucleated. The enucleated eyes were fixed in 4% paraformaldehyde and 

embedded in paraffin. Sagittal sections were prepared at 4-μm-thickness from 

paraffin blocks. The sections were deparaffinized and hydrated by sequential 

immersion in xylene and graded ethyl alcohol solutions. Then, the sections 

were stained with hematoxylin and eosin. As we previously described, 

vascular lumens were counted on the vitreal side of the internal limiting 

membrane from at least 10 sections from each eye under the light microscope. 

 

10. Tube Formation Assay 

As we previously described, tube formation assay was performed with 

HRMECs (65). The cells (1 x 105 cells) were plated on the Matrigel (BD 

Bioscience)-coated 48 well plates in 1 mL Medium 199 (Gibco) with the 

treatment of 20 ng/mL VEGF (Sigma-Aldrich, St. Louis, MO, USA) or TiO2 

nanoparticles of 130.47 ng/mL (16.64 pM, 105 nanoparticles per cell; PTC) 

for 12 hours. Quantification of tube formation was performed by dividing the 

number of connected cells by the total number of cells in randomly selected 

fields at x200 magnification under the light microscope. The effect of the 

treatment was estimated by comparing the amounts of tube formation of 

endothelial cells among treatment and control groups. 
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11. Wound Migration Assay 

As in our previous descriptions, cell migration was evaluated with wound 

migration assay (64). HRMECs (1.5 x 105 cells) were plated on the gelatin-

coated 12 well plates and wounded with a pipette tip. Then, the media was 

replaced by 1.5 mL Medium 199 with the treatment of 20 ng/mL VEGF 

(Sigma-Aldrich) or TiO2 nanoparticles of 130.47 ng/mL (16.64 pM, 105 

nanoparticles per cell; PTC) for 12 hours. After the removal of the medium, 

the cells were fixed with absolute methanol and stained with Giemsa’s 

solution. Quantification of migration was performed by counting the cells that 

migrated across the reference line at x200 magnification under the light 

microscope. The effect of the treatment was estimated by comparing the 

amounts of migration of endothelial cells between treatment groups. 

 

12. Western Blot Analysis 

The protein concentration was estimated using the BCA Protein Assay 

Reagent (Thermo Scientific). For the preparation of samples for Western blot 

analysis, HRMECs (3 x 105 cells) were plated on the dish and incubated at 

37°C overnight. Then, the medium was replaced with the serum-free medium. 

After starvation with the serum-free medium, the cells were treated with 20 

ng/mL VEGF (Sigma-Aldrich) or TiO2 nanoparticles of 130.47 ng/mL (16.64 

pM, 105 nanoparticles per cell; PTC). Equal amounts of extracted proteins 

from the cells were separated by electrophoresis on 6-8% SDS-PAGE and 

transferred to a nitrocellulose membrane (Amersham Hybond ECL, GE 

Healthcare). The membranes were incubated with anti-phospho-VEGFR2 

(1:200, sc-101820; Santa Cruz Biotechnology), anti-VEGFR2 (1:1,000, sc-

315; Santa Cruz Biotechnology), anti-phospho-ERK1/2 (1:1,000, #9101; Cell 

Signaling Technology), anti-ERK1/2 (1:1,000, #9102; Cell Signaling 

Technology), anti-phospho-Akt (1:1,000, #9271; Cell Signaling Technology), 
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anti-Akt (1:1,000, #9272; Cell Signaling Technology), and anti-β-actin 

(1:3,000, A2066, Sigma-Aldrich) overnight at 4°C. Next day, the membranes 

were washed with PBS and incubated with peroxidase-conjugated secondary 

antibodies (Thermo Scientific) for 1 hour at RT. Then, the membranes were 

washed with PBS and treated with Amersham ECL Western blot detection 

reagent (GE Healthcare) and exposed to the film (Amersham Hyperfilm ECL, 

GE Healthcare). Quantitative analyses of Western blot experiments were 

performed with ImageJ program (NIH). 

 

13. Statistical Analysis 

Differences of the values between groups were assessed by the Mann-

Whitney U-test. All statistical analyses were performed using IBM SPSS 

Statistics 19.0 (IBM). Mean values and standard deviation was shown in 

figures. P-value less than 0.05 was considered as statistically significant. 
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RESULTS 

Characterization of TiO2 Nanoparticles 

To utilize nanoparticles of certain diameter to minimize the variation induced 

by the size and prepare nanoparticles in aqueous solution for therapeutic 

application, we isolated nanoparticles of which diameter was around 20 nm 

from P25 TiO2 nanoparticles (BP-P25) (Degussa/Evonik). The diameter (20 

nm) was selected for two different reasons: 1) too small nanoparticles less 

than 20 nm are easily passed through the tissues and vulnerable to filtration 

across the kidney (96, 97). 2) Furthermore, smaller nanoparticles are thought 

to be more toxic to central nervous system including the retina than their 

larger counterparts (42). We intended to investigate the utility of local 

administration with the smallest nanoparticles and with potential to be utilized 

for biological application (≥ 20 nm). With the previously reported preparation 

method (91), we could obtain mono-disperse TiO2 nanoparticles (AP-P25) 

stabilized in pH 8.2 DW for further experiments (Fig. 2.1A and B). The zeta 

potential was estimated to be -46.9 ± 6.5 mV. Interestingly, BP-25 and AP-25 

demonstrated differential size distributions according to the status of 

nanoparticles (Figure 2.1C). The diameters of nanoparticles as powder 

evaluated by TEM were 26.72 ± 6.56 nm and 18.37 ± 5.66 nm for BP-25 and 

AP-25, respectively. In contrast, hydrodynamic diameters of nanoparticles in 

DW estimated by DLS were 586.70 ± 143.51 nm and 25.79 ± 1.26 nm for 

each nanoparticle. These results showed that BP-P25 had a tendency to 

agglomerate in aqueous solution, whereas AP-P25 demonstrated stable 

dispersion in DW. We further investigated the characteristics of nanoparticles 

with estimating phase fractions via XRD and Rietveld refinement method. 

Surprisingly, BP-25 and AP-25 showed differential phase configurations, 

demonstrating that our preparation method led to increase in 
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Figure 2.1. Preparation and characterization of TiO2 nanoparticles for 

biomedical application in aqueous solution. TEM images of (A) BP-P25 

and (B) AP-P25. (C) The distribution of DLS and TEM sizes of BP-P25 and 

AP-P25. Scale bar = 20 nm. 
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the proportion of anatase phase in primary particle form from BP-25. We 

utilized AP-P25 which was mono-disperse and stabilized in DW for further 

experiments. 

The mass and molar concentrations of the stock solution were 1.67 

mg/mL and 0.21 μM, respectively. From the size and the concentration of 

nanoparticles, the number of particles was estimated to be 1.28 x 1014/mL in 

the stock solution. In in vitro assays, we struggled to match the number of 

cells and treated nanoparticles to maintain the same treatment conditions 

among assays. In this regard, the stock solution was diluted in the culture 

media and we applied the same volume of the media per the same number of 

cells (1 mL culture media per 1 x 105 cells, Table 2.1). In in vivo assays, we 

treated nanoparticles of the same mass concentration utilized in in vitro assays. 

 

TiO2 Nanoparticles Do Not Induce Any Definite Cellular and Histologic 

Toxicity 

To identify the cellular toxicity of TiO2 nanoparticles, we treated HRMECs, 

SNUOT-Rb1 cells, and human brain astrocytes with nanoparticles of which 

concentrations were 10, 103, 105, 107 nanoparticles per cell. These cells 

represent vascular, neuronal, and perineural glial cells in the retina, 

respectively. Interestingly, the treatment of nanoparticles did not affect 

cellular viability of HRMECs (Fig. 2.2A), SNUOT-Rb1 cells (Fig. 2.2B), and 

human brain astrocytes (data not shown) even at the concentration of 107 

nanoparticles per cell (100 times PTC). The mass and particle concentrations 

equivalent to 105 nanoparticles per cell were 130.47 ng/mL and 16.64 pM, 

respectively.  

Intravitreal injection is one of the most widely utilized methods of 

local treatment in retinal diseases. To evaluate the histologic toxicity induced 
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Table 2.1. Culture conditions and information on culture dish and plates 

according to in vitro assays. 

Assay 
No. of 

cells 
Dish or plate Culture area Media volume 

Cell viability 2 x 104 48 well plate 1.1 cm2 200 μL 

Wound 1.5 x 105 12 well plate 3.5 cm2 1.5 mL 

Tube formation 1 x 105 48 well plate 1.1 cm2 1 mL 

Western blot 3 x 105 60 x 15 dish 21.5 cm2 3 mL 
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Figure 2.2. No definite cellular and histologic toxicity of TiO2 

nanoparticles even at the concentration of 10 times PTC. TiO2 

nanoparticles do not affect the viability of (A) HRMECs and (B) SNUOT-Rb1 

cells. Data were shown as mean ± standard deviation. Furthermore, they do 

not induce any changes in (C) histologic integrity (n = 6) and (D) apoptotic 

activity (n = 6) in the retina. A/B ratio, the ratio of the thickness from internal 

limiting membrane to inner nuclear layer (“A”) to that from internal limiting 

membrane to outer nuclear layer (“B”). Data were shown as mean ± standard 

deviation (n = 10 per each group). CON, control; TiO2, TiO2 nanoparticles. NS, 

P-value > 0.05. 
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by TiO2 nanoparticles, we intravitreally injected TiO2 nanoparticles (1.30 

μg/mL; 10 times PTC) into the right eyes of 8-week-old C57BL/6 mice. 

Seven days later, the enucleated eyes were prepared for further analyses with 

histologic evaluation and TUNEL assay. This time period is known be 

sufficient for nanoaprticles to induce toxic effects on the retina (1, 60, 98). As 

in in vitro cellular viability assay, TiO2 nanoparticles did not affect the 

histologic integrity demonstrated by the ratio between retinal cell layers (Fig. 

2.2C) and apoptotic activity demonstrated by TUNEL assay (Fig. 2.2D). 

 

Microarray Analysis of Gene Expression Shows No Definite Genotoxicity 

of TiO2 Nanoparticles 

We further investigated the safety of TiO2 nanoparticles at the level of gene 

expression through the microarray analysis of 39,429 genes using retinal 

tissues. Gene expression analysis is a valuable tool to detect minor toxic 

changes induced by candidate therapeutic agents. For microarray analyses, we 

intravitreally injected TiO2 nanoparticles at the concentrations of PTC and 10 

times PTC to figure out the presence of significant changes in genetic 

expression in either group or any change with the dose-dependent pattern. Of 

total 39,429 genes in the microarray, 600 (1.5%) and 778 (2.0%) genes 

demonstrated significantly differential expression in the retinal tissues treated 

with TiO2 nanoparticles of the PTC and 10 times PTC, respectively (Fold 

change > 2 and P-value < 0.05; Fig. 2.3A and B). Among 333 (0.8%) genes 

which commonly showed differential expression, there was no gene 

demonstrating a significant dose-dependent pattern (cut-off value: P-value = 

0.05). 

 Interestingly, the functional annotation analysis showed that there 

was only 1 definitely altered metabolic pathway (cytokine-cytokine receptor 

interaction) with the treatment of TiO2 nanoparticles at 10 times PTC (Table 
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2.2 and 2.3). Other altered pathways by the treatment with nanoparticles at 

PTC and 10 times PTC lacked biological importance due to changes of only a 

few (less than 20) genes. These microarray results demonstrated that TiO2 

nanoparticles did not affect the currently known metabolic pathways at PTC. 

We further investigated the changes in the expression of genes 

regarding the previously reported toxic mechanism of TiO2 nanoparticles, 

apoptosis (76, 99, 100). Of 1,766 genes regarding apoptosis, only 40 (2.3%) 

and 57 (3.2%) genes demonstrated significantly differential expression after 

the treatment of TiO2 nanoparticles at PTC and 10 times PTC, respectively 

(Fig. 2.3C and D). Interestingly, there was an elevation in the expression of 

fasl (Fas ligand, a ligand in the signaling pathway of apoptosis); however, 

there was no significant change in the gene expression of intermediate 

signaling proteins such as Bax, Bak, and NF-κB or effector proteins such as 

caspase 3, 6, and 7 in the apoptosis-related signaling pathways. Although 

inflammation and oxidative stress are the previously reported mechanisms of 

toxicities of TiO2 nanoparticles (76, 85, 101), there was no significant change 

in pathways including gene sets related with inflammation and oxidative 

stress. 

 

TiO2 Nanoparticles Inhibit In Vivo Neovascularization in the Mouse 

Model of OIR 

Next, we examined the presence of anti-angiogenic effect of TiO2 

nanoparticles even at PTC without definite toxicity at the level of cellular 

viability, histologic integrity, and gene expression. Especially with local 

administration, we speculated that minimizing the concentration of 

nanoparticles to the adequate levels could be a strategy to maintain biological 

activity and prevent unwanted toxicity. To investigate inhibitory effects of 

TiO2 nanoparticles on retinal neovascularization, OIR was induced in mice.  
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Figure 2.3. No definite toxicity of TiO2 nanoparticles at the level of gene 

expression in the retina.  

(A, B) Distribution of gene expression of total 39,429 genes by TiO2 

nanoparticles at (A) PTC and (B) 10 times PTC.  

(C, D) Distribution of gene expression of 1,766 genes regarding apoptosis by 

TiO2 nanoparticles at (C) PTC and (D) 10 times PTC. Green boxes indicate 

significantly differential expression defined by fold change > 2 and P-value < 

0.05. 
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Table 2.2. The list of altered KEGG pathways by the treatment with TiO2 

nanoparticles at PTC. 

Pathway term Gene count P-value 

Viral myocarditis 13 <0.0001 

Dilated cardiomyopathy 11 0.00018 

Tight junction 13 0.00029 

Hypertrophic cardiomyopathy 10 0.00043 

Complement and coagulation cascades 9 0.00094 

Systemic lupus erythematosus 10 0.0019 

Leukocyte transendothelial migration 10 0.0051 

Cardiac muscle contraction 8 0.0052 

Arrhythmogenic right ventricular 7 0.016 

Fc gamma R-mediated phagocytosis 8 0.017 

Chemokine signaling pathway 11 0.027 

Focal adhesion 11 0.044 

Natural killer cell mediated cytotoxicity 8 0.049 
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Table 2.3. The list of altered KEGG pathways by the treatment with TiO2 

nanoparticles at 10 times PTC. 

Pathway term Gene count P-value 

Cytokine-cytokine receptor interaction 22 <0.0001 

Viral myocarditis 14 <0.0001 

Complement and coagulation cascades 12 <0.0001 

Graft-versus-host disease 10 <0.0001 

NOD-like receptor signaling pathway 10 0.00015 

Hypertrophic cardiomyopathy 11 0.00035 

Allograft rejection 9 0.0005 

Dilated cardiomyopathy 11 0.00072 

Chemokine signaling pathway 16 0.00076 

Cardiac muscle contraction 10 0.00086 

Type I diabetes mellitus 9 0.00088 

Toll-like receptor signaling pathway 11 0.0013 

Autoimmune thyroid disease 9 0.0021 

Natural killer cell mediated cytotoxicity 10 0.017 

NOD-like receptor signaling pathway 10 0.00015 

Hypertrophic cardiomyopathy 11 0.00035 

Allograft rejection 9 0.0005 
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Newborn mice were exposed to hyperoxia (75% O2) for 5 days from P7 to 

P12 and returned to normoxia. Nanoparticles were administered at P14 and 

enucleation was performed at P17 when neovascularization was the most 

prominent (63). Interestingly, TiO2 nanoparticles suppressed retinal 

neovascularization demonstrated by the decrease in the number of vascular 

lumens at PTC (Fig. 2.4A and B). 

 

TiO2 Nanoparticles Inhibit In Vitro Angiogenesis Processes and Suppress 

the Activation of VEGFR-2/MAPK pathway 

 To figure out whether in vivo anti-angiogenic effect was due to 

suppression of angiogenic processes, not toxic effects of nanoparticles, we 

performed in vitro angiogenesis assays. Angiogenesis, the process of vessel 

sprouting from pre-existing ones, comes from proliferation, migration, and 

lumen formation of endothelial cells (102). TiO2 nanoparticles effectively 

suppressed VEGF-induced tube formation and migration of HRMECs, 

demonstrating inhibitory effects of nanoparticles on angiogenesis processes 

(Fig. 2.5A, B and 2.6). 

 Furthermore, we investigated the change in the signaling pathways 

of VEGF to figure out the relation between anti-angiogenic effect of TiO2 

nanoparticles and the VEGF signaling pathway. Interestingly, the treatment 

with TiO2 nanoparticles of 105 nanoparticles per cell (PTC) inhibited the 

phosphorylation of VEGFR-2 and the further activation of ERK1/2. However, 

the activation status of Akt was not affected by the treatment with TiO2 

nanoparticles (Figure 2.5C and D). These results demonstrate that TiO2 

nanoparticles exert anti-angiogenic effect by suppressing the VEGF/VEGFR-

2/MAPK pathway. 
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Figure 2.4. Anti-angiogenic effect of TiO2 nanoparticles on retinal 

neovascularization in the mouse OIR model.  

(A) TiO2 nanoparticles inhibit the formation of vascular tufts, especially along 

the vitreal side of the internal limiting membrane (Bottom left and right).  

(B) The in vivo anti-angiogenic effect of TiO2 nanoparticles is quantitatively 

analyzed by direct counting of vascular lumens on the vitreal side of the 

internal limiting membrane. Data were shown as mean ± standard deviation (n 

= 10 per each group). TiO2, TiO2 nanoparticles. Scale bar = 50 μm; **, P-

value < 0.01. 
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Figure 2.5. Inhibitory effects of TiO2 nanoparticles on in vitro angiogenic 

processes and activation of VEGFR-2/MAPK pathway induced by VEGF 

(20 ng/mL).  

(A) Tube formation is quantitatively estimated by dividing the number of 

connected cells by the total number of cells in randomly selected fields at 

x200 magnification.  

(B) Quantification of migration is performed by counting the cells that 

migrate over the reference line at x200 magnification. Data were shown as 

mean ± standard deviation (3 independent experiments).  

(C) Suppression of VEGFR-2 phosphorylation by VEGF (20 ng/mL) and 

further activation of ERK1/2 with the treatment of TiO2 nanoparticles at PTC.  

(D) Quantitative analyses of Western blot experiments. The values are 

normalized to control values. TiO2, TiO2 nanoparticles. *, P-value < 0.05; NS, 

P-value >0.05.
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Figure 2.6. TiO2 nanoparticles inhibit VEGF-induced tube formation and 

migration of HRMECs. Tube formation is quantitatively estimated by 

dividing the number of connected cells by the total number of cells in 

randomly selected fields at x200 magnification. Quantification of migration is 

per-formed by counting the cells that migrate over the reference line at x200 

magnification. 
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DISCUSSION 

In this study, we investigated the toxicity and efficacy of locally delivered 

TiO2 nanoparticles. We speculated that local delivery is a feasible option for 

nanoparticles devised for medical uses. First of all, only a tiny amount of 

nanoparticles is needed for local administration: in this study, we only 

administered 130.47 pg of TiO2 nanoparticles per eye. Relatively little amount 

of nanoparticles can be utilized with less concern on the toxicity compared to 

nanoparticles with higher concentrations. Second, locally administered 

nanoparticles can be distributed in target organs. Interestingly, intravitreally 

injected nanoparticles reach the retina to overcome the physical barrier of 

retinal layers (103). Third, inorganic nanoparticles including gold and silica 

nanospheres exert sufficient anti-angiogenic effect on retinal 

neovascularization with intravitreal injection (1, 32). In this regard, we 

decided to evaluate the potential of our strategy to minimize the toxicity and 

maintain the biological activity of nanoparticles by using intravitreally 

administered TiO2 nanoparticles. 

 We started to evaluate potential toxicity at various concentrations at 

the level of cellular viability. In retinal pigment epithelial cells, TiO2 

nanoparticles of various crystalline structures and sizes did not exert 

phototoxic effect at 1 μg/ml even with ultraviolet-A radiation (84). 

Interestingly, TiO2 nanoparticles of smaller diameter are more toxic than those 

of larger diameter and the composition of anatase and rutile structure 

determines the severity of toxicity in human retinal pigment epithelial cells 

(84). 28 nm-sized TiO2 nanoparticles did not induce cytotoxicity at the 

concentration of 40 μg/ml in lung epithelial cells (86), and anatase TiO2 

nanoparticles of which sizes were less than 25 nm did not result in DNA 

damage and further viability of human epidermal cells with the concentrations 

of 8 to 800 ng/ml (85). Compared to the concentrations with cytotoxicity from 
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these studies, the concentration (130.47 ng/ml) which we presumed as the 

therapeutic concentration in this study is quite within the safe range. As 

expected, TiO2 nanoparticles did not show any definite toxicity on cellular 

viability at PTC. 

 The main mechanisms of the toxicity of TiO2 nanoparticles are 

known to be inflammation and oxidative stress. TiO2 nanoparticles induce 

elevation of proinflammatory cytokines and activate inflammatory cells to 

proliferate (101). In epidermal cells, TiO2 nanoparticles elicit a reduction in 

glutathione, resulting in formation of reactive oxygen species (85). In this 

regard, we figured out any change induced by TiO2 nanoparticles in gene 

expression regarding inflammation and oxidative stress in the retina. As 

shown in Fig. 2.3, no more than 3.5% and 4.7% of genes regarding these 

ontologies were changed with the treatment of TiO2 nanoparticles of the 

presumptive therapeutic and toxic concentrations, respectively. Furthermore, 

there was no definite toxicity of TiO2 nanoparticles at 10 times PTC on 

histologic integrity and apoptotic activity in the retina. 

 After identification of safety of TiO2 nanoparticles at PTC and 10 

times PTC, we investigated anti-angiogenic effect of them on retinal 

neovascularization in OIR mice. To rule out the possibility that TiO2 

nanoparticles exerted toxic effects to retinal neovascularization, we performed 

in vitro angiogenesis assays, evidencing the suppressive effects of TiO2 

nanoparticles on processes of angiogenesis. These in vitro and in vivo anti-

angiogenic effects of TiO2 nanoparticles are along the lines of previously 

reported anti-angiogenic ones of gold, silica, and silver nanoparticles (1, 30, 

32, 80). Although detailed mechanisms of anti-angiogenic effects of various 

nanoparticles are yet to be elucidated, direct inhibition of gold nanoparticles 

on heparin-binding domain of growth factors such as VEGF and basic 

fibroblast growth factor has been proposed to be one (38, 80). Furthermore, 
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inactivation of VEGFR-2 was demonstrated by the treatment with gold and 

silica nanoparticles . In this study, we also identified inhibitory effect of TiO2 

nanoparticles on phosphorylation of VEGFR-2. 

 Of downstream signaling pathways of VEGF-VEGFR2, metal 

nanoparticles affect the activation of ERK 1/2 or PI3K/Akt pathways (1, 30, 

32). Silver nanoparticles inhibit the activation of PI3K/Akt pathway at the 

concentration affecting cellular viability (30). In contrast, gold and silica 

nanoparticles suppress the activation of ERK1/2 without inhibiting the 

phosphorylation of PI3K/Akt pathway at the concentration without definite 

cellular toxicity (1, 32). In this study, with the concentration not affecting 

genetic, cellular, and histologic integrity, TiO2 nanoparticles inhibited 

VEGFR-2/MAPK pathway, not affecting PI3K/Akt pathway. 

 Selecting effective and safe concentration is one of prerequisites for 

medical application of nanoparticles. For systemic treatment, substantial 

amount of nanoparticles is needed. In contrast, only tiny amount of 

nanoparticles might be sufficient for the treatment of diseases with local 

administration. We isolated 20 nm-size TiO2 nanoparticles from commercial 

TiO2 nanopowder and confirmed mono-dispersion in aqueous solution. In this 

study, we demonstrated that the aqueous suspension of mono-disperse 20 nm-

size TiO2 nanoparticles in primary particle form did not induce definite 

toxicity at the level of gene expression, cellular viability, histologic integrity, 

and apoptotic activity at PTC. Surprisingly, TiO2 nanoparticles exerted anti-

angiogenic effects on in vitro and in vivo angiogenesis at PTC, the 

concentration without definite toxicity. As a proof-of-concept study, we 

demonstrated that even TiO2 nanoparticles, of which toxic mechanisms are 

widely studied, could be safely utilized for retinal diseases with local 

administration. We speculated that locally delivered nanoparticles could 

demonstrate biological properties without unbearable toxicities within certain 
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concentrations. This study might help to design and utilize nanoparticles for 

the treatment of various human diseases based on pathologic angiogenesis 

including age-related macular degeneration, cancer, and diabetes-associated 

complications, especially by local administration. 
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CHAPTER 3 

Size, a Determining Factor of Anti-

Angiogenic Effects of Nanoparticles 
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INTRODUCTION 

Physicochemical Properties of Nanoparticles Suitable for Biomedical 

Application: 3S 

The therapeutic effects of nanoparticles are governed by physicochemical 

properties of them. Size, surface characteristics, and shape are major 

determinants of actions of nanoparticles in biological systems. Furthermore, 

tissue-specific microenvironments should be considered in the design of 

nanoparticle-based therapeutics. Based on various studies about the effects of 

size, surface charge, and shape on cellular uptake and biodistribution of 

nanoparticles, researchers might find the appropriate designs of nanoparticles 

which meet their purposes of application. The physicochemical properties of 

nanoparticles affect in vivo stability in blood, cerebrospinal fluid, and vitreous, 

clearance via mononuclear phagocyte system, attachment with target cells, 

and penetration into target cells and blood-neural barriers. 

 

Size 

The size of nanoparticles suitable for systemic administration for therapeutic 

purposes might be in the range between 2 and 200 nm (97, 104). Systemically 

administered nanoparticles (through intravenous injection) travel along blood 

circulation and get into organs with abundant vasculatures other than target 

organs. It is reasonable to design nanoparticles which can escape the removal 

process of lung, liver, spleen, and kidney and effectively reach target tissues. 

Nevertheless, too small nanoparticles are vulnerable to renal excretion and 

clearance from target tissues. A study using in vivo fluorescence imaging after 

intravenous injection of fluorescent quantum dots demonstrates that 

hydrodynamic diameter is a main determining factor of renal excretion (105). 

Nanoparticles of which final hydrodynamic diameter is less than 5.5 nm are 
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rapidly excreted by the kidney in this study. Furthermore, too small 

nanoparticles (< 5 nm) can be easily secreted from target tissues even after 

they escape renal excretion (106). In particular, tumor vessels tend to be more 

permeable than normal vessels, which lets passive accumulation of 

nanoparticles in tumor tissues (this characteristic is the basis of enhanced 

permeability and retention (EPR) effect). It is a plausible scenario for too 

small nanoparticles that they easily enter the tumor parenchyme through 

tumor vasculatures, but also rapidly secreted from the tumor. In the 

development of therapeutics against central nervous system diseases, 20 nm, 

large enough to escape renal glomerular filtration, is thought to be sufficiently 

small size. Nanoparticles of which size is around 20 nm can pass through 

BRB compared to 100 nm-sized nanoparticles which cannot (40). On the 

other hand, the upper limit of the length of any dimension of nanoparticles is 

thought to be around 200 nm, although it depends on the shape (97, 104). 

Larger particles above 2 μm are captured by pulmonary capillary vessels 

(107). In addition, reticuloendothelial systems, principally Kupffer cells in the 

liver and macrophages in the spleen, scavenge nanoparticles of which 

diameter is larger than 200 nm (97, 108). 

 The size of nanoparticles also affects cellular uptake of them. This 

should be considered in the design of nanoparticles for biomedical application 

because cellular uptake of nanoparticles is implicated in elimination by 

phagocytes and biological action in target cells. In a study using gold 

nanospheres of which diameters are 14, 30, 50, 74, and 100 nm, cellular 

uptake of nanoparticles by HeLa cells, from a representative cervical 

carcinoma cell line, is the most prominent with 50 nm-sized nanospheres 

(109). The preference of 50 nm-sized nanoparticles by HeLa cells is also 

observed with 30, 50, 110, 170, 280 nm-sized mesoporous silica nanoparticles 

(110). Cellular uptake and nuclear localization in HepG2 cells from human 
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hepatoma cell line are the most evident when they are treated with 45 nm-

sized hydroxyapatite nanoparticles (111). These results indicate that cellular 

uptake is affected by the size of nanoparticles.  

 

Surface Charge 

Surface charge also determines cellular uptake, biodistribution, and 

interaction with other biological environments (112, 113). Generally, 

positively charged nanoparticles are known to be more easily internalized than 

neutral and negatively charged nanoparticles (114). Positively charged PEG-

oligocholic acid based micellar nanoparticles are also taken up more 

efficiently by macrophages and ovarian cancer cells (115). However, this 

discrepancy is not consistent from studies to studies. In a study using quantum 

dots of which zeta potentials are in the range from -2 to -32 mV, 

internalization of quantum dot is positively correlated with the absolute value 

of surface charge (116). Furthermore, protein adsorption onto nanoparticle 

surface can lead to a shift in zeta potential to slightly negative surface charge 

regardless of original surface charge (positive/neutral/negative) (117, 118). In 

this regard, cellular uptake of nanoparticles by phagocytes or target cells 

should be tested before further investigation on biological application. 

 Surface charge definitely affects the fate of nanoparticles 

administered in biological systems. Unintended liver uptake is the most 

definite in the most positively charged nanoparticles among nanoparticles of 

which zeta potential is in the range of -26.9 ~ +37.0 mV (115). This 

observation is similar with more rapid plasma clearance of cationic 

macromolecules (119). An in vitro three dimensional model study using 

fluorescein-carrying gold nanoparticles demonstrates that positively charged 

nanoparticles are more significantly taken up by proliferating cells; whereas, 

negatively charged nanoparticles more rapidly diffuse in tumor cylindroids 
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demonstrating fast diffusion in tissues (120). These differential effects of 

surface charge on biodistribution should be born in mind in the design of 

nanoparticle-based therapeutic agents. 

 

Shape 

As we previously mentioned, various shapes of nanoparticles can be 

manufactured from both ‘top-down’ and ‘bottom-up’ approaches (121-123). 

Interestingly, particle shape also have an important impact on the performance 

of nanoparticles as a carrier of therapeutic agents and therapeutics by 

themselves through changes in ligand targeting, cellular uptake, transport, and 

degradation (124). For example, HeLa cells readily internalize rod-like 

particles of which diameter is larger than 100 nm when the aspect ratio is 

larger than 3 (125). These phenomenon might come from cellular machineries 

which have a role in internalization of invasive pathogens such as bacteria 

(125, 126). In contrast, PEGylated gold nanorods are less readily taken up by 

macrophages than nanospheres (127). Similarly, in nanoparticles of which the 

largest dimension is less than 100 nm, cellular uptake by HeLa cells is 

negatively correlated with the aspect ratio (109, 128). 

 Shape also affects biodistribution of nanoparticles. In addition to 

‘cell-evading’ property of non-spherical nanoparticles, effects of the shape on 

in vivo circulation might influence therapeutic efficacy of nanoparticle-based 

therapeutics. Interestingly, non-spherical particles tend to show deviating 

hydrodynamic behavior in blood vessels with shear flow (129, 130). 

Furthermore, shape determines the adhesion pattern of nanoparticles, resulting 

in improved efficacy of drug carriers with non-spherical shape (131). We 

speculated that nanocrystals (e.g., octahedrons, icosahedrons) and other 

shapes of nanoparticles other than widely-utilized nanospheres and nanorods 

could be included in future application for therapeutic purposes. 
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 A caveat is that these differential effects of size, surface charge, and 

shape of nanoparticles on biological actions might be different case by case. 

Surface modification, protein adsorption, and manufacturing processes also 

affect the action of nanoparticles. Accordingly, nanoparticle-specific 

biological characterization should be performed before further investigation 

for biomedical application of nanoparticles. In addition, it is more important 

to prepare well-controlled and mono-disperse nanoparticles for biomedical 

application. 

 

Investigation of the Effects of Size and Shape on Anti-Angiogenic Effects 

of Nanoparticles 

There is a great potential in therapeutic application of nanoparticles for 

various human diseases. Functionalized nanoparticles with surface ligands 

enhance efficacy and nanoparticles as novel drug delivery systems improve 

bioavailability of therapeutic resources including genetic materials or 

chemicals (5). A more interesting part of nanoparticles regarding biological 

activity and therapeutic application comes from nanoparticles even without 

surface modification or therapeutic contents. Interestingly, nanoparticles by 

themselves are involved in modulation of biological activity including 

apoptosis, inflammation, and angiogenesis (42). In particular, inorganic 

nanoparticles suppress in vitro and in vivo pathological angiogenesis (1, 30, 

32, 80). Gold nanoparticles inhibit VEGF-mediated proliferation of 

endothelial cells (80), other in vitro angiogenesis processes, and in vivo retinal 

neovascularization (32). Similarly, we demonstrated that silica nanoparticles 

suppressed pathological angiogenesis mainly induced by VEGF in the retina 

(1). Silver nanoparticles also show inhibitory effects on in vitro proliferation 

and migration of endothelial cells (30). In this regard, it is reasonable to 

investigate the possibility of ‘self-therapeutic’ nanoparticles in the treatment 
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of diseases associated with pathological angiogenesis (5, 132). Pathological 

angiogenesis is a pathognomonic finding in numerous malignant, 

inflammatory, ischemic, and immune disorders including AMD, cancer, and 

DR (133). 

 The mechanism of the inhibitory action of nanoparticles on 

pathological angiogenesis might be interference with VEGF signaling 

pathway. We repeatedly reported that inorganic nanoparticles affected MAPK 

pathway, one of VEGF-related signaling pathways (1, 32). According to our 

previous reports, gold and silica nanoparticles inhibit the activation of 

extracellular signal-regulated kinase 1/2, a signaling molecule in MAPK 

pathway, in endothelial cells. Recently, Arvizo et al. reported that the same 

phenomenon was observed in tumor cells (132). On the other hand, silver 

nanoparticles affect phosphatidylinositol 3-kinase pathway, another VEGF-

related signaling pathway, in endothelial cells (30). However, this alteration 

might be due to experimental concentration of nanoparticles which influenced 

the cellular viability. At concentrations not affecting the viability of cells, 

inorganic nanoparticles suppress pathological angiogenesis by modulation of 

VEGF-related MAPK pathway (1, 32, 132). Furthermore, gold nanoparticles 

bind to heparin-binding domain of growth factors including VEGF and inhibit 

further biological activity of VEGF (38, 80). 

 VEGF drives pathological neovascularization in various human 

diseases, including AMD, cancer, and diabetic complications (102, 134). 

Several therapeutic agents suppress VEGF-mediated new vessel growth by 

direct scavenging of VEGF (e.g. monoclonal antibody) or inhibition of 

downstream signaling pathways (e.g. tyrosine kinase inhibitor). Interestingly, 

inorganic nanospheres also inhibit VEGF-induced pathological angiogenesis 

as ‘self-therapeutic nanoparticle’ (132). A chain of studies demonstrates anti-

angiogenic effects of inorganic nanoparticles, including silica, silver, and TiO2 
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nanoparticles, without surface functionalization (1, 4, 30, 32, 38, 80). One of 

plausible mechanisms is adsorption and denaturation of VEGF on the surface 

of nanoparticles (38, 135). In this way, inorganic nanoparticles effectively 

suppress VEGF-mediated angiogenic processes. Further research on 

biological actions of nanoparticles shows that physicochemical properties, 

size and surface charge, influence the degree of anti-angiogenic effects of 

nanoparticles demonstrated by scavenging of VEGF (4, 38). As for size, 20-50 

nm-sized nanospheres show more effective binding with pathological protein, 

VEGF, compared to smaller (5-10 nm) or larger (100 nm) counterparts (4, 38). 

On the other hand, negative surface charge is more favorable to VEGF 

binding (38). 

 Despite researches on the action of individual nanoparticles, there 

has been no attempt to figure out underlying determinants or characteristics 

beneath universal anti-angiogenic effects of inorganic nanoparticles. In this 

study, we demonstrate that size determines inhibitory activity of well-

characterized monodisperse nanospheres to VEGF-mediated angiogenesis 

regardless of whether they are from gold or silica. 20 nm size nanospheres 

inhibit VEGF-induced phosphorylation of VEGF receptor (VEGFR)-2, in 

vitro angiogenesis process, and in vivo choroidal neovascularization more 

efficiently compared to their 100 nm size counterparts. Interestingly, the 

binding properties to VEGF exactly reflect the pattern of differential anti-

angiogenic effects of nanospheres according to their sizes. 

 In addition, previous studies on anti-angiogenic effects of inorganic 

nanoparticles use only ‘nanospheres’, which are spherical at large but have 

actually uneven surface. Although the studies on the impact of the shape on 

biological actions of inorganic nanoparticles are limited, we speculated that 

we could expect more reliable and uniform interaction between nanoparticles 

and proteins if we could use nanoparticles with well-defined shapes and well-
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controlled surface. Based on recent advancements in ‘top-down’ and ‘bottom-

up’ synthesis procedures (121, 122), we could utilize nanoparticles with a 

variety of shapes. In particular, nanocrystals with specific facets, which are 

currently utilized for optical and catalytic applications, are a potential 

platform for VEGF scavenging in that they have well-defined crystallographic 

structures, corners and edge sites, suitable for protein binding (136, 137). 

Furthermore, size-dependent anti-angiogenic effects might be related to local 

shape of nanoparticles. Even though 100 nm-sized nanospheres possess larger 

surface area, more VEGF molecules bind to 20 nm-sized nanospheres (4). For 

binding of VEGF, of which long axis is about 5 nm, the curvature of 20 nm-

sized nanospheres might be more proper than that of 100 nm-sized ones. In 

this manner, we hypothesized that nanocrystals, with well-defined 

crystallographic facets, edges, and corners, might exert effective VEGF 

binding capacity. 

 In this study, we compared the degree of VEGF binding on gold 

nanocrystals with (111) facets (isosahedrons and octahedrons) to that on gold 

nanospheres with similar diameter and investigated in vitro and in vivo anti-

angiogenic properties of gold nanocrystals. Proper utilization of well-defined 

nanocrystals could provide a useful platform for scavenging of VEGF in the 

treatment of various human diseases complicated by VEGF-mediated 

pathological neovascularization. 
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MATERIALS AND METHODS 

1. Chemicals and Materials 

HAuCl4, cetyltrimethylammonium chloride (CTAC, solution in water, 25 

wt%), cetyltrimethylammonium bromide (CTAB, >99.0%), NaBH4 (>98.0%), 

sodium citrate dihydrate (99.0%), KI (>99.0%), NaI (>99.5%), and NaOH 

(>97.0%) were purchased from Sigma and used as received. NaCl (>99.0%) 

and L-ascorbic acid (AA, >99.5%) were purchased from Daejung Chemicals 

& Metals. 

 

2. Nanospheres (20 and 100 nm Size) 

Au nanospheres (cat no. EMGC20, EMGC100) were purchased from BBI 

Solutions. 20 nm size silica nanospheres were synthesized as previously 

reported (57). Briefly, 50 mg L-arginine was dissolved in 40 mL of water as a 

catalyst. To keep an aqueous phase undisturbed, 3 mL cyclohexane and 3 mL 

TEOS were added subsequently. To form silica nanospheres, solutions were 

slowly stirred for 24 hours at 58°C. After the reaction, the organic phase was 

removed, yielding monodisperse silica nanospheres in DW. 100 nm size silica 

nanospheres were synthesized using the Stöber regrowth approach as 

previously reported (138). In the mixture of 10 mL DW and 90 mL ethanol, 

20 nm size silica nanospheres (1 mL) were added as a seed. To ensure proper 

dispersion of seeds in solution, the mixture was stirred overnight. For further 

growth of silica nanospheres, 1 mL TEOS and 2.5 mL ammonia solution were 

added subsequently. The solutions were slowly stirred for 24 hours at room 

temperature. The ethanol solvent was exchanged by DW with repetitive 

centrifugation and redispersion. We characterized nanospheres by following 

methods: 1) observation via TEM (for gold nanospheres, Tecnai F20, FEI; for 

silica nanospheres, JEM-2100F, JEOL). The sizes of nanospheres were 
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estimated from TEM images; 2) DLS size estimation of monodisperse 

nanospheres in DW using a particle size analyzer (ELS-Z plus; Otsuka 

Electronics); and 3) Zeta potential measurement by an electrophoretic 

mobility analyzer (Zetasizer Nano Z; Malvern Instruments). 

 

3. Preparation of Gold Seeds for Gold Nanospheres and Octahedrons 

0.5 mL of HAuCl4 (5 mM) and 0.6 mL of NaBH4 (10 mM) were subsequently 

injected into 10 mL aqueous solution of CTAC (100 mM) with vigorous 

stirring for 1 minute. This solution was stored for 6 hours. 

 

4. Preparation of Gold Seeds for Gold Icosahedrons 

0.25 mL of HAuCl4 (5 mM), 0.5 mL of sodium citrate dihydrate (10 mM), and 

0.3 mL of NaBH4 (10 mM) were subsequently added to 18.95 mL of purified 

water with vigorous stirring for 1 minute. The solution was stored for 6 hours. 

 

5. Preparation of Gold Nanospheres 

In a typical synthesis of gold nanospheres, 4 mL of HAuCl4 (5 mM) and 1 mL 

of AA (300 mM) were injected into 20 mL of CTAC (100 mM). Then, 0.1 mL 

of gold seeds (10-fold diluted from initial preparation) was added to mixed 

solution with gentle shaking. This solution was heated at 100°C for 2 hours. 

 

6. Preparation of Gold Icosahedrons 

We prepared gold octahedrons with modification of previously reported 

method (137). 0.09 mL of NaI (5 mM), 0.25 mL of HAuCl4 (10 mM), 0.05 

mL of NaOH (100 mM), 0.05 mL of AA (100 mM), and 0.015 mL of gold 

seeds were subsequently injected into 9 mL of CTAB (50 mM). Then, the 

solution was kept at 30°C for 3 hours. This solution contains Au icosahedrons 

and nanoplates. To separate Au icosahedrons from nanoplates, 2 mL of NaCl 
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(4 M) was added to mixed solution and stored at 30°C for 12 hours. The 

supernatant including gold icosahedrons was separated from the precipitate. 

 

7. Preparation of Gold Octahedrons 

We prepared gold octahedrons with modification of previously reported 

method (139). In a typical synthesis of gold octahedrons, two identical growth 

solution A and B were initially prepared. 0.25 mL of HAuCl4 (5 mM), 5 μL of 

KI (10 mM), and 0.22 mL of AA (100 mM) were subsequently injected into 

10 mL of CTAC (100 mM) with gentle shaking. Then, 100 μL of gold seeds 

was injected into the growth solution A with shaking for 5 seconds. After that, 

100 μL of mixed solution A was transferred to growth solution B with gentle 

shaking for 5 seconds. This solution was kept at 30°C for 30 minutes. 

 

8. Characterization of Nanoparticles 

The UV-Vis extinction spectra were recorded using a UV/Vis absorption 

spectrometer (cat. no. 8453; Agilent Technologies). TEM images were 

obtained using a JEOL JEM-2010 transmission electron microscope operated 

at 200 kV or a FEI Tecnai G2 F30 Super-Twin TEM operated at 300 kV after 

instillation of a drop of the hydrosol on a carbon-coated Cu grid (200 mesh). 

Zeta potential was measured by using an electrophoretic mobility analyzer 

(Zetasizer Nano Z, Malvern Instruments) and dynamic light scattering size of 

nanoparticles was estimated with ELS-Z plus (Otsuka Electronics). The 

diameters of nanoparticles were determined from TEM measurements. 

 

9. Estimation of the Surface Area of Nanoparticles 

Surface area of an gold nanosphere: 4 π × (radius)2 = 4 π × (19.75 nm)2 = 

4902 nm2. Surface area of an gold icosahedron: Edge length = 
5210

4

+

 × 



82 

 

radius = 
5210

4

+

 × 20.1 nm = 21.13 nm. Surface area = 35  × (edge 

length)2 = 35  × (21.13 nm)2 = 3867 nm2. Surface area of an gold 

octahedron: Surface area = 32  × (edge length)2 = 32  × (32.4 nm)2 = 

3637 nm2. 

 

10. Estimation of the Number of Nanoparticle 

The number of nanoparticles in a solution was estimated by inductively-

coupled plasma-mass spectrometer (7700s ICP-MS, Agilent Technologies)-

determined Au amount and the number of Au atoms in a single Au 

nanocrystal: [(ICP-MS-determined Au amount) mg/L] × [1 mol/196.97g] × 

[6.02 × 1023/mol] / [the number of Au atoms in a single Au nanocrystal]. The 

number of Au atoms in a single gold nanocrystal was estimated for each 

nanocrystal as follows. For gold nanosphere, the average diameter of the gold 

nanosphere is 39.5 nm. Therefore, the volume of an gold nanosphere is  
3

4 π× 

(19.75 nm)3 = 3.23 × 104 nm3. Lattice constant of pure Au is 0.408 nm. 

Therefore, the volume of a unit cell is (0.408 nm)3 = 0.0679 nm3. Each fcc 

unit cell contains 4 atoms. So, the total number of Au atoms in an gold 

nanosphere is [(3.23 × 104 nm3) / 0.0679 nm3] × 4 = 1.90 × 106. For gold 

icosahedron, the average edge of the gold icosahedron is 21.13 nm. Therefore, 

the volume of an gold icosahedron is  12

5515 +

× (21.13 nm)3 = 2.06 × 104 

nm3. Then, the total number of Au atoms in an gold icosahedron is [(2.06 × 

104 nm3) / 0.0679 nm3] × 4 = 1.21 × 106. For gold octahedron, the average 

edge of the gold octahedron is 32.4 nm. Therefore, the volume of an gold 

octahedron is  3

2

 × (32.4 nm)3 = 1.60 × 104 nm3. Then, the total number of 

Au atoms in an gold octahedron is [(1.60 × 104 nm3) / 0.0679 nm3] × 4 = 9.44 
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× 105. 

 

11. Cell Culture 

Human umbilical vein endothelial cells (HUVECs), SNUOT-Rb1 cells (59), 

and human brain astrocytes were maintained in a humidified incubator at 

37°C (95% air and 5% CO2). Culture conditions were as follows: 1) 

HUVECs: Medium 199 supplemented with 20% fetal bovine serum (FBS), 3 

ng/mL basic fibroblast growth factor, 10 IU/mL heparin, and 1% penicillin-

streptomycin; 2) SNUOT-Rb1 cells: RPMI 1640 medium supplemented with 

10% FBS and 1% penicillin-streptomycin; 3) human brain astrocytes: 

Dulbecco’s Modified Eagle Medium supplemented with 10% FBS, N-2 

Supplement, and 1% penicillin-streptomycin. 

 

12. Cell Viability Assay 

20 vs 100 nm study: We estimated cell viability with two independent 

methods: 1) WST-1 assay using EZ-Cytox Cell Viability Assay kit (Itsbio) 

according to the manufacturer’s instructions. HUVECs, SNUOT-Rb1 cells, 

and human brain astrocytes were treated with nanospheres at concentrations 

of 2 ´ 104, 1 ´ 105, and 5 ´ 105 nanospheres per cell. We deliberately matched 

the ratio of the number of cells to the volume of media (1 ´ 105 cells/mL); in 

the sense, the concentrations of 2 ´ 104, 1 ´ 105, and 5 ´ 105 nanospheres per 

cell are identical to 2 ´ 109, 1 ´ 1010, and 5 ´ 1010 nanospheres/mL. Two hours 

after the treatment with the reagent from a kit, absorbance was measured at 

450 nm; 2) Estimation of viable cells using Trypan Blue Stain (Sigma-

Aldrich). Viable cells were quantitatively analyzed using Luna automated cell 

counter (Logos Biosystem). 

Nanocrystal study: After the treatment of HUVECs with gold nanoparticles (2 

x 109/mL and 1 x 1010/mL) for 48 hours, the viability of cells was estimated 
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by two different assays: trypan blue assay using Trypan blue stain 0.4% with 

Luna™ automated cell counter (Logos Biosystem) and WST-1 assay using 

EZ-Cytox Cell Viability Assay Kit (Itsbio). 

 

13. Mice 

6-week-old C57BL/6 male mice (Central Lab. Animal) were maintained under 

a 12-hour dark-light cycle. All animal studies were approved by the Seoul 

National University IACUC and conducted in agreement with the ARVO 

statement for the use of animals in ophthalmic and vision research. 

 

14. Western Blotting 

We injected nanospheres at the concentration of 5 ´ 1010 nanospheres/mL into 

the vitreous cavity of right eyes of mice. After one week, the enucleated eyes 

were prepared for Western blot analysis with retinal tissues (n = 6). Equal 

amount of extracted proteins from retinal tissues were separated by SDS-

PAGE and transferred to a nitrocellulose membrane (GE Healthcare 

Biosciencs). Primary antibodies were anti-caspase-3 (1:1,000; cat. no. #9662; 

Cell Signaling Technology) and anti-α-tubulin (1:5,000; cat. no. MU121-UC; 

Biogenex). After overnight incubation with primary antibodies at 4°C, the 

membranes were washed with PBS three times and incubated with 

peroxidase-conjugated secondary antibodies (Thermo Scientific) for 1 hour at 

room temperature. The membranes were then treated with Amersham ECL 

Western blot detection reagent (GE Healthcare Biosciences) and exposed to 

the film. The blots were scanned using a scanner. 

 

15. Microarray 

We injected nanospheres at the concentration of 5 ´ 1010 nanospheres/mL into 

the vitreous cavity of right eyes of mice. After one week, the enucleated eyes 
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were prepared for further analysis. Retinal tissues from four mice were pooled 

and three samples per group were analyzed (n = 12). Total RNA was isolated 

with TRI Reagent (Molecular Research Center) according to the 

manufacturer’s instructions and delivered to eBiogen, Inc. for further 

procedures. Fragmented complementary RNA was moved onto the Agilent 

Mouse GE 4x44K v2 Microarray (Agilent Technologies). Then, the array was 

hybridized by incubation at 65°C for 17 hours. The hybridized images were 

scanned with Agilent SureScan Microarray scanner (Agilent Technologies). 

Functional annotation of genes was performed according to the Gene 

Ontology Consortium (http://www.geneontology.org) (92). The data discussed 

in this publication have been deposited in NCBI’s Gene Expression Omnibus  

(95) and are accessible through GEO Series accession number GSE49371 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49371). 

 

16. Laser-Induced CNV 

Laser photocoagulation was performed using an indirect head set delivery 

system (Iridex) at 3, 6, 9, and 12 o’clock positions of the retina at two disc 

diameters from the optic disc on 5-week-old male C57BL/6 mice (64). On day 

10 after laser photocoagulation, we injected DW or nanospheres at the 

concentration of 1 ´ 1010 nanospheres/mL into the vitreous cavity of right 

eyes of mice (n = 6). After four days, the enucleated eyes were prepared for 

immunostaining of retinal pigment epithelium-choroid-scleral complexes with 

isolectin B4 (1:100; cat. no. I21413; Invitrogen). Choroidal 

neovascularization was quantitatively analyzed by measuring the area using 

the ImageJ program (NIH). 

 

17. VEGF-Induced Retinal Permeability 

We injected DW (2 μL), VEGF (100 ng/1 μL; cat. no. 8065, Cell Signaling) 
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plus DW (1 μL), or VEGF (1 μL, 100 ng) plus Au nanoparticles (1 μL, 1 x 

1011/mL) into the right eyes of C57BL/6 mice. After 24 hours, fluorescein 

isothiocyanate-dextran (cat. no. 46945, Sigma-Aldrich) was injected 

intravenously after adequate anesthesia. Then, the retinas were prepared for 

evaluation of vascular integrity under a fluorescence microscope (Eclipse 80i, 

Nikon). 

 

18. Migration Assay 

HUVECs were grown to a monolayer and wounded with a pipette tip. Cells 

were cultured in Medium 199 supplemented with 1% FBS and 1% penicillin-

streptomycin in the presence of VEGF (20 ng/mL; Sigma-Aldrich) or VEGF 

plus nanospheres (1 ´ 1010 nanospheres/mL). Cell migration was 

quantitatively analyzed by counting cells that migrated across the initial line 

of wounding after 12 hours. 

 

19. VEGF-Induced Proliferation Assays 

To identify the inhibitory effect of gold nanoparticles on VEGF-mediated 

proliferation of endothelial cells, we treated HUVECs (cat. no. CRL-1730, 

ATCC) with PBS or VEGF (10 ng/mL) or VEGF plus gold nanoparticles (2 x 

109/mL and 1 x 1010/mL) for 48 hours. The proliferation of cells was 

estimated using EZ-Cytox Cell Viability Assay Kit (Itsbio) and confirmed by 

direct counting after trypan blue staining. 

 

20. Measurement of activation of VEGFR-2 

20 vs 100 nm study: HUVECs were treated with VEGF (20 ng/ml; Sigma-

Aldrich) or VEGF plus nanospheres (1 ´ 1010 nanospheres per mL) for 5 

minutes. Equal amount of extracted proteins from cell lysates were utilized for 

further analysis. The level of phospho-VEGF receptor-2 was evaluated with a 
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Pathscan phosphor-VEGFR-2 enzyme-linked immunosorbent assay (ELISA) 

kit (Cell Signaling Technology) according to the manufacturer’s instructions. 

Nanocrystal study: To identify the inhibitory effect of gold nanoparticles on 

VEGF-mediated VEGFR-2 activation, we treated HUVECs (cat. no. CRL-

1730, ATCC) with VEGF (10 ng/mL) or VEGF plus gold nanoparticles (2 x 

109/mL and 1 x 1010/mL) for 10 minutes. After isolation of supernatant for 

measurement of unbound VEGF, the cell lysates were prepared for protein 

extraction using RIPA buffer containing 1X protease and phosphatase 

inhibitor. The level of p-VEGFR-2 were measured from equal amount of total 

proteins (50 μg) using PathScan® Phospho-VEGFR-2 Sandwich ELISA Kit 

(cat. no. 7335, Cell Signaling) according to the manufacturer’s instructions. 

 

21. Measurement of Binding between Nanospheres and VEGF 

20 vs. 100 nm study: Nanospheres (5 ´ 1010 nanospheres/mL) and VEGF (20 

ng/mL; Sigma-Aldrich) were incubated in Phenol Red free Medium 199 

overnight. Centrifugation was performed to settle nanosphere-bound VEGF 

and the level of unbound VEGF was measured using the supernatant with 

VEGF Human ELISA Kit (Invitrogen) according to the manufacturer’s 

instructions. 

Nanocrystal study: VEGF (15 ng/mL, Life Technologies) and nanoparticles (2 

x 109/mL and 1 x 1010/mL) were incubated in Medium 199 (Gibco) for 6 

hours. Then, the media were centrifuged at 15,000 rpm for 1 hour to separate 

unbound VEGF from that bound to nanoparticles. After isolation of 

supernatants for measurement of unbound VEGF, the nanoparticle-VEGF 

complex was resuspended with 100 μL 1x Laemmli sample buffer (Bio-Rad). 

Then, the samples were boiled at 100°C for 5 minutes and prepared for 

measurement of bound VEGF. The concentration of VEGF was measured 

using VEGF Human ELISA Kit (cat. no. KHG0112, Life Technologies) 
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according to the manufacturer’s instructions. 

 

22. Statistics 

20 vs. 100 nm study: Differences of the values between groups were assessed 

by the Mann-Whitney U-test. All statistical analyses were performed using 

IBM SPSS Statistics 19.0 (IBM). Mean values and standard deviation was 

shown in figures. P-values less than 0.05 were considered as statistically 

significant. 

Nanocrystal study: Bars in the graph indicate the mean and SEM. All 

statistical analyses were performed using GraphPad Prism 5 (GraphPad). P-

value less than 0.05 were regarded as statistically significant. 
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RESULTS 

Characteristics of Nanospheres 

There are several factors that can affect biological activity of nanoparticles 

including size, surface charge, shape, and composition (97, 140). In this study, 

we tried to vary or control these variables in the selection of nanoparticles 

(Fig. 3.1 and Table 3.1). 1) Size: For biomedical application, it is reasonable 

to utilize nanoparticles of which diameters are from 20 nm to 100 nm (96, 97, 

104). Too small nanoparticles are vulnerable to filtration by kidney and rapid 

elimination, and large particles tend to aggregate in biological systems and are 

targets of sequestration in reticuloendothelial organs (97, 104). To investigate 

the effect of the size on biological activity, we chose 20 nm and 100 nm as 

diameters of nanospheres in this study. 2) Surface charge: Surface charge 

definitely affects cellular uptake, toxicity, and biodistribution of nanoparticles 

(141). In this study, we utilized nanoparticles of which zeta potentials were 

negative (ranged from -40 mV to -60 mV). First of all, VEGF, the target of 

anti-angiogenic nanoparticles, is a secretory protein that exists in extracellular 

space. Nanoparticles with positive potentials tend to demonstrate higher 

cellular uptake than those with negative potentials (141). Furthermore, 

negatively charged nanoparticles are more suitable for local delivery such as 

intraocular injection (103). 3) Shape: The results so far achieved indicate that 

spherical nanoparticles demonstrate anti-angiogenic effects (1, 5, 30, 32, 38, 

80). In this regard, we decided to focus on nanospheres in this study. 4) 

Composition: Nanoparticles based on different materials can demonstrate 

differential physicochemical properties. To figure out whether the material of 

nanoparticles influences anti-angiogenic effect, we utilized two different 

nanoparticles made of gold and silica, respectively. Accordingly, negatively 

charged gold and silica nanospheres, of which 
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Figure 3.1. TEM images of 20 and 100 nm size gold and silica 

nanospheres.  

(A) 20 nm size gold nanospheres  

(B) 100 nm size gold nanospheres  

(C) 20 nm size silica nanospheres  

(D) 100 nm size gold nanospheres. Red scale bar, 50 nm; white scale bar, 200 

nm. 

 

Table 3.1. Properties of gold and silica nanospheres 

Nanospheres Diameter (nm) 
Hydrodynamic diameter 

(nm) 

Zeta potential 

(mV) 

Au20 17.71 ± 1.19 22.36 ± 0.80 -40.76 ± 1.80 

Au100 108.79 ± 10.04 100.22 ± 2.59 -50.7 ± 2.03 

Si20 19.85 ± 1.54 22.22 ± 1.10 -55.35 ± 2.29 

Si100 99.93 ± 4.01 117.30 ± 3.00 -44.48 ± 0.50 

Au20, 20 nm size gold nanospheres; Au100, 100 nm size gold nanospheres; 

Si20, 20 nm size silica nanospheres; Si100, 100 nm size silica nanospheres. 
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diameters were 20 nm and 100 nm, were used in this study (Fig. 3.1 and Table 

3.1). It is worth mentioning that all nanospheres were stable and 

monodisperse in DW in DLS measurements (Table 3.1). 

 

Safety of Nanospheres at the Level of Cellular Viability, Apoptotic 

Activity, Gene Expression, and Systemic Toxicity 

Prior to further studies on anti-angiogenic effects of nanospheres, we 

investigated whether these nanoparticles induced toxic responses at the 

presumptive therapeutic concentration (1 ´ 105 nanospheres/cell; 1 ´ 1010 

nanospheres/mL; 16.60 pM), which was selected based on our previous study 

with silica nanoparticles (1). We speculated that this step would be essential 

for biomedical application of nanoparticles, because toxic responses induced 

by nanoparticles might perturb physiologic function of biological systems 

(42). Interestingly, all nanospheres in this study did not demonstrate cellular 

toxicity on HUVECs, human brain astrocytes, and human retinoblastoma cells 

even at the concentration of 5 ´ 105 nanospheres/cell (83 pM) (Fig. 3.2). 

These cells were selected as representatives of retinal constituent cells: 

vascular cells, perivascular glial cells, and neuronal cells, respectively. Then, 

we further investigated organ toxicity in the retina in the view of apoptotic 

activity and gene expression. Seven days after intravitreal injection of 

nanospheres at the concentration of 5 ´ 1010 nanospheres/mL, we prepared 

retinal tissues for Western blot analysis of total and cleaved forms of caspase-

3, a marker for apoptosis. There was no increase in the expression of cleaved 

caspase-3 (activated form) in retinal tissues treated with nanospheres (Fig. 

3.3). Gene expression microarray is a valuable tool to evaluate the toxicity of 

nanoparticles (142). We investigated changes in gene expression of retinal 

tissues treated with nanospheres at the concentration of 5 ´ 1010 

nanospheres/mL. Interestingly, there was only a few differentially expressed 
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Figure 3.2. No definite cellular toxicity by treatment with nanospheres 

with different sizes. (A) HUVECs (B) human brain astrocytes (C) SNUOT-

Rb1 cells. Au20, 20 nm size gold nanospheres; Au100, 100 nm size gold 

nanospheres; Si20, 20 nm size silica nanospheres; Si100, 100 nm size silica 

nanospheres. NS, P-value > 0.05 on two-tailed Mann-Whitney U-test. 
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Figure 3.3. No increase in apoptotic activity of retinal tissues by 

treatment with nanospheres with different sizes. CON, control; Au20, 20 

nm size gold nanospheres; Au100, 100 nm size gold nanospheres; Si20, 20 nm 

size silica nanospheres; Si100, 100 nm size silica nanospheres. 
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genes (Fold change > 2 and P-value < 0.05) involved in physiologic 

angiogenesis, apoptosis, immune response, and inflammatory response (Fig. 

3.4-3.7). In addition, intraocular injection of nanospheres did not induce 

changes in body weight even after three weeks (Fig. 3.8). 

 

Differential Efficacy of Nanospheres on In Vivo Pathological 

Neovascularization 

Encouraged by the safety of intraocular injection of nanospheres at the level 

of cellular viability, organ toxicity, and systemic toxicity, we further 

investigated in vivo anti-angiogenic effects of nanospheres on laser-induced 

choroidal neovascularization model in mice. Laser photocoagulation induces 

choroidal neovascularization, demonstrated by isolectin-B4 immunostaining 

(Fig. 3.9). On day 10 after laser photocoagulation, DW or nanospheres at the 

presumptive therapeutic concentration (1 ´ 1010 nanospheres/mL; 16.60 pM) 

were injected intravitreally into the right eyes of 5-week-old male C57BL/6 

mice. After additional four days, we prepared retinal pigment epithelium-

choroid-sclera complexes for immunostaining. Interestingly, 20 nm size 

nanospheres, both gold and silica, inhibited the formation of CNV more 

efficiently than their 100 nm size counterparts (Fig. 3.9). 100 nm size 

nanospheres did not induce significant change in the area of laser-induced 

CNV, compared to the control group. 

 

Differential Inhibitory Activity of Nanospheres on In Vitro Activation of 

VEGFR-2 and Migration of Endothelial Cells 

To figure out whether in vivo anti-angiogenic effects come from suppression 

of angiogenesis processes, we performed in vitro wound migration assay 

using HUVECs. VEGF induces proliferation, migration, and tube formation 

of endothelial cells (143). Nanospheres, 20 and 100 nm size, suppressed 
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Figure 3.4. Changes in expression of genes involved in physiologic 

angiogenesis (total: 427 genes) by treatment with nanospheres with 

different sizes.  

(A) 20 nm size gold nanospheres  

(B) 100 nm size gold nanospheres  

(C) 20 nm size silica nanospheres  

(D) 100 nm size silica nanospheres. Blue lines indicate that Fold change > 2 

(x-axis) and P-value < 0.05 (y-axis), the criteria for differentially expressed 

genes. 
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Figure 3.5. Changes in expression of genes involved in apoptosis (total: 

1,766 genes) by treatment with nanospheres with different sizes.  

(A) 20 nm size gold nanospheres  

(B) 100 nm size gold nanospheres  

(C) 20 nm size silica nanospheres  

(D) 100 nm size silica nanospheres. Blue lines indicate that Fold change > 2 

(x-axis) and P-value < 0.05 (y-axis), the criteria for differentially expressed 

genes. 
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Figure 3.6. Changes in expression of genes involved in immune response 

(total: 752 genes) by treatment with nanospheres with different sizes.  

(A) 20 nm size gold nanospheres  

(B) 100 nm size gold nanospheres  

(C) 20 nm size silica nanospheres  

(D) 100 nm size silica nanospheres. Blue lines indicate that Fold change > 2 

(x-axis) and P-value < 0.05 (y-axis), the criteria for differentially expressed 

genes. 
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Figure 3.7. Changes in expression of genes involved in inflammatory 

response (total: 435 genes) by treatment with nanospheres with different 

sizes.  

(A) 20 nm size gold nanospheres  

(B) 100 nm size gold nanospheres  

(C) 20 nm size silica nanospheres  

(D) 100 nm size silica nanospheres. Blue lines indicate that Fold change > 2 

(x-axis) and P-value < 0.05 (y-axis), the criteria for differentially expressed 

genes. 
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Figure 3.8. No definite effect on body weight by treatment with 

nanospheres with different sizes. Au20, 20 nm size gold nanospheres; 

Au100, 100 nm size gold nanospheres; Si20, 20 nm size silica nanospheres; 

Si100, 100 nm size silica nanospheres; before, before the treatment; after, 

three weeks after the treatment. NS, P-value > 0.05 on two-tailed Mann-

Whitney U-test. 



100 

 

 

Figure 3.9. Inhibition of in vivo CNV by nanospheres with different sizes.  

(A) Flat-mount images of CNV following treatment with DW or nanospheres.  

(B) Quatitative analysis of CNV area. Au20, 20 nm size gold nanospheres; 

Au100, 100 nm size gold nanospheres; Si20, 20 nm size silica nanospheres; 

Si100, 100 nm size silica nanospheres; CNV, choroidal neovascularization. 

Scale bar = 200 μm. *, P-value < 0.05 on two-tailed Mann-Whitney U-test. 
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VEGF-induced migration of endothelial cells (Fig. 3.10). Further quantitative 

analyses demonstrated that 20 nm size nanospheres inhibited migration of 

endothelial cells more effectively than their 100 nm size counterparts (Fig. 

3.11). We speculated that dynamics of nanoparticles in biological systems 

(e.g., vitreous humor and retina) might influence the discrepancies between in 

vitro and in vivo experiments. Although we did not observe definite 

aggregation or agglomeration of 100 nm size nanospheres in in vitro settings 

(DLS measurement), higher tendency of large particles to aggregate and 

agglomerate might attenuate the biological activity in in vivo animal 

experiments. 

As previously mentioned, inorganic nanoparticles bind to VEGF and 

interfere with VEGF-mediated signaling pathway (1, 30, 32, 38, 80, 132). We 

further investigated the effect of nanospheres on VEGF-induced 

phosphorylation of VEGFR-2. VEGF-mediated activation of VEGFR-2 is 

implicated in pathological angiogenesis related with tumors and intraocular 

neovascularization (143). We treated VEGF (20 ng/mL) or VEGF plus 

nanospheres (1 ´ 105 nanospheres/cell; 1 ´ 1010 nanospheres/mL; 16.60 pM) 

on HUVECs. Then, cell lysates were prepared for enzyme-linked 

immunosorbent assay of the phosphorylated form of VEGFR-2. Similarly to 

in vitro migration assay, 100 nm size nanospheres inhibited VEGF-induced 

activation of VEGFR-2. However, 20 nm size nanospheres were still superior 

to 100 nm size counterparts in suppression of VEGFR-2 activation (Fig. 3.12). 

 

Differential Binding Property of Nanosphers to VEGF 

In vivo analysis and in vitro experiments demonstrated that there was a size-

dependent difference in inhibitory action of nanospheres to VEGF-mediated 

angiogenesis. To investigate the binding properties of nanospheres to VEGF 

according to their sizes and composition, we measured the level of unbound 
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Figure 3.10. Inhibitory effect of nanospheres on VEGF-induced 

migration of endothelial cells. Au20, 20 nm size gold nanospheres; Au100, 

100 nm size gold nanospheres; Si20, 20 nm size silica nanospheres; Si100, 

100 nm size silica nanospheres. Orange lines indicate the range of initial 

scratch. 
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Figure 3.11. Effects of nanospheres with different sizes on VEGF-induced 

migration of endothelial cells. Au20, 20 nm size gold nanospheres; Au100, 

100 nm size gold nanospheres; Si20, 20 nm size silica nanospheres; Si100, 

100 nm size silica nanospheres. *, P-value < 0.05 on two-tailed Mann-

Whitney U-test. 



104 

 

 

Figure 3.12. Suppression of VEGF-induced VEGFR-2 activation by 

nanospheres with different sizes. Au20, 20 nm size gold nanospheres; 

Au100, 100 nm size gold nanospheres; Si20, 20 nm size silica nanospheres; 

Si100, 100 nm size silica nanospheres. *, P-value < 0.05 on two-tailed Mann-

Whitney U-test. 
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VEGF after overnight incubation of VEGF (20 ng/mL) and nanospheres (5 ´ 

1010 nanospheres/mL; 83 pM) in biological culture media (Medium 199). 

Unbound VEGF was estimated to be 0.01 ± 0.01 and 2.53 ± 0.09 ng/mL for 

20 nm size gold and silica nanospheres, respectively; whereas, unbound 

VEGF was measured to be 4.98 ± 1.12 and 7.13 ± 1.05 ng/mL for 100 nm size 

gold and silica nanospheres, respectively. There were significant differences 

in the level of bound VEGF between 20 nm and 100 nm nanospheres (Fig. 

3.13). 20 nm size nanospheres were superior in binding to VEGF in biological 

media. 

 

Preparation of Gold Nanocrystals to Investigate the Effects of Shape on 

Anti-Angiogenic Effects of Nanoparticles 

Previous reports repeatedly show that 20-50 nm-sized nanospheres, made of 

inorganic materials, have anti-angiogenic properties with perturbation of the 

VEGF signaling pathway (1, 4, 30, 135). To investigate VEGF-binding 

properties of gold nanocrystals, we prepared gold icosahedrons, and 

octahedrons; gold nanospheres were intended for positive control (Fig. 3.14). 

Characterization of nanoparticles revealed that they shared most of 

physicochemical properties including overall diameter, hydrodynamic 

diameter, surface charge but facets and overall shapes (Table 3.2). The 

estimated diameters of gold nanospheres, icosahedrons, and octahedrons were 

39.5 ± 1.5, 40.2 ± 1.9, and 42.8 ± 0.8 nm, respectively. According to previous 

reports, this range of size might be proper for VEGF binding. 

 

VEGF-Binding Properties of Gold Nanocrystals 

To examine binding properties between gold nanocrystals and VEGF, we 

incubated VEGF (15 ng) and two different number of nanoparticles (2 x 109 

and 1 x 1010) in 1 mL of culture media for 6 hours. Interestingly, gold 
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Figure 3.13. Interaction between VEGF and nanospheres with different 

sizes in biological media. Au20, 20 nm size gold nanospheres; Au100, 100 

nm size gold nanospheres; Si20, 20 nm size silica nanospheres; Si100, 100 nm 

size silica nanospheres. *, P-value < 0.05 on two-tailed Mann-Whitney U-test. 
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Figure 3.14. Representative SEM (top panel) and TEM (bottom panel) 

images of gold nanoparticles with schematic drawing inserts.  

(A, D) gold nanospheres.  

(B, E) gold icosahedrons.  

(C, F) gold octahedrons. 
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Table 3.2. Characteristics of nanoparticles in this study.  

 
Sphere Icosahedron Octahedron 

Diameter (nm) 39.5 ± 1.5 40.2 ± 1.9 42.8 ± 0.8 

DLS diameter (nm) 49.0 49.8 47.2 

Edge length (nm) N/A 21.1 ± 1.0 32.4 ± 1.2 

Total surface area (nm2) 4899.2 3868.0 3636.8 

Zeta potential (mV)* -35.50 -31.40 -35.74 

DLS: dynamic light scattering; N/A: not applicable; *: measured in the media 

supplemented with 1% fetal bovine serum. 
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icosahedrons and octahedrons effectively bound to comparable amount of 

VEGF to gold nanospheres (Fig. 3.15). Measurement of VEGF revealed that 

practically all VEGF (15 ng) bound to 1 x 1010 nanoparticles (proportions of 

unbound VEGF were 5.8 ± 0.3, 7.3 ± 1.2, and 5.7 ± 0.8% in gold nanospheres, 

icosahedrons, and octahedrons, respectively). 

 

Effects of Gold Nanocrystals on In Vitro VEGF-Mediated Biological 

Processes 

Next, we investigated the effects of gold nanocrystals on VEGF-induced 

VEGFR-2 phosphorylation with the binding between nanocrystals and VEGF. 

VEGF-VEGFR-2 signaling governs angiogenesis through modulation of 

survival, migration, and tube formation of endothelial cells (102, 134). 

Interestingly, gold nanocrystals effectively inhibited VEGF-induced VEGFR-

2 activation in endothelial cells (Fig. 3.16A). In this cell-based in vitro system, 

gold nanocrystals (2 x 109 and 1 x 1010/mL) were incubated with VEGF (20 

ng/mL) in culture media. VEGF measurement in supernatants revealed that 

there was similar amount of VEGF bound to gold nanocrystals as gold 

nanospheres (Fig. 3.17). Within 10 minutes, gold nanocrystals in culture 

media bound to VEGF and this nanoparticle-protein interaction led to 

suppression of VEGF-induced activation of VEGFR. To validate the 

biological imporatance of the effects of nanocrystals on VEGFR-2 activation, 

we examined whether nanocrystals could affect VEGF-induced proliferation 

of endothelial cells. As in Fig. 3.16B, gold nanocrystals effectively suppressed 

the proliferation of endothelial cells induced by VEGF. 

 

Investigation of In Vivo Anti-Angiogenice Effects of Nanoparticles 

Depending on the Shapes 

For therapeutic application of nanoparticles, it is essential to evaluate the toxi- 



110 

 

 

Figure 3.15. Binding properties between gold nanoparticles and VEGF. In 

1 mL of culture media, VEGF (15 ng) was incubated with different numbers 

of nanoparticles (2 x 109 and 1 x 1010) for 6 hours. 2 x 109 and 1 x 1010/mL 

corresponded to 3.3 pM and 16.6 pM, respectively. After incubation and 

centrifugation, we prepared supernatants and precipitates for the measurement 

of (A) unbound and (B) bound VEGF, respectively. Icosa, gold icosahedrons; 

Octa, gold octahedrons, Sphere; gold nanospheres. **, P-value < 0.01; ***, P-

value < 0.001 on one-way ANOVA with post-hoc Tukey’s test. 
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Figure 3.16. Inhibitory effect of gold nanoparticles on (A) VEGF-

mediated VEGFR-2 activation and (B) VEGF-induced proliferation of 

endothelial cells. Endothelial cells were exposed to control media, VEGF (20 

ng/mL), or VEGF (20 ng/mL) plus nanoparticles (2 x 109 and 1 x 1010/mL). 2 

x 109 and 1 x 1010/mL corresponded to 3.3 pM and 16.6 pM, respectively. 

Icosa, gold icosahedrons; Octa, gold octahedrons, Sphere; gold nanospheres. *, 

P-value < 0.05; **, P-value < 0.01; ***, P-value < 0.001 on one-way ANOVA 

with post-hoc Tukey’s test. 
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Figure 3.17. VEGF levels in culture media after treatment of endothelial 

cells with VEGF (20 ng/mL) or VEGF (20 ng/mL) plus nanoparticles (2 x 

109 and 1 x 1010/mL). 2 x 109 and 1 x 1010/mL corresponded to 3.3 pM and 

16.6 pM, respectively. Icosa, gold icosahedrons; Octa, gold octahedrons, 

Sphere; gold nanospheres. *, P-value < 0.05; **, P-value < 0.01; ***, P-value 

< 0.001 (n = 4, T-test, 2-sided).
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city of them. We previously reported that gold, silica, and even titanium 

dioxide nanospheres did not show definite cellular and histologic toxicity at 

the concentration of 1 x 1010/mL (1, 4). There was a possibility of unwanted 

side effects of nanocrystals because they demonstrate outstanding catalytic 

activity with high levels of surface energy than original inorganic materials 

(144, 145). To figure out potential toxicity of nanocrystals, we performed two 

different sets of cell viability assays, trypan blue assay and WST-1 assay, to 

evaluate the toxicity of gold nanocrystals. As shown in Fig. 3.18, gold 

nanocrystals did not induce any definite toxicity on endothelial cells even 

after 48 hours of treatment.  

 Finally, to investigate whether effective VEGF binding on 

nanocrystals led to and in vivo efficacy, we evaluated inhibitory effects of 

nanocrystals on VEGF-induced retinal permeability. Intravitreal injection of 

VEGF (20-100 ng) results in increased vascular permeability of superficial 

retinal vessels in mice. We also observed several leakage spots in retinas 

treated with 20 ng of VEGF (Fig. 3.19). Strikingly, co-treatment of 

nanoparticles and VEGF effectively suppressed vascular leakage without 

definite change in vascular integrity (Fig. 3.19). 
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Figure 3.18. Cellular viability after treatment with gold nanoparticles (2 x 

109 and 1 x 1010/mL). 2 x 109 and 1 x 1010/mL corresponded to 3.3 pM and 

16.6 pM, respectively.  

(A) Results of trypan blue assay.  

(B) Results of WST-1 assay. Icosa, gold icosahedrons; Octa, gold octahedrons, 

Sphere; god nanospheres. NS, P-value > 0.05 (n = 4, T-test, 2-sided). 
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Figure 3.19. Suppression of VEGF-induced retinal permeability by gold 

nanoparticles. We injected DW (2 μL), VEGF (20 ng/1 μL) plus DW (1 μL), 

or VEGF (20 ng/1 μL) plus nanoparticles (1 x 108/1 μL) into the right eyes of 

C57BL/6 mice. After 24 hours, retinal flatmounts were prepared for vascular 

integrity. Scale bar, 100 μm. 
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DISCUSSION 

In the development of nanoparticles with therapeutic purposes, there are 

several factors to be considered. First, the most important property of 

therapeutic nanoparticles is safety. In this study, gold and silica nanospheres 

demonstrated considerable safety at the level of cellular viability, gene 

expression, apoptotic activity, and systemic toxicity. In particular, gene 

expression microarray showed that gold and silica nanospheres only induced 

negligible effect on physiologic angiogenesis (1 to 9 differentially expressed 

genes out of 427 angiogenesis-related genes). Second, nanoparticles should be 

stable in solutions to function in biological systems. According to DLS 

measurements, gold and silica nanospheres used in this study were stable and 

monodisperse in DW. Third, the efficacy cannot be overlooked in the 

evaluation of the potential of nanoparticles as therapeutic agents. Interestingly, 

gold and silica nanoparticles by themselves demonstrated anti-angiogenic 

effects on in vivo choroidal neovascularization, the pathological conditions in 

vision-threatening age-related macular degeneration. Furthermore, we showed 

that these anti-angiogenic effects were derived from suppression of VEGF-

VEGFR-2 signaling pathway by binding of nanospheres to VEGF, which were 

influenced by the sizes of nanospheres. 

 We demonstrate that size determines inhibitory activity of gold and 

nanospheres to VEGF-mediated angiogenesis. Particularly, we compare 20 

nm size nanospheres with 100 nm size counterparts. Interestingly, 20 nm size 

nanospheres bind to VEGF, inhibit phosphorylation of VEGFR-2, suppress 

VEGF-induced migration of endothelial cells, and reduce the formation of in 

vivo choroidal neovascularization more efficiently than 100 nm size 

nanospheres. Surprisingly, size-dependent differences in anti-angiogenic 

effects are evident in both gold and silica nanospheres. We suggest that anti-

angiogenic effect of self-therapeutic inorganic nanospheres might be 
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determined by the size of nanospheres. 

 Furthermore, ‘self-therapeutic nanoparticle’ is an interesting and 

promising concept in that interaction between nanoparticles and pathological 

proteins could exert therapeutic potential (132). In particular, several groups 

have accumulated evidence of VEGF-scavenging activity of inorganic 

nanospheres made of gold, silica, silver, and titanium dioxide (1, 4, 30, 38). 

Interestingly, the interaction between nanoparticle and VEGF is specific in 

terms of target proteins. Gold nanospheres exhibit binding affinity to VEGF-

165 and fibroblast growth factor which have heparin-binding domains, not to 

VEGF-121 and epidermal growth factor which do not have one (38, 80). In 

lines with these reports, we also investigated the therapeutic potential of 

nanospheres of which diameter range between 20 and 50 nm in VEGF-

mediated ocular neovascularization (1, 4, 5, 32).  

In this study, we further examined the potential of nanocrystals with 

well-controlled crystallographic structure, which might improve the 

reproducibility and stability of nanoparticle-protein interaction. Nanocrystals 

with (111) facets were intentionally chosen to minimize unwanted biological 

toxicity due to higher surface energy of nanocrystals bounded by other types 

of low-index facets, such as (110), (100), or high-index facets (144, 145). 

Furthermore, as shown in Fig. 3.14, gold icosahedrons possessed more similar 

shape to spheres than octahedrons. Accordingly, we speculated that we could 

differentiate the importance of overall shape vs. crystallographic structures in 

VEGF binding on nanoparticles using this set of nanoparticles: spheres, 

icosahedrons, and octahedrons. 

We investigated the binding affinity between nanoparticles and VEGF 

in culture media, evidencing effective binding of nanocrystals to VEGF. 

Culture media are adequate materials for the investigation of single protein-

nanoparticle interaction because they are free of other proteins but contain 
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considerable amount of inorganic salts, amino acids, and vitamins mimicking 

biological conditions. In vitro cell-free experiments demonstrated that 

practically all VEGF (15 ng) bound to 1 x 1010 nanoparticles. Considering the 

molecular weight of VEGF homodimers (~42 kDa), we could estimate that 

~20 VEGF molecules bound to each nanoparticle regardless of their shapes. 

It is worth mentioning that only small amounts of nanoparticles were 

used in in vivo studies compared to in vitro studies. In cell-free and cell-based 

in vitro experiments, we utilized 2 x 109 or 1 x 1010 nanoparticles to show 

interaction with 15-20 ng of VEGF. In contrast, in in vivo experiments, only 1 

x 108 nanoparticles were injected in 1 μL DW into the vitreous cavity with 20 

ng VEGF in 1 μL DW. We set this concentration based on two different 

reasons. First, at least this amount of nanoparticles (1 x 108) was required to 

effectively bind to 20 ng of VEGF from pre-experiment calculations. 

Monitoring of interactions between protein and gold nanospheres using UV-

Vis spectroscopy and dynamic light scattering measurement showed that 35-

70 ag (~50 ag) of proteins were stabilized around a 20 nm-sized nanospheres 

(146). Considering the total surface area of 20 vs. 40 nm sized nanospheres 

(two-fold difference), we could estimate that ~20 ng of proteins would form 

stable interaction with 1 x 108 nanospheres with a diameter of 40 nm. In 

accordance with these expectations, 1 x 108 gold nanospheres effectively 

suppressed vascular leakage induced by 20 ng of VEGF. Second, the goals of 

in vitro and in vivo studies were different. In in vitro studies, our concerns 

focused on the investigation of initial phase of VEGF binding on gold 

nanospheres and gold nanocrystals with (111) facets. To accomplish this task, 

nanoparticles and VEGF were incubated for limited periods (~6 hours) to 

monitor binding properties between them. Accordingly, we utilized smaller 

ratios of VEGF to nanoparticles than in in vivo experiment (15-20 ng to 1 x 

1010 nanoparticles in the in vitro experiments vs. 20 ng to 1 x 108 
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nanoparticles in the in vivo experiment). With this tactic, we could capture the 

minimal binding of VEGF to gold nanospheres and gold nanocrystals: the 

numbers of bound VEGF molecules per each nanoparticle were ~20. In 

contrast, in vivo studies, the less nanoparticles, the better to minimize the 

potential toxicity. We previously reported that local administration might be a 

valuable strategy to minimize the possibility of toxic events and to obtain 

acceptable therapeutic effects (4, 5). With the least required amount of 

nanoparticles, we successfully demonstrated in vivo efficacy of gold 

nanocrystals on VEGF-driven vascular hyperpermeability. 

In summary, gold nanocrystals with (111) facets demonstrated 

effective binding with VEGF, resulting in in vivo efficacy without definite 

toxicity. In addition to their well-known optical feasibility and catalytic 

activity, gold nanocrystals could provide a novel platform for therapeutic 

applications based on binding of VEGF onto their surface. This study showed 

the potential of well-designed and well-controlled nanocrystals with extension 

of current applications for optic and catalytic purposes. Furthermore, the 

introduction of nanocrystals in biomedical fields might open up new 

possibilities based on their catalytic and protein-binding capacities. We 

suggest that gold nanocrystals with (111) facets would add up our 

armamentarium in therapeutic approaches for various human diseases 

complicated by VEGF-driven pathological neovascularization. 
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INTRODUCTION 

Nanoparticles confer two therapeutic approaches as novel drug delivery 

systems and therapeutics by themselves (42). Due to their physicochemical 

properties (e.g., small size) and surface modification with targeting ligands, 

nanoparticles pass through biological barriers and efficiently reach target 

tissues. This characteristic help to deliver therapeutic agents to target organs 

which are relatively hard to access, such as the brain. Furthermore, 

nanoparticles exert therapeutic effects by themselves. Cerium oxide 

nanoparticles suppress oxidative stress (44). Gold, silver, silica, and TiO2 

nanoparticles inhibit angiogenesis processes (1, 4, 30, 32, 38, 80). In 

particular, gold and silica nanoparticles bind to VEGF, suppressing VEGF-

mediated pathological angiogenesis, which is implicated in the pathogenesis 

of various human diseases, including age-related macular degeneration, 

cancer, and diabetic complications (4, 38). 

 Nevertheless, the biomedical application of nanoparticles lags behind 

the rapid development of nanotechnology. One of the problems is the 

uncontrolled protein adsorption around nanoparticles, which prohibits their 

intended biological activity (147-149). When nanoparticles enter the 

biological system, they adsorb biomolecules to form the corona (150-153). 

The preferential binding of proteins onto nanoparticles determines their 

biological identities and physiological responses (154). Unfortunately, 

biomolecules in biological fluids can hinder the targeted binding of 

nanoparticles, as transferrin-functionalized silica nanoparticles lose their 

specificity for target cells in increasing concentrations of serum (155). 

Accordingly, when employing nanoparticle-based therapeutics, anti-fouling 

agents such as PEG or zwitterionic ligands are generally utilized to avoid 

unwanted interactions of nanoparticles with the biological system (154, 156). 
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For biomedical application of nanoparticle-based therapeutic approaches, it is 

essential to develop the methodology with which biological actions can be 

expected and estimated in a more controlled way. 

 In this study, we investigated the bio-inspired strategy to bypass 

uncontrolled protein adsorption by mimicking biological processes in the 

local ocular environment. In the vitreous of the eye, the composition of the 

corona is only determined by the electrostatic and hydrophobic properties of 

the associated proteins, regardless of the core material or size of the 

nanoparticles. Previous reports on the blood studies demonstrated that corona 

formation is dependent on the characteristics of nanoparticles as well. In this 

context, corona formation might be a tissue-specific process. Surprisingly, 

priming the nanoparticles with tissue-specific corona proteins allowed them to 

exert their therapeutic effects in vivo as well as in vitro by binding to VEGF. 

Our results suggest that controlled corona formation that mimics in vivo 

processes and inhibits additional nonspecific protein adsorption may be useful 

in the therapeutic application of nanomaterials via local administration. Even 

nanoparticles with functional groups such as targeting ligands may enhance 

their potential in the biological environment with this approach because the 

corona formation with pre-selected proteins can prevent nonspecific protein 

adsorption. 
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MATERIALS AND METHODS 

1. Nanoparticle Preparation and Characterization 

Au nanoparticles whose diameters were 20- and 100-nm (cat no. EMGC20, 

EMGC100) were purchased from BBI Solutions. To prepare the 20-nm size 

silica nanoparticles, as previously reported (57), 50 mg L-arginine was 

dissolved in 40 mL of water as a catalyst. Then, 3 mL cyclohexane and 3 mL 

TEOS were added subsequently. To form silica particles with diameters of 20-

nm, the solution was slowly stirred for 24 hours at 58°C. After the reaction, 

the organic phase was removed to yield monodisperse silica nanoparticles in 

DW. The Stöber regrowth approach was utilized to prepare 100-nm size silica 

nanoparticles as previously reported (138). To the mixture of 10 mL DW and 

90 mL ethanol, 20-nm size silica nanoparticles (1 mL) were added as the seed 

and the mixture was stirred overnight. Subsequently, 1 mL TEOS and 2.5 mL 

ammonia solution were added and the solutions were slowly stirred for 24 

hours at room temperature (RT). The ethanol solvent was then replaced by 

DW with repetitive centrifugation and redispersion. Our methods to define the 

characteristics of the nanoparticles included the following techniques: 1) 

Transmission electron microscope (TEM; for gold nanospheres, Tecnai F20, 

FEI; for silica nanospheres, JEM-2100F, JEOL); 2) dynamic light scattering 

size estimation using a particle size analyzer (ELS-Z plus; Otsuka 

Electronics); and 3) Zeta potential measurement by an electrophoretic 

mobility analyzer (Zetasizer Nano Z; Malvern Instruments). 

 

2. Cells 

HUVECs were purchased from ATCC (cat. no.: CRL-1730) and maintained 

in a humidified incubator at 37°C (95% air and 5% CO2). For maintenance, 

the cells were cultivated in the Medium 199 supplemented with 20% fetal 
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bovine serum, 3 ng/mL basic fibroblast growth factor, 10 IU/mL heparin, and 

1% penicillin-streptomycin. 

 

3. Animals 

C57BL/6 male mice (6-week-old) and male beagles (12-month-old) were 

purchased from Central Laboratory Animal. All animal experiments were 

performed in accordance with the ARVO statement for the use of animals in 

ophthalmic and vision research and approved by Seoul National University 

IACUC. 

 

4. Laser Photocoagulation to Induce CNV in Beagles 

Laser photocoagulation was performed using a customized laser indirect 

ophthalmoscope system (ILOODA) after deep anesthesia by intramuscular 

injection of zolazepam plus tiletamine (3.75 mg/Kg, Virbac) and xylazine (7.5 

mg/Kg, Bayer). Laser parameters were 100 μm spot size, 750 mW power, and 

100 ms exposure time. Two weeks after the laser photocoagulation, PBS (50 

μL) or 20 nm size gold nanoparticles (8 x 108 particles/50 μL) were injected 

into the vitreous cavity of the beagles (n = 2). Two weeks later (4 weeks from 

the initial laser photocoagulation), fluorescein angiography was performed 

after deep anesthesia to visualize vascular lesions after intravenous injection 

of fluorescein sodium (14 mg/Kg, Novartis).  

 

5. Incubation of Nanoparticles in the Vitreous and Isolation of Corona 

Proteins 

The vitreous was prepared from the eyes of two beagles and pooled for further 

experiments. 200 μL vitreous and 1 x 1011 nanoparticles (in 200 μL DW) were 

mixed by rotation at 20 rpm for 6 hours. Nanoparticle-bound corona proteins 

were isolated by centrifugation at 15,000 rpm for 20 minutes. Then, the 
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nanoparticle-corona complex was resuspended with Laemmli sample buffer 

(Bio-Rad) and put in the heating blocks at 100°C for 3 minutes to dissociate 

the corona proteins from the nanoparticles and induce denaturation for SDS-

PAGE. 

 

6. SDS-PAGE and In-Gel Trypsin Digestion 

SDS-PAGE was performed at 100 V after the samples were loaded into a 4-

20% Mini-PROTEAN® TGXTM Gel (Bio-Rad, cat. no. 456-1094). The gel 

was stained with Bio-Safe Coomassie Stain (Bio-Rad, cat. no. 161-0786) for 

90 minutes according to the manufacturer’s protocol. Each gel lane per 

sample was cut into 10 slices using a razor blade (50 gel slices in total), after 

which each gel slice was washed twice with 25 mM ammonium bicarbonate 

(ABC) and destained using 50% acetonitrile in 100 mM ABC solution. After 

dehydration with a vacuum concentrator (SavantTM SPD2010 SpeedVacTM, 

Thermo), each gel slice was treated with 20 mM dithiothreitol (Sigma) and 

incubated at 56°C for 40 minutes. We then treated the gel slices with 100 mM 

idoacetamide and placed them in the dark for 40 minutes at RT. After the 

sequential treatment of 50 mM ABC and 100% acetonitrile with vortexing, 

the gel slices were dried in a vacuum concentrator. The dried gel slices were 

treated with 400 ng trypsin solution (40 μL) and incubated at 37°C overnight. 

After transferring the supernatant solution to a new tube, the remaining 

peptides were extracted from the gel slices by a treatment of 4% formic acid 

in 98% DW, sonication for 3 minutes, followed by a treatment of 4% formic 

acid in 80% acetonitrile, and further sonication for 3 minutes. The digested 

peptides were pooled into a tube and dried in a vacuum concentrator. 

 

7. Peptide Separation with NanoLC 
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Nano-scale liquid chromatography (LC) separation of peptides was performed 

with online two dimensional technology (Reverse-phase/Reverse-phase) 

equipped with two nano-binary LC pump (nanoACQUITY UPLC®, Waters). 

The digested samples were reconstituted in 15 μL of 100 mM of ammonium 

formate (pH 9.8), and 4 μL of the samples were injected and trapped in the 

first trapping column (XBridgeTM BEH C18, 5 μm, 300 μm x 50 mm; Waters) 

at a flow rate of 0.8 μL/min with 97: 3 (v:v) of eluents (A: pH 9.8, 20 mM of 

ammonium formate in water, B: acetonitrile). One step gradient of acetonitrile 

composition (60 % of B) was used to elute all of the peptides from the first 

dimension trapping column. The eluted peptides from the first dimension 

trapping column were moved to the DilutionTee and mixed with 99: 1 (v:v) of 

mobile phase (A: 0.1% formic acid in water, B: 0.1% formic acid in 

acetonitrile) at a flow rate of 16 μL/minute using another LC pump. This 20-

fold online dilution process induced the changes of the pH in the eluent from 

9.8 to 2.6 and reduced the acetonitrile composition. In this process, the 

peptides could effectively be retained on the second trapping column. Then, 

the peptides in pH 2.6 were retrapped in the second dimension trapping 

column (Symmetry C18, 5 μm, 180 μm x 20 mm; Waters). After trapping the 

samples on the second dimension trapping column, the peptides were eluted 

and separated on an analytical column (BEH C18, 1.7 μm, 75 μm x 150 mm; 

Waters) with a linear gradient of 2-40% of mobile phase B over 90 minutes at 

a flow rate of 300 nL/min. The temperature of the analytical column was 

maintained at 40°C. 

 

8. Mass spectrometry (MS) and Data Collection 

Mass spectrometric analyses of separated peptides were performed using 

quadrupole time-of-flight mass spectrometer (SYNAPT MS, Waters) with the 

nanoelectrospray ionization source. For all the measurements, the mass 
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spectrometer was operated in ESI positive ion mode with a typical resolution 

of 10,000 full width half maximum. MS data were acquired in continuum 

mode over m/z range of 50–1,990, using a capillary voltage of 2.88 kV, a 

source temperature of 80°C and a cone voltage of 30 V. The time-of-flight 

analyzer of the mass spectrometer was externally calibrated with a b+ and y+ 

fragment ion series of [Glu1]-fibrinopeptide B. A multiplexed data acquisition 

method (MSE) was used for the MS analysis (157, 158). The LC/MSE data 

were collected by alternating the collision energy of the MS instrument every 

1 second without precursor ion selection. In the low energy MS mode, the 

data were collected at a constant collision energy of 5.3 eV, while in the MSE 

mode the collision energy was ramped from 15 eV to 42 eV. A solution of 

400 fmol/ul of [Glu1]-fibrinopeptide B in 30% acetonitrile with 0.1% formic 

acid was used as a lock-mass solution with a frequency of every 30 seconds 

for accurate mass correction. 

 

9. Data Processing and Quantitative Analyses 

Raw data were acquired in the MSE mode and processed with 

ProteinlynxGlobalServer 2.4 (Waters) to create processed spectra (peak lists) 

which show the list of deisotoped, deconvoluted, aligned precursor (MS) ions 

and their fragment ions (MS/MS) based on similar retention time. Processed 

spectra (peak lists) which contain precursor ions and their time-aligned 

fragment ions were searched against the reviewed and unreviewed entries of 

Canis familiaris (Swiss-Prot and TrEMBL databases, respectively; 25,439 

protein entries in total; 2014 November) using the ProteinLynx Global 

SERVER 2.4, which uses embedded physicochemical properties of 

polypeptides and statistical models (159). The search parameters used for 

protein identification included automatic peptide and peptide fragment ion 

tolerance settings (typically 10 ppm and 20 ppm, respectively), one trypsin 
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missed cleavage, carbamidomethylation on cysteine for fixed modification, 

deamidation on asparagines, and oxidation on methionine for variable 

modification with a 2% false-positive discovery rate at the protein level.  

 For quantitative analyses, we employed a label-free quantification 

approach to allow simultaneous protein identification and quantification of 

proteins. Briefly, the average MS signal responses of the three most abundant 

peptide ion to a specific protein were correlated to the peptide ion signals of 

an internal standard protein which was spiked into the sample at a known 

concentration. The presence of an internal standard protein gives a way to 

calculate a molar response factor (instrument specific). The molar 

concentrations of each identified protein in the sample were subsequently 

determined by comparing the calculated average intensities of the three most 

abundant peptides with the molar response factor (160). We used ADH tryptic 

digest (alcohol dehydrogenase 1 (P00330), Saccharomyces cerevisiae, 

Waters) for the determining molar response factor in our instrument. 

 

10. Protein Characterization 

The physical and chemical parameters for specific proteins were obtained 

using a ProtParam tool with Swiss-Prot and TrEMBL databases (161). Based 

on amino acid sequences, the molecular weight, theoretical pI, instability 

index, aliphatic index, and grand average of hydropathicity were computed in 

the web-based database (http://web.expasy.org/protparam). We estimated the 

relationship between several parameters and the CVR in the top 60 proteins in 

the vitreous, which constitute 92.99% of total vitreous proteins. Detailed 

information regarding these analyses is provided as Supporting Dataset. 

 

11. ELISA (albumin and VEGF) 



129 

 

The levels of albumin and VEGF in the samples were measured using ELISA 

kits targeting each protein, respectively (albumin ELISA: cat. no. OKIA00021, 

Aviva; VEGF ELISA: cat. no. KHG0112, Life Technologies), according to 

the manufacturer’s instructions. The measurements were performed in 

duplicate. 

 

12. Priming of Nanoparticles with SALVAR 

To investigate the biological consequences of SALVAR priming of 

nanoparticles, we primed nanoparticles (1 x 109 particles) with SALVAR, the 

top 5 corona proteins including SFRP2 (50 ng, cat. no. 6838-FR-025/CF, 

R&D), albumin (25 ng, cat. no. A9731-1G, Sigma), vitrin (25 ng, cat. no. 

VIT-3663H, Creative Biomart), alpha-crystallin A chain (25 ng, cat. no. 

15152, Cayman), and RBP3 (25 ng, cat. no. RPU143618, Biomatik) for 1 

hour. After centrifugation and resuspension, the nanoparticle-SALVAR 

complex was utilized for further analyses including VEGF-binding assay, tube 

formation assay, cell viability assay, and in vivo laser-induced 

photocoagulation model in mice. 

 

13. Biological Fluids 

Ascites, cerebrospinal fluid (CSF), pleural fluid, and serum were obtained 

from MyBioSource. The catalog numbers and lot numbers are as follows: 

ascites (cat. no. MBS173227; Lot no. T1841), CSF (cat no. MBS170233; Lot. 

no. T5553), pleural fluid (cat. no. MBS170271, Lot. no. W40247), and serum 

(cat. no. MBS638801, Lot. no. R69691). Synovial fluids from patients with 

rheumatoid arthritis were purchased from ProteoGenex (cat. no. 90SF0001, 

Lot. no. RAUSI0031, RAUSI0014, 90USA0029). 

 

14. VEGF-Induced Proliferation and Tube Formation Assays  
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1) Proliferation assay: HUVECs (2 ´ 103 cells) were cultured in M199 

medium (Gibco) containing 1% (v/v) penicillin-streptomycin (Gibco) in the 

presence of VEGF (20 ng/ml) or VEGF plus nanoparticles (1 x 109 

particles/mL)/nanoparticle-SALVAR complex (1 x 109 

particles/mL)/bevacizumab (0.3 mg/mL) for 2 days. Proliferation was 

evaluated with a WST-1 assay using an EZ-Cytox Cell Viability Assay kit 

(Itsbio). 2) Tube formation assay: HUVECs (1 x 105 cells) were plated on a 

Matrigel (cat. no. 356230, BD)-coated dish and cultured in M199 medium 

(Gibco) containing 1% (v/v) penicillin-streptomycin (Gibco) in the presence 

of VEGF (20 ng/ml), VEGF plus nanoparticles (1 x 109 

particles/mL)/nanoparticle-SALVAR complex (1 x 109 

particles/mL)/bevacizumab (0.3 mg/mL) for 12 hours. Tube formation was 

quantitatively analyzed by dividing the number of connected cells by the total 

number of cells in randomly selected fields. 

 

15. Cell Viability Assay 

We estimated cell viability with two independent methods as previously 

described (4): 1) WST-1 assay using the EZ-Cytox Cell Viability Assay kit 

(Itsbio) according to the manufacturer’s instructions. HUVECs were treated 

with nanoparticles (1 x 109 particles/mL) or nanoparticle-SALVAR complex 

(1 x 109 particles/mL) for 48 hours. Two hours after the treatment with the 

reagent from the kit, absorbance was measured at 450 nm; 2) Estimation of 

viable cells using Trypan Blue Stain (Sigma-Aldrich). Viable cells were 

quantitatively analyzed using the Luna automated cell counter (Logos 

Biosystem). 

 

16. Laser Photocoagulation to Induce CNV in Mice 
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Laser photocoagulation was performed using a customized laser indirect 

ophthalmoscope system (ILOODA) after deep anesthesia with zolazepam plus 

tiletamine (3.75 mg/Kg, Virbac) and xylazine (7.5 mg/Kg, Bayer). Laser 

parameters were 300 μm spot size, 300 mW power, and 100 ms exposure time. 

After the laser photocoagulation, DW (1 μL) or 20-nm size gold nanoparticles 

(1 x 106 particles/1 μL) were injected into the vitreous cavity of mice (n = 8). 

Seven days later, the enucleated eyes were prepared for immunostaining of 

retinal pigment epithelium-choroid-scleral complexes with isolectin B4 

(1:100; cat. no. I21413; Invitrogen). CNV was quantitatively analyzed by 

measuring the area using the ImageJ program (NIH). 

 

17. Statistics 

Bars in the graph represents the mean ± SEM. All statistical analyses were 

performed using IBM SPSS software (v. 22.0, IBM) including linear and 

multiple regression analyses, Mann-Whitney U-test, unpaired and paired T-

test, and one-way ANOVA with Bonferroni’s post hoc analyses. Each specific 

statistical analysis was indicated in the figure legends. 



132 

 

RESULTS 

Corona Formation in Conditions Mimicking the Ocular Environment 

In vivo, biomolecules in biological fluids such as blood can hinder the 

targeted binding of nanoparticles to the pathological proteins (117, 147, 151, 

154, 155, 162, 163). To investigate the biological actions of the nanoparticles 

in vivo, we injected 20-nm gold nanospheres (1 x 1011 particles) into the eyes 

of beagles after laser photocoagulation. 20-nm gold nanospheres have shown 

anti-angiogenic effects in vitro and in small animals (4, 32, 38, 80). To our 

surprise, after penetrating the gelatinous biological milieu (the vitreous), the 

nanoparticles inhibited vascular leakage from choroidal neovascularization 

(Fig. 4.1). Encouraged by the results in this beagle model, we decided to 

further investigate the strategy for in vivo application of nanoparticles. 

 To mimic the in vivo processes that nanoparticles would be subjected 

to in the eye (Fig. 4.2A), we incubated 20- and 100-nm gold and silica 

nanoparticles (1 x 1011 particles) in the vitreous, which contained 170 μg of 

proteins (Fig. 4.2B and Table 4.1). We utilized nanoparticles with a negative 

surface charge because positively charged nanoparticles become trapped 

within the vitreous and tend to be internalized into cells (164, 165). When 

these negatively charged nanoparticles escape their initial entrapment, the 

biomolecular coronas lower the surface energy of the nanoparticles and 

promote their dispersion throughout the biological fluid (151). In the vitreous, 

the hydrodynamic diameters of the nanoparticles increased by 5-8 nm, which 

correspond to 1-2 layer of proteins (Fig. 4.3 and Table 4.2). After the 

incubation for 6 hours, we removed unbound or weakly bound proteins and 

saved the hard coronas by means of multiple centrifugation and washing with 

PBS (166, 167). Then, we analyzed the vitreous and corona proteins using 

SDS-PAGE (3 independent experiments). Interestingly, the corona proteins 
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Figure 4.1. Effects of intravitreally administered 20-nm gold 

nanoparticles (Au20) on laser-induced CNV in beagles. The photographs 

were taken using fundus camera (OIS Eyescan) at 1 minute after intravenous 

injection of fluorescein sodium (14 mg/Kg). 
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Figure 4.2. Bio-inspired corona formation mimicking ocular environment.  

(A) Schematic diagram demonstrating intravitreous injection of nanoparticles 

and subsequent formation of protein corona around them in the vitreous.  

(B) Nanoparticles utilized in this study. Au20, 20-nm gold nanoparticles; 

Au100, 100-nm gold nanoparticles; Si20, 20-nm silica nanoparticles; Si100, 

100-nm silica nanoparticles. Scale bar (red), 20 nm; scale bar (green), 100 nm. 
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Table 4.1. Characteristics of nanoparticles utilized in this study.  

 
Au20 Au100 Si20 Si100 

Diameter 
(nm) 

18.99 ± 1.37 98.42 ± 7.24 20.72 ± 1.48 92.28 ± 4.78 

Zeta 
potential 

(mV) 

-45.26 ± 
1.46 

-43.54 ± 
0.41 

-52.96 ± 
6.86 

-45.94 ± 
3.62 

Au20, 20-nm gold nanoparticles; Au100, 100-nm gold nanoparticles; Si20, 

20-nm silica nanoparticles; Si100, 100-nm silica nanoparticles. 
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Figure 4.3. Change of hydrodynamic diameters of nanoparticles after 

incubation in the vitreous. Au20, 20-nm gold nanoparticles; Au100, 100-nm 

gold nanoparticles; Si20, 20-nm silica nanoparticles; Si100, 100-nm silica 

nanoparticles; Bare, nanoparticles in DW; Vitreous, nanoparticles in the 

vitreous. 
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Table 4.2. Hydrodynamic diameters of nanoparticles in DW and the 

vitreous.  

 
Au20 Au100 Si20 Si100 

DW (nm) 25.43 ± 1.03 
102.03 ± 

2.14 
20.97 ± 1.23 

110.00 ± 
2.83 

Vitreous 
(nm) 

30.76 ± 2.27 
109.58 ± 

3.11 
28.65 ± 1.73 

116.45 ± 
2.91 

Au20, 20-nm gold nanoparticles; Au100, 100-nm gold nanoparticles; Si20, 

20-nm silica nanoparticles; Si100, 100-nm silica nanoparticles. 
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manifested patterns that were distinct from those observed for vitreous 

proteins but were similar with each other (Fig. 4.4). 

 

Profiles of the Corona Proteins Formed in the Vitreous 

Next, we performed proteomic analyses of vitreous and corona proteins to 

determine their compositions. In the vitreous, we identified 171 proteins in 

total; the most abundant protein was albumin (22.21%), followed by alpha-

crystallin A chain (7.48%), serotransferin (7.31%), beta-crystallin B2 (4.68%), 

and Ig gamma-1 chain C region (4.18%) (Table 4.3). In previous studies of 

vitreous proteomics, a similar abundance of albumin, crystallin proteins, and 

immunoglobulins was frequently observed, regardless of species (168-170). In 

contrast, in all of the corona samples incorporating 20- and 100-nm gold and 

silica nanoparticles, the most abundant protein was vitrin (Table 4.4-4.7). As 

with the aforementioned SDS-PAGE patterns, the protein profiles of corona 

proteins were quite similar to one another but were different from that of the 

vitreous proteins. Of the 325 total proteins obtained from each corona sample, 

147 proteins were the same and comprised 91.43-97.44% of each sample in 

relative amounts (Fig. 4.5). To confirm the data obtained via proteomic 

analyses, we measured the albumin level of each sample using ELISA and 

confirmed the results of relative amounts via proteomic quantification (Fig. 

4.6 and 4.7). 

 Preferential binding of certain groups of proteins to nanoparticles has 

been observed in blood studies, which show that the top 20 proteins make up 

70.4-94.9% of the total amount of corona proteins (47-125 proteins) in 

relative abundance (151). In other studies, the most abundant protein 

represents, on average, 29% of the total amount of corona proteins obtained 

for all nanomaterials (154). In the present study, the top 5 proteins occupied 

26.37-37.80% (on average, 32.48%), whereas the top 20 proteins made up 
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Figure 4.4. Photograph of Coomassie Brilliant Blue-stained gel after 

electrophoresis of vitreous and corona proteins. M, marker; Vit, vitreous; 

Au20, 20-nm gold nanoparticles; Au100, 100-nm gold nanoparticles; Si20, 

20-nm silica nanoparticles; Si100, 100-nm silica nanoparticles. 
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Table 4.3. List of the top 20 proteins identified from the vitreous (total 

171 proteins). 

Protein name Accession 
Average relative amount 

(%) 

Serum albumin P49822 22.21 

Alpha-crystallin A chain P68280 7.48 

Serotransferrin J9P430 7.31 

Beta-crystallin B2 Q2LEC2 4.68 

Ig gamma-1 chain C region E2RCC8 4.18 

Alpha B-crystallin protein E2RNB6 3.07 

Retinol-binding protein 4 F1Q4D9 2.88 

BetaA3-crystallin A2IBY9 2.59 

Transthyretin E2R5U8 2.48 

Beta-crystallin A4 A2ICR5 2.33 

Beta-crystallin B1 E2R5F6 2.20 

Beta-crystallin A2 J9NXL7 2.06 

Beta-crystallin B3 E2R7P2 1.57 

Beta-crystallin S A2IBY7 1.50 

Vitrin J9NXV3 1.44 

Complement C4-A F1PWR2 1.43 

Secreted frizzled-related protein 2 Q863H1 1.40 

Gamma-crystallin C A3RLE2 1.28 

Complement factor B E2RS80 1.10 

Hemopexin F1PZR4 1.06 
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Table 4.4. List of the top 20 proteins identified from the corona around 

20-nm gold nanoparticles (total 189 proteins). 

Protein name Accession 
Average relative amount 

(%) 

Vitrin J9NXV3 12.51 

Secreted frizzled-related protein 2 Q863H1 7.78 

Serum albumin P49822 5.97 

Retinol-binding protein 3 F1Q0V5 5.83 

Alpha-crystallin A chain P68280 5.06 

Beta-crystallin S A2IBY7 2.67 

Complement C4-A F1PWR2 2.32 

Alpha-enolase F1PCH3 2.00 

Beta-crystallin B2 Q2LEC2 1.87 

Retinal dehydrogenase 1 E2RMX7 1.87 

Latent-transforming growth factor 
beta-binding protein 2 

J9P153 1.63 

Glyceraldehyde-3-phosphate 
dehydrogenase 

Q28259 1.60 

Beta-crystallin B1 E2R5F6 1.55 

Gelsolin F6Y3P9 1.50 

EGF-containing fibulin-like 
extracellular matrix protein 1 

E2R612 1.46 

Opticin P83286 1.44 

Spondin-1 F6XC28 1.38 

Serotransferrin J9P430 1.33 

Beta-crystallin A2 J9NXL7 1.32 

Actin, cytoplasmic 2 O18840 1.29 
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Table 4.5. List of the top 20 proteins identified from the corona around 

20-nm silica nanoparticles (total 178 proteins). 

Protein name Accession 
Average relative amount 

(%) 

Vitrin J9NXV3 13.04 

Serum albumin P49822 7.64 

Secreted frizzled-related protein 2 Q863H1 7.44 

Retinol-binding protein 3 F1Q0V5 5.49 

Alpha-crystallin A chain P68280 4.20 

Beta-crystallin S A2IBY7 2.95 

Beta-crystallin B2 Q2LEC2 2.02 

Complement C4-A F1PWR2 1.79 

Alpha-enolase F1PCH3 1.78 

Retinal dehydrogenase 1 E2RMX7 1.65 

Latent-transforming growth factor 
beta-binding protein 2 

J9P153 1.62 

Beta-crystallin B1 E2R5F6 1.56 

Actin, cytoplasmic 1 O18840 1.41 

Beta-crystallin A2 J9NXL7 1.35 

Serotransferrin J9P430 1.34 

Opticin P83286 1.31 

Gelsolin F6Y3P9 1.29 

Isoform 2 of Fibulin-2 F1PRU3 1.22 

Spondin-1 F6XC28 1.16 

Alpha B-crystallin protein E2RNB6 1.14 
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Table 4.6. List of the top 20 proteins identified from the corona around 

100-nm gold nanoparticles (total 216 proteins). 

Protein name Accession 
Average relative amount 

(%) 

Vitrin J9NXV3 10.41 

Secreted frizzled-related protein 2 Q863H1 5.78 

Serum albumin P49822 4.31 

Alpha-crystallin A chain P68280 4.29 

Retinol-binding protein 3 F1Q0V5 4.27 

Beta-crystallin S A2IBY7 3.19 

Beta-crystallin B2 Q2LEC2 2.84 

Complement C4-A F1PWR2 2.30 

Latent-transforming growth factor 
beta-binding protein 2 

J9P153 2.27 

Spondin-1 F6XC28 2.14 

Beta-crystallin B1 E2R5F6 1.93 

Alpha-enolase F1PCH3 1.77 

Beta-crystallin A2 J9NXL7 1.71 

Gelsolin F6Y3P9 1.57 

Ig gamma-1 chain C region E2RCC8 1.47 

Retinal dehydrogenase 1 E2RMX7 1.44 

Gamma-crystallin C A3RLE2 1.42 

EGF-containing fibulin-like 
extracellular matrix protein 1 

E2R612 1.30 

Calsyntenin-1 J9JHQ1 1.28 

Collagen alpha-1(II) chain F1PS24 1.15 
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Table 4.7. List of the top 20 proteins identified from the corona around 

100-nm silica nanoparticles (total 249 proteins). 

Protein name Accession 
Average relative amount 

(%) 

Vitrin J9NXV3 8.91 

Secreted frizzled-related protein 2 Q863H1 6.14 

Serum albumin P49822 3.80 

Retinol-binding protein 3 F1Q0V5 3.78 

Calsyntenin-1 J9JHQ1 3.75 

Alpha-crystallin A chain P68280 3.32 

Collagen alpha-1(II) chain F1PS24 2.76 

Latent-transforming growth factor 
beta-binding protein 2 

J9P153 2.54 

Alpha-enolase F1PCH3 2.07 

Gelsolin F6Y3P9 2.01 

Spondin-1 F6XC28 1.90 

Complement C4-A F1PWR2 1.64 

Beta-crystallin B1 E2R5F6 1.61 

Beta-crystallin S A2IBY7 1.61 

Complement factor B E2RS80 1.60 

Retinal dehydrogenase 1 E2RMX7 1.40 

Beta-crystallin B2 Q2LEC2 1.38 

Pigment epithelium-derived factor F2Z4Q7 1.29 

Actin, cytoplasmic 2 O18840 1.25 

Isoform 2 of Fibulin-2 F1PRU3 1.22 
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Figure 4.5. Venn diagram demonstration of corona proteins (total 325 

proteins). Au20, 20-nm gold nanoparticles; Au100, 100-nm gold 

nanoparticles; Si20, 20-nm silica nanoparticles; Si100, 100-nm silica 

nanoparticles. 
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Figure 4.6. Relative amounts of albumin in the vitreous estimated from 

proteomics and ELISA analyses.  
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Figure 4.7. Relative amounts of albumin in the corona samples estimated 

from proteomics and ELISA analyses. Au20, 20-nm gold nanoparticles; 

Au100, 100-nm gold nanoparticles; Si20, 20-nm silica nanoparticles; Si100, 

100-nm silica nanoparticles. 
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53.98-62.39% (on average, 57.58%) (Fig. 4.8). On average, vitrin (11.22%) 

was the most abundant protein in the corona, followed by secreted frizzled-

related protein 2 (SFRP2, 6.78%), albumin (5.43%), retinol-binding protein 3 

(RBP3, 4.84%), and alpha-crystallin A chain (4.22%) (Table 4.8). The general 

consensus is that there is a difference in the protein compositions between the 

corona and the biological fluids. The relative abundance of proteins in each 

corona is not reflected in the biological milieu because some proteins in low 

abundance have a tendency to preferentially bind to the nanoparticle surfaces 

(171). 

 

Physicochemical Determinants of Corona Proteins 

As demonstrated in SDS-PAGE, the protein constituents of the corona were 

different from that of the vitreous in our proteomic analyses. Vitrin, which 

occupied 1.44% of the vitreous proteins and ranked 15th on the list of vitreous 

proteins, was the most abundant protein in the coronas of 20- and 100-nm 

gold and silica nanoparticles. It is noteworthy that albumin, which was the 

most abundant protein (22.21%) in the vitreous, was observed to be 3.80-

5.97% of the corona proteins. Based on these observations and further 

protein-by-protein comparisons, we hypothesized that physicochemical 

properties and relative abundance of proteins could affect corona 

compositions, as in blood studies (172, 173). 

 To investigate which characteristics determine the preferential 

binding to nanoparticles, we estimated the molecular weight (MW), the 

isoelectric point (pI), the hydrophilicity (grand average of hydropathicity, 

GRAVY), the aliphatic index (index for thermostability of globular proteins), 

and the instability index of the vitreous proteins from the public ProtParam 

database (161). In particular, we investigated the correlation between these 

parameters and corona-to-vitreous ratio (CVR) in the top 60 proteins in the 
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Figure 4.8. Relative amounts of the top 5 and top 20 proteins in corona 

samples. Au20, 20-nm gold nanoparticles; Au100, 100-nm gold 

nanoparticles; Si20, 20-nm silica nanoparticles; Si100, 100-nm silica 

nanoparticles. 
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Table 4.8. List of the top 20 proteins from corona samples on average in 

relative amounts. 

Protein name Accession 
Average relative amount 

(%) 

Vitrin J9NXV3 11.22 

Secreted frizzled-related protein 2 Q863H1 6.78 

Serum albumin P49822 5.43 

Retinol-binding protein 3 F1Q0V5 4.84 

Alpha-crystallin A chain P68280 4.22 

Beta-crystallin S A2IBY7 2.60 

Beta-crystallin B2 Q2LEC2 2.03 

Latent-transforming growth factor 
beta-binding protein 2 

J9P153 2.02 

Complement C4-A F1PWR2 2.01 

Alpha-enolase F1PCH3 1.90 

Beta-crystallin B1 E2R5F6 1.66 

Spondin-1 F6XC28 1.65 

Calsyntenin-1 J9JHQ1 1.63 

Gelsolin F6Y3P9 1.59 

Retinal dehydrogenase 1 E2RMX7 1.59 

Beta-crystallin A2 J9NXL7 1.39 

Collagen alpha-1(II) chain F1PS24 1.35 

Actin, cytoplasmic 2 O18840 1.25 

Opticin P83286 1.21 

EGF-containing fibulin-like 
extracellular matrix protein 1 

E2R612 1.21 
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vitreous, which constitute 92.99% of total vitreous proteins. The other 111 

proteins constituted negligible portions of the corona proteins. CVR was 

intentionally utilized to exclude the influence of relative amounts of proteins 

in the vitreous as a confounding factor. Proteins with high abundance could 

still bind to nanoparticles despite their weak binding affinity based on their 

physicochemical properties. 

 In studies employing blood samples, the role of electrical 

characteristics in the binding of proteins to nanoparticles has been the subject 

of some debate. Anionic or cationic polystyrene nanoparticles preferentially 

adsorb proteins with pI > 5.5 or pI <5.5, respectively (154, 174). In contrast, 

the majority of proteins attracted by silica and polystyrene nanoparticles 

display negative charges (pI < 7), regardless of the surface charge of the 

nanoparticles (117). In this study, the relevant characteristics that determine 

the relative abundance of corona proteins, as determined by linear regression 

analyses, were the pI (Pearson’s coefficient of correlation (r) = 0.283; P-value 

= 0.029) and GRAVY (r = 0.285; P-value = 0.027) (Fig. 4.9). The relative 

abundance of corona proteins that had pIs greater than 7.4 was significantly 

higher than that of corona proteins that have pIs lower than 7.0 (P-value = 

0.042; the pH of the vitreous is reported to be 7.0-7.4 and that of our sample 

was 7.2 ± 0.1) (Fig. 4.10). 

 Next, we analyzed the effects of the protein characteristics on the 

relative abundance of specific proteins (CVR) in coronas using multiple 

regression analyses with pI, MW, GRAVY, aliphatic index, and instability 

index as independent variables. According to these statistical analyses, the 

regression equation was as follows: CVR = 0.502 x pI + 2.432 x GRAVY – 

0.724 (P-value = 0.006). As in the linear regression analyses, pI and hydro 

phobicity were positively correlated with the relative abundances of the 

corona proteins. 
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Figure 4.9. Correlation of pI and hydrophilicity with CVR of proteins. 

Using estimated parameters of proteins from the public database, we 

identified pI and GRAVY (the index of hydrophilicity) as determining factors 

for preferential binding of proteins to 20-nm gold nanoparticles. CVR of 

relative amounts of proteins were utilized in order to exclude the influence of 

the amounts of proteins as a confounding factor.  

(A) Correlation between pI and CVR. r = 0.283, P-value = 0.029 on Pearson’s 

correlation analysis.  

(B) Correlation between GRAVY and CVR. r = 0.285, P-value = 0.027 on 

Pearson’s correlation analysis. 
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Figure 4.10. CVR of vitreous proteins according to pI. *, P-value < 0.05 on 

Mann-Whitney U-test. 
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Biological Activity of Nanoparticles Primed with the Vitreous Proteins 

Depending on the nanoparticles’ surface characteristics (162, 175), the 

coronas determine the biological identities of the nanoparticles, affecting 

cellular uptake, biodistribution, and biological actions (117, 151, 166). To 

investigate the VEGF-binding properties of nanoparticles in the vitreous, we 

primed nanoparticles in the vitreous and measured VEGF-binding (Fig. 4.11). 

Then, we measured unbound VEGF in the supernatants after centrifugation. 

Although the binding properties were reduced compared to previous studies 

using DW and serum-free culture media (4, 38), the nanoparticles 

nevertheless adsorbed VEGF in the vitreous (Fig. 4.11B).  

 In general, to avoid unwanted interactions of nanoparticles with the 

biological system, the surface was engineered using anti-fouling polymers 

(154, 156). Controlled priming of nanoparticles with certain groups of 

proteins may constitute an alternative approach. We hypothesized that 

proteins that are selectively enriched in coronas could prevent other proteins 

from binding to nanoparticles, minimizing unwanted biological actions. To 

verify this hypothesis, we primed 20-nm gold nanoparticles with the 

following top 5 corona proteins identified via incubation in the vitreous: 

SFRP2, albumin, vitrin, alpha-crystallin A chain, and RBP3 (SALVAR). The 

zeta-potential of these nanoparticle-protein complexes were estimated to be -

42.76 ± 2.09 mV, similar to that of bare nanoparticles. We then compared 

VEGF-binding properties of bare nanoparticles with those of SALVAR-

primed nanoparticles in the DW and the vitreous. Interestingly, SALVAR 

priming did not diminish VEGF-binding properties in the DW, whereas it 

improved VEGF-binding properties in the vitreous (Fig. 4.12A). Furthermore, 

in biological fluids with varying protein and VEGF concentrations (ascites, 

cerebrospinal fluid, pleural fluid, and serum), SALVAR-primed nanoparticles 

adsorbed VEGF (Fig. 4.13-4.15). In addition, they effectively scavenge VEGF 
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Figure 4.11. VEGF-binding properties of nanoparticles after incubation 

in the vitreous.  

(A) Schematic demonstration of experimental procedures.  

(B) Proportions of unbound VEGF after incubation of nanoparticles and 

VEGF in the vitreous. Au20, 20-nm gold nanoparticles; Au100, 100-nm gold 

nanoparticles; Si20, 20-nm silica nanoparticles; Si100, 100-nm silica 

nanoparticles. ***, P-value < 0.001. 
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Figure 4.12. In vitro biological effects of SALVAR-primed nanoparticles. 

(A) The proportions of unbound VEGF after incubation with bare or 

SALVAR-primed 20-nm gold nanoparticles in DW and vitreous.  

(B) VEGF-induced proliferation of endothelial cells according to the 

treatment with bare or SALVAR-primed 20-nm gold nanoparticles.  

(C) VEGF-induced tube formation of endothelial cells according to the 

treatment with bare or SALVAR-primed 20-nm gold nanoparticles. NS, not 

significant; **, P-value < 0.01; ***, P-value < 0.001; NS, P-value > 0.05 on 

one-way ANOVA with Bonferroni’s post hoc analyses. 
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in synovial fluids from rheumatoid arthritis patients (N = 3, P = 0.027; Fig. 

4.16). Interestingly, no comparable effects were observed by priming of 

nanoparticles with only a subset of SALVAR (vitrin, SFRP2, and albumin; 

Fig. 4.17). The mixture of selectively enriched proteins (SALVAR) with 

different physicochemical properties might influence the VEGF-binding 

properties of nanoparticle-protein complex in a cooperative manner. 

 To investigate the biological consequences of SALVAR priming, we 

measured the degree of VEGF-induced in vitro proliferation and tube 

formation of endothelial cells according to the treatment of nanoparticles or 

nanoparticle-SALVAR complex. Inorganic nanoparticles are known to inhibit 

in vitro VEGF-induced angiogenesis processes (4, 80). Nanoparticle-

SALVAR complexes also effectively suppressed VEGF-induced proliferation 

(Fig. 4.12B) and tube formation (Fig. 4.12C and 4.18), similar to bare 

nanoparticles and anti-VEGF antibodies at the concentration without cellular 

toxicity (Fig. 4.19). These results reaffirmed the results of cell-free VEGF-

binding assays and demonstrated in vitro anti-angiogenic effects of 

nanoparticle-SALVAR complexes. Finally, to demonstrate the applicability of 

tissue-specific coronas with regard to providing a means by which 

nanomaterials can be stably used in biological environments, we tested the in 

vivo anti-angiogenic properties of nanoparticle-SALVAR complexes using a 

laser-induced choroidal neovascularization model in mice. Intravitreally 

injected nanoparticle-SALVAR complexes effectively inhibited the formation 

of neovascular membranes (Fig. 4.20A), and this anti-angiogenic effect was 

comparable to that of anti-VEGF antibody (Fig. 4.20B; P-value = 0.0084 by 

one-way ANOVA analysis with post-hoc Bonferroni’s multiple comparison 

test). 
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Figure 4.13. Protein and VEGF concentrations of biological fluids. 
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Figure 4.14. VEGF-scavenging of SALVAR-primed nanoparticles in CSF 

and serum. Proportions of unbound VEGF after incubation of SALVAR-

primed nanoparticles and VEGF in CSF and serum. NS, P-value > 0.05 on 

Mann-Whitney U-test. 
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Figure 4.15. VEGF-scavenging of SALVAR-primed nanoparticles in 

ascites and pleural fluid. Proportions of unbound VEGF after incubation of 

SALVAR-primed nanoparticles in ascites and pleural fluid. 
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Figure 4.16. VEGF-scavenging of SALVAR-primed nanoparticles in 

synovial fluid from rheumatoid arthritis patients (N = 3).  

(A) The mean values of protein and VEGF concentrations of synovial fluid.  

(B) The proportion of unbound VEGF by the treatment of nanoparticle-

SALVAR complexes. **, P-value < 0.01 on paired T-test. 
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Figure 4.17. VEGF-scavenging of nanoparticle-protein complexes with 

SALVAR or a subset of SALVAR (vitrin, SFRP2, and albumin) in the 

vitreous. Proportions of unbound VEGF after incubation of each 

nanoparticle-protein complex and VEGF in the vitreous. *, P-value < 0.05; 

***, P-value < 0.001 on one-way ANOVA with Bonferroni’s post hoc 

analyses. 
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Figure 4.18. Representative photographs of tube formation assays. Au20, 

20-nm gold nanoparticles. 
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Figure 4.19. No definite cellular toxicity of SALVAR-primed 

nanoparticles at the concentration utilized in this study (1 x 109 

particles/mL). NS, P-value > 0.05 on one-way ANOVA with Bonferroni’s 

post hoc analyses. 
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Figure 4.20. Controlled in vivo therapeutic effects of SALVAR-primed 

nanoparticles.  

(A) Suppression of choroidal neovascularization by SALVAR-primed 20-nm 

gold nanoparticles. Scale bar, 100 μm.  

(B) Quantitative analyses of relative areas of choroidal neovascularization 

among treatment groups (n = 12). Anti-VEGF Ab, anti-VEGF antibody; Au20, 

20-nm gold nanoparticles; CNV, choroidal neovascularization. NS, not 

significant; *, P-value < 0.05 on one-way ANOVA with Bonferroni’s post hoc 

analyses. 



166 

 

DISCUSSION 

It is noteworthy that the corona proteins, which were formed in the vitreous, 

exhibited similar compositions regardless of core material and size. The 

protein profiles of the coronas were found to differ in plasma or serum, 

depending on the nanoparticles’ core material, size, and other surface 

chemistry (117, 151). Since the protein concentration of the vitreous 

(approximately 0.7 mg/mL) is about 1/100 that of the blood samples 

(approximately 70 mg/mL), it is generally expected that there is a difference 

in the interaction between proteins and nanoparticles (150, 166, 176). In 

addition, the protein constituents of each biological fluid might determine the 

differential profiles of each corona. Plasma contains over 1,000 proteins, the 

abundances of which vary by approximately 10 orders of magnitude (166, 

177). However, in the present study, we identified 171 proteins from the 

vitreous, spanning over approximately 5 orders of magnitude. Among these, 

the top 60 proteins occupied relatively 92.28%. In this context, the corona 

formation is tissue-specific: in the vitreous of the eye, the corona 

demonstrated similar protein compositions regardless of the core material or 

size of the nanoparticles. 

 As we demonstrated in Table 4.4-4.8, albumin, whose estimated pI 

was 5.52, was one of the top 5 corona proteins. At first, this finding seemed to 

contradict our analyses on the positive correlations between pI and CVR. 

However, the CVR of albumin was 0.27, which led us to consider that 

albumin was abundant in corona due to its abundance (rank 1) in the vitreous, 

not its preferential binding ability from its electric properties. Alpha-crystallin 

A chain was another example. Although the pI of alpha-crystallin A chain was 

5.78, the relative abundance (rank 2) in the vitreous allowed it to be within the 

top 5 proteins in the corona despite a low CVR (0.68). In contrast, vitrin and 
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SFRP2 were good examples of the positive correlation between the pI and 

CVR. The estimated pIs of both proteins were 8.94 and 7.79, respectively; 

their CVRs were calculated to be 8.68 and 5.54, respectively. In these 2 

proteins, the pI was the determining factor that allowed them to preferentially 

bind to 20-nm gold nanoparticles in the vitreous. The other top 5 corona 

protein, RBP3, was a bit more complicated example. The pI of RBP3 was 

5.35 (less than 7.0) and the relative amount of RBP3 in the vitreous was 

0.93% (rank 23). However, the CVR of this protein was estimated to be 6.26 

(rank 3). For RBP3, the hydrophobicity (high GRAVY, rank 4 in the vitreous 

proteins) may be the determining factor in its preferential binding to the 

nanoparticles. 

 Previous studies demonstrated VEGF-scavenging of nanoparticles 

regardless of core materials (4, 80). Instead, physicochemical properties such 

as size and surface charge are determining factors of anti-angiogenic effects 

of nanoparticles (4, 38). Since VEGF is implicated in the pathogenesis of 

various human diseases including age-related macular degeneration, cancer, 

and diabetic complications (178), VEGF-binding properties of inorganic 

nanoparticles could attract much attention. To investigate the biological 

actions of nanoparticles in the vitreous, we incubated bare or SALVAR-

primed nanoparticles in the vitreous for 1 hour and then measured the VEGF-

binding properties after additional incubation with VEGF for 6 hours. These 

experimental procedures were devised to mimic as much as possible in vivo 

situations. As depicted in Fig. 4.2, intravitreally administered nanoparticles 

first encounter the vitreous, diffuse into the vitreous cavitiy, and then interact 

with the pathological protein, VEGF. Interestingly, SALVAR-primed 

nanoparticles demonstrated similar VEGF-binding properties in DW, and 

more potent VEGF-binding properties in the vitreous, compared to those of 

bare nanoparticles. We prepared a SALVAR mixture of 150 ng, consisting of 
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SFRP2 (25 ng), albumin (50 ng), vitrin (25 ng), alpha-crystallin A chain (25 

ng), and RBP3 (25 ng), after taking into account their relative amounts in the 

vitreous. According to these data, we speculated that controlled priming of 

nanoparticles with proteins may be an alternative tool to employ nanoparticles 

for biomedical application. 

 In conclusion, bio-inspired corona formation (e.g. priming 

nanoparticles with selectively enriched corona proteins from tissue-specific 

environments) is a way to improve in vivo biological actions. It is noteworthy 

that the compositions of corona proteins in the vitreous were similar, 

regardless of the core material and size, which contradicts previous studies 

using blood samples. Using proteomic analyses of corona proteins from the 

vitreous, we could identify enriched proteins commonly identified with 20- 

and 100-nm gold and silica nanoparticles. More significantly, as in vitro, these 

nanoparticles retained their in vivo anti-angiogenic properties after priming 

with the top 5 corona proteins from the vitreous (forming nanoparticle-

SALVAR complexes) by binding to VEGF, which promotes pathological 

angiogenesis. We suggest that the nanoparticle-protein complex obtained via 

controlled corona formation mimicking tissue-specific environment can 

bypass in vivo uncontrolled protein adsorption to facilitate biomedical 

applications of nanomaterials. 
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GENERAL DISCUSSION 

Delivery of Nanoparticles via Intravitreous Approach for Retinal 

Diseases 

Vitreous cavity indicates the space between the lens and the retina and is 

composed of water, glycosaminoglycan, and matrix proteins including 

collagen, fibronectin, and laminin (179, 180). The mesh-like structure of 

vitreous body can be a barrier to nanoparticles according to the 

physicochemical properties of nanoparticles (164, 180). Interestingly, particles 

larger than 1 μm are immobilized in the vitreous gel; whereas, polystyrene 

nanoparticles of which diameter is 510 nm rapidly penetrates the vitreous gel 

(164). Similarly, ~100 nm-sized human serum albumin nanoparticles are 

diffused through vitreous network of matrix protein fibers (39). In addition, 

surface charge affects the fate of nanoparticles when they are administered 

into the vitreous cavity. Repeated reports demonstrate that anionic 

nanoparticles are better than cationic ones in the penetration into the vitreous 

cavity (39, 103, 164). We also investigated the biological action of 

intravitreally administered inorganic nanospheres of which size is 20 to 50 nm 

and surface charge is around -30 mV, resulting in significant anti-angiogenic 

effects on choroidal and retinal neovascularization as in in vitro angiogenesis 

assays (1, 2, 4, 32). In the development of nanoparticles for intraocular 

delivery, researchers should pay attention to these effects of nanoparticle 

characteristics on the movements of nanoparticles in the vitreous cavity. 

 

Nano-bio interface according to the physicochemical properties of 

nanoparticles 

Background 

Due to relatively large surface area compared to the size and positive/negative 

surface charge, nanoparticles without surface modification are easy targets of 
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proteins in biological systems. Between nanoparticles and proteins occur 

various interactions which are observed between other molecules: Van der 

Waals interaction, hydrogen bond, electrostatic force, hydrostatic interaction, 

π-π stacking interaction, and salt bridge (181). These interactions initiate and 

reinforce the binding between nanoparticles and proteins. Interestingly, it 

seems that there is a relative specificity of protein binding onto nanoparticles 

(117, 151, 172). Among ~100 total proteins bound to various types of 

nanoparticles, relative abundance of common top 20 proteins is above 70% 

(151). Furthermore, there is a study demonstrating no definite change in the 

composition of proteins, but only increase in the quantity (during 24 hours) 

after rapid formation of plasma protein corona (in 30 seconds) (117). On the 

other hand, the concept of hard and soft corona is widely accepted among 

researchers (151). Nanoparticles form stronger bonds with certain proteins 

(hard corona) and then nanoparticle-protein complexes further interact with 

other proteins by weaker interaction (soft corona). Similarly, the composition 

of nanoparticle corona is not totally changed by transition between different 

biological fluids (182). To understand biological actions of nanoparticles, it is 

essential to figure out protein-nanoparticle interactions properly (183). 

 

Biological effects 

Likewise other physiocochemical properties of nanoparticles, proteins 

attached to nanoparticles affect biological actions of them (151, 184). 

Opsonization with immunoglobulin and complements is an example (185-

187). Binding of certain proteins to nanoparticles results in clearance by 

reticuloendothelial system and further clearance from the body (185, 186). 

Furthermore, corona formation determines the pattern of hemolysis, 

thrombocytocyte activation, and cellular uptake of nanoparticles (117). Extra 

attention is required for nanoparticles with ligand modification because 
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protein binding interrupts binding moiety of surface ligands (184). In addition, 

protein binding affects surface properties of nanoparticles, providing 

additional layer of complexity in the interpretation of the effects of 

nanoparticle characteristics on biological actions (117, 118, 188). 

 

Effects of physicochemical properties on corona formation 

Conversely, physicochemical properties of nanoparticles also affect the 

formation of corona around them. Size is one of the main factor determining 

protein binding to the nanoparticles (172, 189). A study with different sizes of 

amorphous silica nanoparticles (20, 30, and 100 nm) demonstrates that even 

10 nm change significantly affects the composition of the nanoparticle corona 

(172). Similarly, shape also makes a difference in the amount and composition 

of adsorbed proteins (190, 191). Interestingly, gold nanorods adsorb more 

proteins than nanospheres, implying that differences in biological activity of 

these nanoparticles are partly due to differential corona formation (191). 

 

Conclusions 

Nanoparticles are an attractive platform which can be utilized as novel drug 

delivery systems and therapeutic approaches by themselves. A more 

interesting part of nanoparticles is that we can modify the physicochemical 

properties of nanoparticles during the synthesis process. Furthermore, these 

nanoparticle characteristics directly affect in vivo therapeutic effects of 

nanoparticles. In this context, it is essential to understand the effects of 

nanoparticle properties on biological actions of nanoparticles. In addition, the 

actions of nanoparticles in different biological environments also should be 

thoroughly investigated. Therefore, these variables should be taken into 

consideration in the design of nanoparticles for biomedical application. In our 

opinion, the adequate size of nanoparticles for therapeutic purposes is thought 
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to be in the range between 20 and 100 nm. Surface charge depends on the 

strategy of nanoparticle administration. For example, negative surface charge 

is proper for intravitreal injection. Instead, a wide variety of possible shapes 

of nanoparticles can add up diversity and flexibility in the use of nanoparticles 

for therapeutic application.  

Of course, nanoparticles cannot be a magic bullet for ARB. However, 

they can be a good bypass as a novel DDS and a platform for new therapeutic 

concepts. With the aids of nanoparticles, we can improve the bioavailability of 

currently available therapeutic agents and utilize them in more target-specific 

ways. Furthermore, there is a possibility that nanoparticles exert therapeutic 

effect by themselves. By conjugating nanoparticles with surface molecules 

targeting specific cell types in the eye, cell type and lesion-specific therapy is 

also possible. We expect that current high-technology in synthetic chemistry 

on nanoparticles will enhance therapeutic potential of nanoparticles in the 

treatment of retinal diseases. 
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국   

 

: 망막  맥락막 신생  노인  황 변 , 당뇨 망막병증 

 미 아 망막병증과 같  망막질 에  특이  나타나는 소

견 , 내피 포 장인자  분  증가  작용이 주요한 요인

 알  있다. 본 연구에 는 망막 내 병리  신생  억

하는 료  법  일 , 리체강내 주사를 통한 나노입자  

항 신생 효과  그  연구하고자 하 다. 

법: 직경, 면 하, 농도 등 특 에 한 분  마  , 실리카 

 티타늄 나노입자를 이용하여, 생체 외 실험  내피 포 증

식, 이동    실험  시행하고, 동  실험  산소 도 망

막병증  이  도 맥락막 신생  모델에  나노입자  항 

신생 효과를 인하 다. 나노입자  독  여부를 인하  

하여, 포  , 망막조직 분 , 망막조직 용해  통한

caspase-3 에 한 웨스  롯   자  마이크 어 이

를 시행하 다. 나노입자  리체강내 주사 시 생체 내 경  모

사하  하여, 나노입자를 리체에 양하 다. 

결과: , 실리카  티타늄 나노입자는 생체 외  생체 내 실험에

 병리  신생  효과  억 하 다. 특히, 자 , 

포   조직학  통합  면에  독 이 없는 농도에  

나노입자  항 신생 효과가 찰 었다. 20 nm  100 nm 직



196 

 

경  나노입자에 한 실험  통해 나노입자  항 신생 효과에 

여하는 인자  나노입자  직경이 요한 것  인하 다. 나노

입자가 리체강내  주입 었  , 단 질 이 나노입자 주  

어 나노입자  신생 억  효과에 향    있다. 

결 : 리체강내  주입  나노입자는 망막  맥락막 신생  

효과  억 할  있다. 나노입자  항 신생 효과에 한 

 분  통해 나노입자에 한 료  개  진행할  있

 것  다. 

 

* 본 학 논  Nanomedicine 학 지(1-3), Nano Research 

학 지(4)  Journal of Ocular Phamacology and Therapeutics 

학 지(5)  나노입자  과 (6)에 출  료  내용, Journal 

of Biomedical Nanotechnology 학 지  나노입자  과 에 

출  인 내용에 하여 작 . 
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