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Abstract 
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Age-related macular degeneration (AMD) is a complex eye disease leading irreversible vision 

loss of mostly 65 years-old or older individuals. AMD accounts for 8.7 % of blindness globally 

and an estimate of one of five people in aging populations (60-year-old or more), one of five 

people may have this disease. AMD is classified into two main types: early AMD and late 

AMD. Late AMD may be distinguished in two forms: wet (neovascular) and dry (non-

neovascular) AMD. Early stages AMD is characterized by changes occurred in retinal pigment 

epithelium (RPE) and drusen (small yellowish white deposits) formations. Laser 

photocoagulation and injection of VEGF inhibitors (ranibizumab, bevacizumab, aflibercept, 

and pegaptanib, brolucizumab, abicipar, conbercept, faricimab, pazaopanib) are the approaches 

for AMD treatment. However, there are several patients, who do not respond well to these 

treatments or face with side effects such as pain and infection. In addition, the treatment is 

costly and experienced professionals are required to perform intravitreal injections. The aim of 

this study is to develop a topical nanodrug formulation with less cost of production, capable of 

crossing the anatomical and physiological barriers of the eye. To this aim, an anti-VEGF 

peptide that has high affinity to VEGF-Fc receptor was used as the bioactive agent to control 

neovascularization of retina. In this nano formulation, a cell penetrating peptide (penetratin 

peptide) and hyaluronic acid (HA), which is specific to retina were combined with the anti-

VEGF peptide. To increase the stability and control the size of the nanodrug, divinyl sulfone 

(DVS) and cholesterol were used, respectively. Initial results on HUVE cells and ARPE-19 

cells indicate that nanodrug inhibits HUVE cell proliferation in a dose dependent manner, 

whereas it does not affect ARPE-19 cells proliferation. Encapsulation efficacy of nanogels 
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were 65 % and 53 % for nanogel 1 and nanogel 2, respectively. Drug release was 34,72 % from 

nanogel 1 at the end of 192 hours, and 36% of drug was released from nanogel 2 at the end of 

24 hours. We believe that nanogels formulated in this study can be improved and investigated 

further as a potential AMD treatment approach. The promising data obtained from in vitro 

studies should also be validated with in vivo models to confirm the efficiency of the nanodrugs.  

. 
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Özet  

 

 
NEOVASKÜLER YAŞA BAĞLI MAKULAR DEJENERASYON TEDAVİSİ İÇİN 

TOPİKAL BİR İLAÇ FORMÜLASYONUNUN GELİŞTİRİLMESİ 

 

HANDE EDA ŞUTOVA 

Moleküler Biyoloji, Genetik ve Biyomühendislik, Yüksek Lisans Tezi, 

2022 Tez Danışmanı: Dr. Öğretim Üyesi Sibel Çetinel 

 

Anahtar kelimeler: HRH peptid, nanojel, yaşa bağlı maküla 

dejenarasyonu, penetratin 

 

Yaşa bağlı macula dejenerasyonu, çoğunlukla 60 yaş ve üzeri kişilerde geri dönüşü olmayan 

görme kaybına yol açan karmaşık bir göz hastalığıdır. Yaşa bağlı maküle dejenerasyonu, 

dünyada kişilerde görülen görme kayıplarının % 8.7’sini oluşturmaktadır. Yaşlanan 

popülasyonlarda her beş kişiden birinin bu hastalığa sahip olabileceği tahmin edilmektedir. 

Yaşa bağlı maküla dejenerasyonu iki ana tipte sınıflandırılır: erken ve geç maküla 

dejenerasyonu. Geç maküla dejenerasyonu ıslak (neovasküler) ve kuru (neovasküler olmayan) 

olmak üzere iki şekilde sınıflandırılabilir. Erken evre maküla dejenerasyonu, retina pigment 

epitelinde meydana gelen değişiklikler ve küçük, sarımsı beyaz birikintilerin oluşumu ile 

karakterize edilir. Lazer fotokoagülasyon, VEGF inhibitörleri, ranibizumab, bevacizumab, 

aflibercept, pegaptanib, brolucizumab, abicipar, conbercept, faricimab, pazopanib ve bazı anti-

VEGF peptidleri yaşa bağlı maküla dejenerasyonu tedavisinde kullanılan yöntemlerdir, ancak 

bu tedavilere yanıt vermeyen veya ağrı, enfeksiyon gibi yan etkilerle karşılaşan çok sayıda 

hasta bulunmaktadır. Ayrıca tedavi oldukça maliyetlidir ve intravitreal enjeksiyonlar yapmak 

için deneyimli profesyonellere ihtiyaç vardır. Bu çalışmanın amacı, daha az üretim maliyeti 

olan ve anatomik ve fizyolojik bariyerleri aşabilen topical bir nano-ilaç formülasyonu 

geliştirmektir. Bu amaçla, VEGF-Fc reseptörüne yüksek afinitesi olan bir anti-VEGF 

peptidinin maküla dejenerasyonu tedavisinde kullanılması düşünülmüştür. Bu 

nanoformülasyonda, hücreye nüfuz etme kabiliyeti olan bir peptid (penetratin) ve retinaya 

spesifik hyaluronik asit ve anti-VEGF peptid birleştirilirken, nanoilacın stabilitesini arttırmak 
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için divinyl sulfone, hidrofobisitesini arttırmak için ise kolesterol kullanılmıştır. HUVEC ve 

ARPE-19 hücreleri üzerindeki ilk sonuçlar, nanoilacın HUVEC hücre proliferasyonunu doza 

bağlı bir şekilde inhibe ettiğini, buna karşın ARPE-19 hücrelerinin proliferasyonunu 

etkilemediğini göstermektedir. HUVEC ve ARPE-19 hücreleri üzerinde denenen nanojellerin 

(nanojel 1 ve nanojel 2) enkapsülasyon verimliliğinin ise sırasıyla % 65 ve % 53 olduğu 

sonucuna ulaşılmıştır. 192 saat sonunda ilaç salımı nanojel 1’den %34.72 iken 24 saat sonunda 

nanojel 2’den gerçekleşen ilaç salımı %36 olarak saptanmıştır. Bu çalışmada formülize edilen 

nanojellerin, enjekte edilebilir monoclonal antikorlara alternatif AMD tedavisi olarak 

geliştirilebileceği ve araştırılabileceği sonucuna varılmıştır. In vitro çalışmalardan elde edilen 

umut verici veriler, nanoilaçların etkinliğini doğrulamak için in vivo modellerle 

doğrulanmalıdır. 
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1. Introduction 

Eye is a complex organ of the body. It is anatomically divided into three areas: precorneal area, 

anterior and posterior segments. Each area is a center for different types of diseases to arise, 

and these diseases may need to be medicated with different route of administrations (Al-Kinani 

et al., 2018). Eye has static (including the conjunctiva, sclera, and cornea), dynamic, and 

metabolic barriers and topical administrations are quite challenging due to their thickness, 

surface charge, hydrophilicity, and collagen content (Patel, Cholkar, Agrahari, & Mitra, 2013). 

When the eye is medicated with topical administration, most of the drug is washed away by 

tear and blinking and subjected to systemic circulation before affecting the eye. If the 

mucoadhesive drug molecule can stay on the tear film, it can penetrate to the inner layers 

through the cornea, conjunctiva or sclera. Sclera is known to be more permeable to hydrophilic 

drugs, while the corneal epithelium is more suitable for the permeation of lipophilic drugs. On 

the other hand, human eye has esterase and carbonic anhydrase enzymes that can deactivate 

drug molecules (Urtti, 2006). Consequently, these drawbacks cause poor patient compliance 

due to the reduced precorneal residence time, necessity of frequent drug administration, and 

low bioavailability.  

1.1. Age-Related Macular Degeneration 

Age-related macular degeneration (AMD) is a complex eye disease leading irreversible vision 

loss of mostly 60 years-old or older individuals. AMD accounts for 8.7 % of blindness globally 

(Rama D. Jager, 2008; Rozing et al., 2020). It is estimated that in aging populations (>60 years 

old), one of five people may have this disease. Besides age being a major risk factor for AMD 

progression; life style, blood pressure, race (Varma et al., 2004), cigarette smoking (Group, 

2005; Johanna M. Seddon, 2006), oxidative stress, cardiovascular diseases, high-density 

lipoprotein (HDL), obesity, diabetes (Jae Kyung Choi, 2010; Srinivasan et al., 2017), 

atherosclerosis, and genetic dysregulations of lipid, complement, and angiogenic pathways are 

other factors that increase the risk for development of AMD (Deng et al., 2021).  

AMD is classified into two main types: early AMD and late AMD. Late AMD may be 

distinguished in two forms: wet (neovascular) and dry (non-neovascular) AMD. Early stages 

AMD is characterized by changes occurred in the retinal pigment epithelium (RPE) and by 

drusen (small yellowish white deposits) formations. In the intermediate stage, drusen are 

observed more confluently in a larger area as can be seen in Figure 1 (Rozing et al., 2020). In 

wet AMD, blood vessels abnormally grow from the choroid into the retina, resulting in a total 

loss of neuroretinal tissue, consisting of ganglion cells, muller cells, amacrine cells, bipolar 
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cells, horizontal cells, and retinal pigment epithelium cells. Since these vessels are fragile and 

easy to break, vascular fluid leaks and causes rapid vision loss (Ferrington, Fisher, & Kowluru, 

2020). Although almost 85% of AMD cases are diagnosed as dry AMD, about 80% of vision 

loss is a result of wet AMD, which only accounts 15% of diagnosed cases (de Jong, Geerlings, 

& den Hollander, 2020; Thomas, Mirza, & Gill, 2021).  

 

Figure 1. Multimodal imaging of AMD. (A) Large soft drusen on colour photography (left), spectral-domain optical 

coherence tomography (middle), and fluorescein angiography (right). (B) Recent on-set neovascular AMD on colour 
photography (left), spectral-domain optical coherence tomography (middle), and optical coherence tomography angiography 
showing appearance of choroidal new vessels (right). (C) Longer-standing neovascular AMD with fibrous scar on colour 
photography (left), fluorescein angiography (middle), and optical coherence tomography angiography showing Medusa-like 
appearance of choroidal new vessels (right). Adapted with permission from reference (Mitchell, Liew, Gopinath, & Wong, 
2018), copyright 2018, Elsevier.  

1.1.1 Structure of Macula 

Macula is located at the center of the retina. It is responsible for central high-resolution with 

highly concentrated photoreceptors, rods and cons, within the retina and providing a good 

vision. There are retinal pigment epithelium (RPE) cells located at the posterior of the 

photoreceptors. RPE cells are the most important component of the blood-retinal-barrier (BRB) 
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and provide maintenance of photoreceptor cells (S. M. George, Lu, Rao, Leach, & Gross, 

2021). RPE cells function in photoreceptor phagocytosis, nutrient transport, and cytokine 

secretion. Bruch’s membrane is found in the posterior of the RPE. It is a semipermeable 

membrane that functions as a barrier between RPE and choroid, supplying blood to the outer 

layers of the retina (Rama D. Jager, 2008) (Figure 2). 

 

Figure 2. Schematic representation of wet AMD. Blood vessels present in the retina raptures the Bruch's membrane and 
damages the macula. The fovea is located in the center of macula and contains a high concentration of cones in the retina, 
enabling high-resolution vision. Cone photoreceptors are present in the center of fovea. Cone photoreceptors are attached to 
RPE cell layer. Bruch’s membrane is an elastic, semi-permeable barrier, functioning in major metabolic transport and 
exchange. Choroid proves blood supply to the RPE and the macula.  

1.1.2 Pathophysiology of AMD 

Both dry AMD and wet AMD show degenerative effects in the ocular fundus, the macula that 

is the area playing role for central vision (Klettner et al., 2013). In AMD, there is an 

accumulation of cellular debris on both sides of the RPE membrane affecting the macula. 

Hypothetically, AMD progression is sequestered in six events, including, dysfunction of RPE, 

intracellular material accumulation, accumulation of extracellular materials, alterations in 

Bruch’s membrane permeability, and then RPE response (Zarbin, 1998). The senescence of 

RPE cells changes the balance between enzymes in the extracellular matrix in the macula. With 

RPE aging, mitochondrial defects, such as decrease in number and size, change in form (oval 

or round form) and randomly distributed peroxisomes in the basal cytoplasm of RPE cells 

(Feher et al., 2006) are accumulated. Due to metabolic complications, cell metabolites (drusen) 

are deposited between the Bruch’s membrane and RPE layer, resulting in adjacent retinal tissue 

damage, decrease of blood supply to retina, and formation of vitreous warts (Deng et al., 2021; 

Ferrington et al., 2020). Additionally, immunogenic processes play role in AMD pathogenesis 
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within Bruch’s membrane with dendritic cells and macrophages, in macula complement and 

microglial activation (Kinnunen, Petrovski, Moe, Berta, & Kaarniranta, 2012). The 

degeneration of RPE cells lead to the progression of disease to early-stage AMD and finally it 

progresses to late AMD (de Jong et al., 2020; Deng et al., 2021). Dry AMD can also progress 

to wet form and cause hemorrhaging and exudation throughout central choroidal neovascular 

(CNV) membranes in the retina and result in vision loss (Thomas et al., 2021). The reason of 

CNV formation is excessive vascular proliferation or angiogenesis because of vascular 

endothelial growth factor (VEGF) release (Thomas et al., 2021). 

1.1.3 Treatment of AMD 

Laser photocoagulation in 1980s and photodynamic therapy in 1990s had been introduced for 

AMD treatment. Laser photocoagulation is the first approach for AMD treatment to slow down 

disease progression by cauterizing the ocular blood vessels (Virgili G, 2007). However, the 

outcomes of this method were quite limited. Since VEGF has a key role in choroidal 

neovascularization, VEGF inhibitors were under investigation and administered to the patients 

via intravitreal injection (Laurence S. Lim, Mitchell, Seddon, Holz, & Wong, 2012) becoming 

an alternative treatment for AMD.  

The intravitreal agents are administrated to the patients by using a topical or subconjunctival 

anesthetic (Rama D. Jager, 2008). Pegaptanib (Macugen, Pfizer), ranibizumab (Lucentis, 

Genentech/Novartis), and aflibercept (VEGF Trap-Eye Rgeneron/Bayer) are FDA approved 

anti-VEGF drugs. However, there are two important issues about using these drugs for AMD 

treatment. The first issue is safety. It is known that ranibizumab and bevacizumab enter 

bloodstream and systemic circulation after ocular injection. It was observed that there is 

suppression of plasma VEGF levels for 28 days after injection of bevacizumab but not 

ranibizumab and theoretically, systemic inhibition of VEGF levels may increase the risk of 

cardiovascular and cerebrovascular diseases. (L. S. Lim, Cheung, Mitchell, & Wong, 2011). 

The second disadvantage for use of anti-VEGF drugs is that the patients need repeated drug 

administration strictly every month (Laurence S. Lim et al., 2012). In addition, despite the 

patients are treated with intravitreal injections of anti-VEGF antibodies timely, it has been 

observed that the vision may still be lost in many patients (Brynskov, Munch, Larsen, Erngaard, 

& Sorensen, 2020). 

Besides anti-VEGF drugs, the progression of the disease can be slowed by modifying or 

eliminating some risk factors, such as smoking or diet. Additionally, antioxidant supplements 
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such as vitamin C, vitamin E, beta carotene, zinc oxide have been used to prevent AMD 

progression (Liew, Joachim, Mitchell, Burlutsky, & Wang, 2016; Rama D. Jager, 2008). The 

effect of antioxidant supplements is dependent on the stage of AMD (Evans & Lawrenson, 

2017).  

1.2. Anti-VEGF Therapies in Ophthalmology 

VEGFs are a family of polypeptide growth factors including six polypeptides, VEGF-A, -B, -

C, -D, -E, and placental growth factor (PIGF). VEGF family has a key role in angiogenesis, 

vasculogenesis and lymph angiogenesis (Roskoski, 2007). VEGF is secreted by macrophages, 

stromal cells, retina epithelial cells, malignant cells, and endothelial cells. VEGFs specifically 

bind to differentiating and mature endothelial cells and hematopoietic cells (Grunewald, Prota, 

Giese, & Ballmer-Hofer, 2010). VEGF stimulates the secretion and activation of proteolytic 

enzymes and degradation of extracellular matrix (ECM). Thereby, VEGF provides 

proliferation migration and tube formation of vascular endothelial cells (Bremnes, Camps, & 

Sirera, 2006; Chang et al., 2012; M.S.Pepper, 1992).  

VEGFs are expressed from various genes functioning and causing both pathological and 

normal angiogenesis (Grunewald et al., 2010; Ng, Krilleke, & Shima, 2006). Among different 

VEGF molecules, alternative splicing creates a further variety. Human VEGF-A has several 

isoforms including VEGF121, VEGF145, VEGF165, VEGF183, VEGF189, and VEGF206. VEGF121, 

VEGF145, and VEGF165 stimulate angiogenesis, while VEGF189 and VEGF206 are located 

mostly in the ECM. They are strongly cell-associated and bound to extracellular heparin-

containing proteoglycans (John E. Park, 1993). VEGF165 is the isoform secreted by both benign 

and malignant cells (Bremnes et al., 2006).  

VEGFs can make specific interactions with three different type V receptor tyrosine kinases 

(RTKs) namely VEGFR-1, -2, -3, and neuropilins and heparan sulfate proteoglycans (HSPG) 

(Grunewald et al., 2010; Roskoski, 2007; Terri Davis-Smyth & Ferrara2, 1996). These 

receptors are perpetually expressed (independent from proliferation) and lies throughout the 

vascular system (Bremnes et al., 2006). VEGFR2 is known as the main VEGF receptor. When 

VEGF binds to VEGFR2, dimerization and autophosphorylation of receptors by kinase 

domains are activated, causing a mitogenic and proliferative signal (Chang et al., 2012; 

Klettner & Roider, 2009).  

VEGF-A has important functions in the retina. It is secreted by RPE cells and functions as a 

neuroprotective factor with a protective effect on Müller cells, neuronal and RPE cells and 



18 
 

choriocapillaris. However, alterations in Bruch’s membrane and increased VEGF-A secretion 

by RPE cells can lead to choroidal neovascularization (Byeon et al., 2010; Klettner et al., 

2013). VEGF-A production in the retina can be triggered by hypoxia, cytokines, oxidative 

stress, and hyperglycemia.  

The upregulation of VEGFs in retinal cells, especially in RPE can also be a result of metabolic 

changes in the cell such as lysosomal dysfunction due to lipofuscin accumulation, or lipid 

peroxidation (Klettner et al., 2013).  

Since VEGF upregulation leads to formation of wet AMD in the eye, VEGFs are great targets 

for neovascularization inhibition (Ciulla, Hussain, Pollack, & Williams, 2020).  

Anti-VEGF therapies for ocular diseases are considered as important advances (Cheung, 

Wong, & Wong, 2014). Anti-VEGF therapies have been extensively used in clinic for various 

eye diseases, including diabetic retinopathy (Zhao & Singh, 2018), neovascular age-related 

macular degeneration (Finger et al., 2020), corneal neovascularization (Yi Lu, 2015), and 

choroidal neovascularization (Su et al., 2021). Anti-VEGF therapeutics can be in various 

structures including antibody molecules, peptides, or aptamers (Figure 3). Among them 

pegaptanib, ranibizumab, brolucizumab and aflibercept have been approved by FDA as anti-

VEGF therapeutic molecules for ocular disease treatments. These therapeutics inhibit the 

binding of VEGF signaling peptide to its receptors and prevent VEGF to generate leaky blood 

vessels (Ferrara & Adamis, 2016).  

Pegaptanib is a pegylated anti-VEGF aptamer. It binds to VEGF-A isoform VEGF165, which 

is responsible for mediating neovascularization in the eye. Pegaptanib can also prevent VEGF-

mediated cell proliferation (Cunningham et al., 2005). Although there are several studies about 

the therapeutic effects of pegaptanib, there are some concerns about intraocular pressure 

increase in the eye after pegaptanib injection (Frenkel, Mani, Toler, & Frenkel, 2007).  

Ranibizumab is the second FDA approved drug for AMD treatment. It is a recombinant 

monoclonal antibody fragment that binds to and neutralizes all VEGF isoforms. Thus, it was 

considered as a therapeutic for nAMD treatment. According to the studies done to evaluate the 

safety, efficacy, and pharmacokinetic profile of ranibizumab, it is suitable for clinical use for 

nAMD treatment (Gaudreault, Fei, Rusit, Suboc, & Shiu, 2005; Ho et al., 2014; Staurenghi et 

al., 2018).  
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Figure 3. Anti-VEGF therapies. A) Antibodies, which are VEGF antagonist and bind to VEGFR, B) peptides, which are 
small sequences and bind to VEGFR with high affinity. C) Fragments of humanized antibodies, which are designed to inhibit 
all isoforms of VEGF-A. D) Aptamers, which inhibits key VEGF actions as promotion of endothelial cell proliferation and 

survival and vascular permeability. Created by BioRender.com. The figure was modified from (A. Pandey, 2013). 

Bevacizumab (Avastin, Genentech) is a full-length antibody that binds to all VEGF isoforms 

as ranibizumab and is the third approved anti-VEGF drug for AMD treatment. Bevacizumab is 

an alternative to ranibizumab since it is cheaper and has an equal efficacy. There are several 

studies that evaluate the safety and efficacy of intravitreal injection of ranibizumab for AMD 

treatment. The results showed that bevacizumab can be used as an alternative therapeutic drug 

for the treatment of AMD (Brechner, Rosenfeld, Babish, & Caplan, 2011; Comparison of Age-

related Macular Degeneration Treatments Trials Research et al., 2012; Krebs et al., 2009).  

Aflibercept is an engineered fusion protein that binds to VEGF, and it is the fourth anti-VEGF 

drug approved by FDA for AMD treatment. Aflibercept inhibits the angiogenic response by 

acting as a receptor for VEGF, and prevents inflammation and retinal damage (Traynor, 2012).  

Brolucizumab is a humanized, single-chain antibody fragment, VEGF inhibitor developed by 

Novartis for wet AMD, diabetic macular oedema, and macular oedema secondary to retinal 

vein occlusion. Brolucizumab inhibits VEGF-A isoforms; VEGF110, VEGF121, and VEGF165 

(Dugel et al., 2017; Markham, 2019). It is the smallest antibody (26 kDa) among anti-VEGF 

antibodies. Since it is smaller compared to aflibercept (115 kDa) and ranibizumab (48 kDa), it 

is easier to concentrate brolucizumab up to 120 mg/mL, which enables 6 mg administration in 

a 50-μL intravitreal injection, while the same amount of brolucizumab equals to 12 times the 
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2.0-mg and 22 times the 0.5-mg doses of aflibercept and ranibizumab, respectively. Small 

molecular weight of brolucizumab and its administration in high drug concentrations are 

important advantages of brolucizumab. Comparable half-life of brolucizumab and its higher 

doses of administration may lead a slower clearance of drug from the eye, enabling prolonged 

duration of action (Dugel et al., 2017). A recent study accomplished with 1817 participants 

showed brolucizumab’s continues inhibitory effect on vascularization up to 48 weeks (Dugel 

et al., 2020). 

Abicipar pegol (Allergan Inc, Switzerland) is a non-monoclonal anti-VEGF antibody and it is 

the most recent antibody in the pipeline for intravitreal therapy (Klein et al., 2019). Abicipar is 

a molecule composed of designed ankryn repeat proteins (DARPin), which are derived from 

naturally occurring ankyrin protein repeats. The number of repeats is limited by four to six in 

number and these repeating numbers are generated by protein engineering and recombinant 

DNA technology (Sharma, Kumar, Kuppermann, & Bandello, 2020). It can bind to all VEGF-

A isoforms like ranibizumab but exhibit a longer half-life (Moisseiev & Loewenstein, 2020).  

Conbercept is a recombinant fusion protein composed of VEGF receptor domains. It exhibits 

higher binding affinity to VEGF-A165 compared to ranibizumab and bevacizumab and a 

comparable binding affinity with aflibercept. Conbercept has been considered as a potential 

anti-VEGF drug for AMD treatment due to its inhibitory effect on VEGF-induced HUVEC 

proliferation (Lu & Sun, 2015). 

Faricimab is a unique bispecific mAb developed to simultaneously inhibit Ang2 and VEGF-A 

(Stahl et al., 2013). The simultaneous neutralization of angiopoietin-2 and VEGF-A is 

considered as sustained efficacy through extended durability and a potential for further 

investigation. 

In a phase II clinical study, the safety and efficacy of faricimab was assessed for neovascular 

AMD in comparison to ranibizumab. Faricimab showed no new or unexpected safety signals 

(Sahni et al., 2020). In another phase II trial, faricimab provided maintenance in initial vision 

and anatomic improvements compared to ranibizumab monthly treatment in a 52-week period 

(Khanani et al., 2020). 

Pazopanib is a multitarget tyrosine kinase inhibitor effective on both VEGF receptors and 

proangiogenic platelet-derived growth factor pathway. To evaluate the efficacy of pazopanib 

in diabetic retinopathy, an eye drop form of pazopanib suspension was designed and tested on 

rat models. It was indicated that the eye drop formulation significantly reduced leukostasis in 
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rat models and pazopanib eye drops may alleviate retinal complications of diabetic retinopathy 

(Thakur, Scheinman, Rao, & Kompella, 2011). 

These biopharmaceutical agents have been considered as effective therapeutics for AMD 

treatment and other ocular neovascularization disease including diabetic retinopathy, retinal 

vascular occlusions, neovascular glaucoma, retinopathy of prematurity (Chakravarthy et al., 

2021; Kim & D'Amore, 2012; Schargus & Frings, 2020). However, there are several patients, 

who do not respond to these treatments or face with side effects such as pain and infection. In 

addition, the treatment is costly and experienced professionals are required to perform 

intravitreal injections (Mandal et al., 2018). Due to these disadvantages, novel therapeutics and 

administration routes are in need for treatment of ocular neovascularization disorders. 

The main disadvantage of anti-VEGF therapies is intravitreal injection, which may lead to 

infections, increase in intraocular pressure and inconsistent administration intervals due to 

patient compliance. The reason behind this route of administration is the high molecular weight 

of the active molecules, which cannot pass through the barriers of the eye and reach to retina. 

Therefore, there are two strategies for the development of new generation therapeutics; (1) 

discovery of smaller molecules, which could be formulated into topical drugs, (2) engineering 

long-term sustained release systems to extend the injection intervals. 

Some novel small molecules, mostly peptides are under development as anti-VEGF molecules 

(Table 1).  In 2015, Lu et al. studied on a novel 20-amino acid antiangiogenic peptide H-KI20 

to treat corneal neovascularization. According to the experiment conducted on mouse and rat 

corneas, H-KI20 administration showed a considerable inhibition on corneal 

neovascularization induced by VEGF (Yi Lu, 2015). In another study, pigment epithelium-

derived factor (PEDF)-derived synthetic peptides were administrated topically on rat eyes. It 

was shown that these peptides have potential to inhibit corneal neovascularization by 

suppressing VEGF expression through providing anti-oxidative properties by regulating the 

NF-ĸB pathway, when designed as PEDF nanoparticles (Matsui et al., 2012; (Yi, 2014)). For 

tumor growth inhibition, the effects of anti-VEGF peptides were investigated with anti-Flt1 

peptide and reported that anti-Flt1 peptide has an inhibitory anticancer effect by blocking 

VEGFR1-mediated endothelial cell migration (Dong-Goo Bae, 2005).  

HRHTKQRHTALH (HRH peptide) is another novel peptide which inhibits human umbilical 

vein endothelial cells (HUVECs) proliferation stimulated by VEGF. HRH peptide has affinity 

to VEGFR-Fc and prevents VEGF-A and VEGF-B binding to VEGFR-1, and VEGF-C binding 
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to VEGFR-2, resulting in its anti-angiogenesis function. It also inhibits the corneal 

neovascularization in rat corneal models, indicating that HRH peptide possess anti-angiogenic 

effect both in vitro and in vivo. HRH peptide is considered as a promising angiogenic inhibitor 

for ophthalmic disease treatment induced by excessive angiogenesis (Y. Zhang et al., 2017).  

Topical administration of small molecules to the eye is straightforward but not sufficient. 

Corneal epithelium limiting molecular diffusion, continues tear film and washing of anterior 

surface with constant blinking are the main factors limiting the absorption of drugs through the 

anterior segments of the eye (Sharaf et al., 2014). Due to these barriers, only 5% of the active 

molecule in topical drugs can reach to the ocular tissues. Nanotechnology applications such as 

nanodrug formulations pave the way to increase therapeutic efficacy of topical eye drugs, 

mainly by obviating the aforementioned obstacles.  

Table 1. Anti-VEGF peptides for inhibition of vascularization. Peptides discovered for anti-VEGF activity are listed with 
their respective in vitro and in vivo applications. 

Peptide Application Reference In vivo/ex vivo 
H-KI20 (20aa) Corneal 

neovascularization 
(Yi Lu, 2015) In vitro 

P5-2, P5-3 (5 and 6 aa, 

respectively) 
Corneal angiogenesis  (Matsui, Nishino, 

Maeda, & Yamagishi, 
2012) 

In vivo 

Anti-Flt1 (6aa) Tumor growth (Dong-Goo Bae, 2005) In vitro 
Pan-VEGF inhibitory 

peptides (6aa) 
VEGF-receptor 

interaction  
(Jussara S. Michaloski, 

2016) 
In vivo 

Anti-integrin 

oligopeptide  
Choroidal retinal 

neovascularization  
(By Hugo Quiroz-

Mercado, 2013) 
In vivo 

iVR1 Colorectal cancer (Valeria Cicatiello, 

2015) 
In vivo 

WHLPFKC and 

WHKPFRF 
Inhibition of HUVEC 

proliferation 
(Berrin Erdag, 2007) In vitro 

HRH (12aa) Angiogenesis inhibition (Y. Zhang et al., 2017) In vitro and in vivo 

1.2.1 Topical drug delivery for the posterior segment eye diseases 

Posterior segment of the eye consists of vitreous humor, retina, choroid, and the optic nerve. 

Posterior segment eye diseases (PSEDs) are the disorders that cause visual impairment by 

affecting the posterior segment of the eye. The most common PSEDs are AMD, glaucoma, and 

diabetic retinopathy. Intravitreal injection of drugs is the most preferred way of treating PSEDs 

(Varela-Fernandez, 2020). Other routes for direct injections to the eye are periocular, 

subretinal, and suprachoroidal administrations. In these routes, drug or system is injected in the 

surroundings of the target site. These methods are highly invasive and may still require the 

drug to cross a variety of barriers to reach to the target site (Varela-Fernandez, 2020). For 

instance, vitreous humor, the transparent jelly-like structure composed of collagen II, IX, and 



23 
 

V/XI fibers, and hyaluronic acid, acts both as a static and a dynamic barrier. It is a static barrier 

due to its viscous structure and a dynamic barrier due to the flow and clearance process. The 

retina is the innermost layer of the eye and composed of several layers including 

photoreceptors, glial cells, retinal pigment epithelium (RPE) and nerve fibers. The choroid is a 

barrier that lies between the RPE and the sclera and supplies nutrients and oxygen to the retina. 

Choroid functions as a static barrier with its suprachoroidal structure and dynamic barrier due 

to high choriocapillaris-layer blood flow (Varela-Fernandez, 2020).  

Topical administration of drugs is mostly used for anterior-segment diseases of the eye, 

affecting the cornea, conjunctiva, iris, or ciliary body. Ocular barriers limit the adsorption and 

penetration of drug molecules to the eye. Different glands and Goblet cells secrete a thin 

precorneal tear film, acting as a barrier to eliminate drug absorption to the anterior tissues of 

the eye. Additionally, a high percentage of the drug molecules are washed away with tear 

drainage through nasolacrimal duct. The tear drainage results in the loss of drug into the 

systemic circulation. Despite being the most challenging route to treat posterior eye diseases, 

topical administration is the least invasive method and enables high patient compliance due to 

ease of administration. 

The cornea is a six-layer collagen structure composed of Epithelium, Bowman’s membrane, 

stroma, Dua’s layer, Descemet’s membrane, and Endothelium (Figure 4). The 

physicochemical characteristics of the drugs are critical for their absorption onto the cornea. 

Only hydrophilic molecules may diffuse through the stroma since hydrated collagen has a 

hydrophilic nature. The molecules with a 500 Da molecular weight or a <5.5Ǻ size are allowed 

to penetrate across tight junctions via the paracellular route. Also, the charge of the drug is an 

important factor since cornea has a negatively charged surface and decreases the absorption of 

negatively charged molecules. 

 

Figure 4. Representative scheme of human corneal layers. The outermost layer is composed of 4-6 layers of epithelial cells. 

The middle stroma later is 600 um thick and composed of keratocyte cells. The innermost layer is formed by endothelial 
cells. Drawn by the author.  
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The conjunctiva is a thin epithelial layer that covers the eyelids and exposed sclera adjacent to 

the cornea. This structure has a much greater surface area and higher drug absorption compared 

to cornea. Conjunctiva allows drug molecules penetration up to 10kDa. However, drugs 

penetrate through the conjunctiva may rapidly cleared through the systemic circulation due to 

the presence of blood and lymphatic vessels in the conjunctiva (Varela-Fernandez, 2020).   

The absorption of topically administrated drugs into the posterior segment of the eye depends 

on which route the drug was distributed through (Figure 5). Drug exposure to the cornea would 

enable higher concentrations of drug to be present in the aqueous humor, whereas direct 

exposure on the conjunctival surface would enable higher drug concentrations to be in the 

posterior segment of the eye. Topically administrated drugs would penetrate from the 

cornea/conjunctiva surface to the retina through transvitreal, uvea-scleral, or periocular routes 

(Figure 5). In the transvitreal absorption pathway, drug diffuses through the cornea, iris, and 

ciliary body until it reaches to the vitreous humor. Drug may diffuse to the anterior chamber 

with the passage through the corneal epithelium either by using transcellular or paracellular 

route. Lipophilic drugs use the transcellular route to cross the epithelial barrier, while 

hydrophilic drugs pass the corneal epithelium via the paracellular route. After corneal 

penetration and reaching to the aqueous humor, the drug is distributed within the surrounding 

tissues, which are ciliary, iris, crystalline body, and diffuses to the vitreous humor. In uveal-

scleral route, drug molecules reach to the anterior chamber through transcorneal diffusion as 

well. Then, the drug reaches to uveal-scleral tissue, suprachoroidal space, with the drainage 

through the aqueous humour. Drug diffusion from the choroid to the posterior of the eye is 

inefficient due to the drug elimination through systemic circulation. In the periocular drug 

absorption, the drug diffuses through the conjunctiva to reach to the Tenon’s capsule. 

Thereafter, drug may diffuse through the sclera, choroid, and retina (Varela-Fernandez, 2020). 
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Figure 5. Alternative topical routes of drug absorption from the cornea/conjunctiva to the vitreous humour. Transvitreal 
route is shown in light blue, uvea-scleral route in green and periocular route in purple. Drawn by using smartservier.com. 

In recent years, to increase the corneal residential time, corneal absorption and penetration, 

several drug delivery systems have been developed. These systems including nanoparticles, 

emulsions, liposomes and niosomes advanced topical drug delivery to the back of the eye. 

Penetration enhancer peptides enabled further engineering of such nano drug carriers to 

enhance their penetration through the ocular tissues. The first paper exploring the topical 

application performance of penetration peptides was published by Wang et al. aiming to deliver 

a protector against retinal ischemia (RI) reperfusion injury. In that study, TAT peptide was 

conjugated with human acidic fibroblast growth factor (aFGF) and administrated in male 

Sprague-Dawley rats. aFGF was detectable in the retina up to 8 hours after topical 

administration indicating that TAT peptide improved the permeation across ocular tissue and 

a periocular penetration route was suggested (Guo, Hutcheon, & Zieske, 2004). Similarly, De 

Cogan et. al. reported that high molecular weight proteins (bevacizumab and ranibizumab) 

might have been delivered to the posterior of the eye with topical administration using a 

polyarginine peptide as the penetration enhancer. Pharmacokinetic studies on rat models after 

topical application of cell penetrating peptide-bevacizumab showed elevated diffusion rates to 

the retina and vitreous humor. Detection of the drug in aqueous humor made authors suggest a 

corneal route for penetration (de Cogan et al., 2017). In another recent study, Huang et al. 

decorated poly-(ethylene glycol)-distearoylphosphatidylethanolamine nanoparticles with 

penetratin peptide to enhance their penetration to the posterior segments of the eye. The 
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nanoparticles loaded with anti-vascular drug Axitinib were successfully penetrated to the retina 

and control fundus neovascularization in rat models (Huang et al., 2022).  

1.3 Cell-penetrating peptides (CPPs) 

In drug delivery approaches, translocation efficacy of drugs throughout the plasma membrane 

is known as a major challenge. Proteins, peptides, and nucleic acids are macromolecular 

compounds studied as therapeutic molecules. However, their cellular uptake is inefficient 

because of their poor in vivo stability and limited target specificity (Ruseska & Zimmer, 2020). 

It is crucial to transport therapeutics into cells in high quantities to obtain desired biological 

effect (Vives, Schmidt, & Pelegrin, 2008). CPPs are very useful basic peptides to translocate 

different molecules into various cell types. Since 1990s, several cell penetrating peptides were 

discovered to be used as enhancer for drug cellular uptake. Especially, Tat protein from HIV-

1 virus and Antennapedia from Drosophila melanogaster have been widely studied to define 

structural or sequence elements of translocation (A. Joliot, 1991; Pabot, 1988). To define the 

minimal length domain that is required for translocation, structure-activity relationship studies 

were performed on Tat proteins (101 amino acids) and Antennapedia (60 amino acids) (Vives 

et al., 2008). These studies result in short sequences of 10 to 16 amino acids, hence it leads to 

chemical synthesis of different mutants and analogues called “cell-penetrating peptides”. CPPs 

can be classified according to the characteristics of their amino acid sequences as cationic (Tat, 

penetratin, R9), amphiphatic (MPG, Pep-1, transportan-10 and PepFect6) and proline-rich 

(Bac7) CPPs (Ruseska & Zimmer, 2020). Originated and inspired by natural cell-penetrating 

moieties, rationally designed peptide sequences such as polyarginine and polylysine are 

generated and been used for efficient drug delivery (Shiroh Futaki, 2002). 

Antennapedia peptide has been commercialized as “Penetratin”. Likewise, Pep-1 was named 

“Chariot” in the market. This peptide can internalize cargo molecule just by mixing with the 

drug (Deshayes, Morris, Divita, & Heitz, 2006). After all, CPPs can interact with their cargo 

so strongly that a disruption mechanism might be required for correct subcellular translocation 

of the cargo (Bippes et al., 2021). Besides physically interacting with their cargo, CPPs can be 

used to covalently decorate nanocarriers as well as. Thereby, they are utilized to improve 

cellular internalization of various cargos (peptide, protein, DNA) in various nano-carriers 

(nanoparticles, liposomes, vesicles, niosomes, etc.). Additionally, CPPs are shown to increase 

absorption and penetration of macromolecules across a variety of tissues including skin, 

intestine, nasal and ocular tissues. In this case, cellular update might be avoided and CPPs carry 

their cargo through paracellular penetration (Pescina, 2016).  
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1.3.1 CPP Penetration Mechanisms 

There are three possible pathways for the transport of cell penetrating peptides through the cell 

membrane: (i) direct penetration, (ii) endocytosis pathway, and (iii) translocation through the 

formation of a transitory structure (Derakhshankhah & Jafari, 2018). These pathways have 

been selected according to peptide concentration and sequence, and lipid components in each 

membrane. At low peptide concentrations, the preferred uptake mechanism is endocytosis, 

while at higher peptide concentrations translocation mechanism is cytosolic uptake (Duchardt 

et al., 2009; Kärt Padari, 2010).  

Direct penetration is an energy-independent pathway with a variety of mechanisms, including 

carpet-like model (Yehonathan Pouny, 1992), pore formation (Lee, Hung, Chen, & Huang, 

2005), and membrane thinning model (Lee et al., 2005). At the first step, negatively charged 

membrane components and positively charged CPP interacts, and cell membrane destabilize 

with CPP folding on the lipid membrane (Derakhshankhah & Jafari, 2018; Ruseska & Zimmer, 

2020). Pore formation may occur in 2 forms: barrel stave and toroidal. On membrane thinning 

and carpet-like models, interactions between CPP and negatively charged phospholipids 

generates membrane thinning and carpet-like structure, respectively (Figure 6) 

(Derakhshankhah & Jafari, 2018; Ruseska & Zimmer, 2020). To summarize, these mechanisms 

include electrostatic interactions between CPPs and cell membranes. 

Unlike direct penetration, endocytosis pathway is energy dependent. This pathway has three 

classes, including pinocytosis, phagocytosis, and receptor-mediated endocytosis. Plasma 

membrane takes large particles and solutes with pinocytosis and phagocytosis, respectively. In 

receptor-mediated endocytosis mechanism, clathrin and caveolin pits play important role in 

uptake mechanism, which covers the intracellular sides of the bio membranes (Figure 6) 

(Ruseska & Zimmer, 2020). In this process, there is a strong interaction between arginine rich 

CPP and the specific cell surface receptor. 

Translocation through the formation of a transitory structure can also be classified under direct 

penetration and composed of three steps: (1) CPPs are trapped into the micelle core’s 

hydrophilic environment, (2) membrane components interact with inverted micelle, resulting 

in destabilization of micelles, and (3) CPPs are released into the cytoplasm (Figure 6). This 

mechanism is not suitable for highly cationic CPPs such as Tat since the interaction between 

CPP and hydrophobic part of the membrane occurs besides electrostatic interactions 

(Derakhshankhah & Jafari, 2018). However, inverted micelle model is described for penetratin, 



28 
 

which is a cationic and a secondary amphipathic peptide containing Tryptophan residues that 

would enable interactions with membrane lipids and GAG (Pescina et al., 2018).  

 

Figure 6. Cellular uptake mechanisms of CPPs and their conjugates. CPPs can penetrate into the cells with direct penetration 
and endocytosis pathways. In direct penetration, cell penetrating peptides passes through the membrane by pore formation or 
carpet model. In endocytosis pathways, cell penetrating peptides are taken inside the cell by clathrin-mediated, caveole-
mediated, or micropinocytosis. In the inverted micelle model, CPP-membrane interaction leads tı the formation of a micellar 
structure, which in turn inverted and release the CPP into the cytosol. Drawn by BioRender.com. The figure was modified 
from (Layek, Lipp, & Singh, 2015). 

The amino acid sequence, secondary structure, hydrophobicity, and charge are the determining 

factors for the penetration mechanism of CPPs. Besides these physico-chemical characteristics, 

the environment where the penetration occurs is also critical. For instance, the concentration 

of CPP affect their translocation. When the peptide concentration is higher than the cell amount 

proportionally, direct penetration can be the preferred pathway rather than endocytosis for a 

particular CPP. Additionally, the cell type is definitive for cellular update mechanism, thus 

non-adherent cells are reported to be more sensitive to CPPs and high concentrations can lead 

to cytotoxicity. Most importantly, the type and the size of the cargo carried by the CPPs is 

prevalent to determine the penetration pathway.  

Not always the CPP mediated penetration occurs through the transcellular route. It was shown 

that pep-7 (hydrophobic) and PEP-1 (amphipathic) peptides were localized in the extracellular 

matrix of corneal epithelial suggesting a paracellular route for penetration (Pescina, 2016). It 
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was particularly surprising since PEP-1 was able to be internalized by HeLa cells. 

Consequently, it is suggested that CPPs’ penetration route may differ among different cells due 

to cell characteristics, glycoconjugate compositions and adjacent tissue compositions. 

1.3.2 CPP for Biomedical Applications 

Some CPPs are effective molecules in antifungal and antimicrobial applications. For instance, 

Liu et al. designed an antimicrobial silver nanoparticle by using CPP for catalyzation (L. Liu 

et al., 2013). Nonetheless, their main application is the field of drug delivery. They are used 

for the delivery of peptide, nucleic acid, and protein drugs either being conjugated with the 

drug molecule or the drug carrier (Derakhshankhah & Jafari, 2018). Similarly, they are used as 

carriers to translocate imaging agents into the cells (Rudolph L Juliano, 2009). Perillo et al. 

utilized gH625 CPP for functionalization of polyethylene glycol (PEG) for delivery of 

anticancer drug mitoxanitrone (MTX) to HeLa cells (Perillo et al., 2015). TAT peptide has 

been used for gene delivery to epidermal stem cells, after being conjugated with cationic noble 

metal nanoparticles (Peng et al., 2014). Micelles were modified with CPPs and used as a carrier 

of siRNA/drug co-delivery to the brain for malignant glioma treatment (Kanazawa, Morisaki, 

Suzuki, & Takashima, 2014).  

There are some limitations for biomedical application of CPPs due to their functional and 

chemical properties.  They are not specific to cells, tissues, and organs. Thus, they need 

auxiliary compounds for fusion protein formation such as conjugation or noncovalent bindings. 

However, these compounds may show toxic effect on the cells. Additionally, the experiments 

need to be excessively conducted to determine the most suitable CPP and the required amount 

for a certain cell type or cargo (Reissmann, 2014). 

1.3.3 CPPs in Ophthalmology 

Ocular tissues are composed of challenging barriers. Even though there are numerous effective 

therapeutics for ocular disease treatments, including proteins, small molecules, and 

oligonucleotides, the efficacies are limited due to the dynamic (tear turnover, choroidal blood 

flow, lymphatic clearance), static (sclera, corneal stroma, stratified corneal epithelium layers), 

and metabolic barriers (efflux pumps and enzymes) of the eye decreasing the bioavailability of 

therapeutics (S. H. Kim, Lutz, Wang, & Robinson, 2007; Pescina et al., 2018). The physiology 

and anatomy of each barrier is different and CPPs have been considered as enhancers for 

ophthalmic delivery due to their ability to cross biological membranes.  
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To treat posterior segment diseases, local injections have been utilized, while topical 

applications are traditionally preferred to treat anterior segment eye diseases. However, topical 

administration is the least invasive and highest patient compliance approach for ocular 

treatment. To achieve required bioavailability of drugs for the treatment of posterior segment 

eye diseases, CPP mediated drug delivery is considered.  

A variety of CPPs were evaluated as conjugates with the drug molecules to deliver them to the 

back of the eye. Among them, the conjugate of an Arginine-rich CPP with bevacizumab 

resulted in fast diffusion to the vitreous humor and retina. Bevacizumab-CPP complex 

administered two times a day for 10 days, considerably decreased the CNV area, compared to 

the untreated eyes (de Cogan et al., 2017). Similarly, Tat peptide (GRKKRRQRRRPQ) 

conjugated with acidic FGF increased the penetration of FGF to the retina of Sprague-Dawley 

rats (Wang et al., 2010). 

CPPs are also actively investigated to enhance penetration of nanomedical drug delivery 

systems to the back of the eye. Nanoparticles, liposomes, vesicles etc. are highly preferred to 

provide sustained drug release and increase drug stabilities. Besides the physical characteristics 

of nanoparticles that would be helpful for their targeted delivery, addition of CPPs is shown to 

increase their penetration ability, particularly in ocular tissues. Suda et al. utilized penetratin, 

Tat and polyarginine peptides as CPPs for high-density lipoprotein (HDL) mutant 

transportation to treat posterior segment eye diseases as an eye drop formulation. Penetration 

with penetratin was the highest compared to other CPPs and CNV size was significantly 

decreased after administration (Suda et al., 2017). In another study, Tat was conjugated with 

PEG-PLGA nanoparticles. Tat-NP was distributed within retina and choroid, 30 min after 

administration in rats with laser-induced CNV (Chu, 2017).   

In various comparative studies, penetratin peptide was shown to be a better penetration 

enhancer, particularly than TAT, polyarginine, polyserine and proteamine (Suda et al., 2017; 

Liu, 2014). Better performance of penetratin was explained by its structural properties, 

particularly higher lipophilicity compared to other CPPs evaluated. Additionally, presence of 

tryptophan is considered to enhance the uptake of cationic CPPs.    

On the other hand, not all CPPs are effective for the delivery to the retina. Studies on POD and 

nucleolin binding peptide (NBP) indicated their ocular tissue localization in corneal epithelium 

or optic nerve sheath but no data is found on their penetration to the retina (Johnson, 2008, 

Binder, 2011). 
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1.4 Hyaluronic acid (HA) 

Hyaluronic acid (HA) is an anionic, non-sulphated glycosaminoglycan (GAG) that is 

composed of N-acetyl glucosamine D-glucuronic acid groups with interchanging β-1,4 and β-

1,3 glycoside bonds. HA is a mucoadhesive, biocompatible, biodegradable, viscoelastic linear 

polymer, which has a variety of molecular weight ranging from 1 to 10,000 kDa and it may be 

chemically modified easily (Jin, Ubonvan, & Kim, 2010). HA is biologically synthesized by 

HA synthase (HAS) enzymes: HAS1, HAS2, and HAS3. These enzymes transport HA into the 

extracellular space and they are responsible for molecular size and concentrations of HA in the 

tissue (Huerta Angeles & Nesporova, 2021). HA is metabolized by hyaluronidase enzymes that 

are present in mammalian tissues. 

HA is one of the crucial elements of extra cellular matrix (ECM) (X. Zhang, Wei, Xu, & Zhu, 

2021). It is distributed throughout the connective tissues and organs of all animals. It plays 

important roles in structure formation and hydration of the ECM and enables the mechanical 

functionality and stability of tissues in the body (Guter & Breunig, 2017). HA is present in 

epithelial and connective tissues in large quantities, and it has a key role in cell propagation 

and migration. HA also has key roles on epithelial tissue cells growth, macrophages, and 

eosinophils (Vasvani, Kulkarni, & Rawtani, 2020).  

There are receptors present on the cell surface and HA can interact with these receptors such 

as CD44, HA receptor for endocytosis (HARE), lymphatic vessel endothelial hyaluronan 

receptor-1 (LYVE-1), and receptor from hyaluronate-mediated motility (RHAMM) (Misra et 

al., 2011; Vasvani et al., 2020; X. Zhang et al., 2021). These receptors link cells to ECM and 

have other multiple biological functions such as stimulating signaling processes (Misra et al., 

2011; X. Zhang et al., 2021). 

HA has been used for a variety of medical applications due to its non-toxic, non-immunogenic 

and non-inflammatory properties. (Jin et al., 2010; Tezel & Fredrickson, 2008). Becker et al. 

reported that the use of HA and its potassium and sodium salts are nontoxic and unlikely to 

stimulate adverse reactions in cosmetic applications (Becker et al., 2009). HA is also a widely 

used polysaccharide for wound healing applications. HA was grafted with pullulan (a 

polysaccharide polymer produced from starch and used as thickener, binder, or coater) as a 

biofilm exhibiting high biocompatibility and considerably promoting wound healing process 

(H. Li et al., 2018). Mencucci et al. determined the safety and efficacy of HA artificial tears 

for tear-film stability and eliminate ocular discomfort in eyes after cataract surgery. Artificial 
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tear is administrated to the patient eyes, and it was observed that HA ophthalmic solution was 

well-tolerated and effectively reduced dry-eye diseases symptoms, improving clinical results 

after the surgery (Mencucci, Boccalini, Caputo, & Favuzza, 2015). 

1.4.1 HA in drug delivery systems 

HA is soluble in water and used to form gel like lubricants. The length of HA chain, degree of 

cross-linking, presence of chemical modifications and the pH of the solvent, affect the viscosity 

of HA (Jin et al., 2010; Price, Berry, & Navsaria, 2007). Tissue hydration process is controlled 

by the presence of HA and their interaction with collagen in the ECM. Due to these important 

biological functions and physicochemical properties, HA and its derivatives have been under a 

comprehensive investigation for drug delivery applications (Jin et al., 2010). HA can be used 

in non-parenteral (ocular, nasal) and parenteral (gene delivery, sustained release, target specific 

delivery) delivery systems. HA has a considerable potential to be utilized for therapeutic drug 

delivery applications as nanocarrier supplement to enhance cellular uptake and therapeutic 

effects of the drugs. 

HA is also effective for sustained release applications. HA was crosslinked with gelatin to form 

a hydrogel for sustained release of recombinant thrombomodulin (rhTM) an integral 

transmembrane protein expressed on the surface of endothelial cells reducing blood 

coagulation) for wound healing process in diabetic mice. rhTM-loaded hydrogels increased 

granulation, angiogenesis, tissue formation, and re-epithelization (Hsu et al., 2019). In another 

study, HA-tyramine hydrogel conjugates were used to incorporate trastuzumab (the 

monoclonal anti-VEGF antibody that is used for stomach and breast cancer therapies) and 

hyaluronidase. In four weeks, degradation of hydrogels was observed and possessed sustained 

release of trastuzumab from the hydrogels. Thus, HA-tyramine conjugation provided a better 

pharmacokinetic profile of trastuzumab (Xu, Lee, Gao, Tan, & Kurisawa, 2015).  

HA is a suitable drug carrier for different active molecules. HA may carry proteins, peptides, 

nucleic acids, and different anticancer agents to the tissues and cells (Huang & Huang, 2018). 

In 2001, it was shown that HA could be useful for sustained release of nanoparticles, peptide 

and protein drugs (Donald L. Elbert, 2001). Kumar et al. used electrostatic interactions between 

negatively charged HA and positively charged FE2O3 nanoparticles for delivering peptides into 

A549 and HEK293 cells efficiently (Kumar et al., 2007). In another study, HA-Mitomycin C 

conjugation was designed to compare anti-metastatic effect of HA-Mitomycin C complex and 

free Mitomycin C against lung carcinoma. It was shown that HA-Mitomycin C exhibited anti-
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metastatic effect against the disease while free Mitomycin C showed no effects (Kazuo Akıma, 

1996). 

The mucoadhesive properties of HA may increase the absorption of drugs and proteins in nasal 

and ocular surfaces. The high amount of -COOH groups present in HA structure contributes to 

hydrogen bond formation with biological substrates (Pritchard & Mariott, 1996). The increase 

in the drug bioavailability could be the reason for longer residence time of drug formulation on 

the mucosa. It has been demonstrated that HA shows penetration enhancement properties 

toward nasal mucosa (Edman, 1992). The nasal absorption of protein drugs was enhanced by 

HA modified with tetraglycine-L-octa arginine as an absorption enhancer (Tomono et al., 

2020). Nasal absorption of insulin was also significantly increased by designing HA ester 

microspheres for nasal delivery (L. Illurn, 1994). 

Since HA is a tumor marker for prostate and carcinomas, it can be used to monitor the disease 

progression by binding to cell surface receptors found in tumor tissues of kidney, vessels, and 

liver (Vasvani et al., 2020). Hence, HA can be used for a targeted drug delivery and theranostic 

systems. Xu et al. designed gold nanorod conjugated with HA and an antibody for 

photodynamic therapy. There are several diseases that can be treated by using drug delivery 

systems in which HA is used, such as respiratory diseases, wound healing, regenerative 

medicine (Li Liu, Gao, Lu, & Zhou, 2016), anti-inflammatory, and anti-aging medications 

(Sabine A. Eming, 2014) due to these distinctive properties (Jin et al., 2010; Vasvani et al., 

2020). 

1.4.2 HA in Ophthalmology 

HA has important structural roles in all segments of the eye (Huerta Angeles & Nesporova, 

2021) as being an endogenous substance that is present abundantly. HA is found in iris, lens, 

retina (RPE cells, Müller cells, retinal ganglion cells), and vitreous (Guter & Breunig, 2017). 

Hyaluronic acid, together with collagen, is one of the main components of vitreous providing 

viscosity and elasticity, respectively. HA interacts with collagen to link collagen molecules and 

stabilize the helical structures of collagens by electrostatic interaction between negatively 

charged polysaccharides and positively charged proteins (Del Amo et al., 2017).  The vitreous 

humor acts as a barrier limiting the distribution and diffusion of drug molecules and delivery 

systems (Del Amo et al., 2017). The concentration of hyaluronic acid increases from the 

anterior to the posterior of the eye in the vitreous (Varela-Fernandez et al., 2020). The amount 

of diffusion hindrance factor of the vitreous humor is small. Only the diffusion of anionic and 
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neutral molecules is not restrained in the vitreous by the vitreous components. Cationic 

molecules undergo charge interactions with HA, which decrease cationic-drug diffusion 

through vitreous humor. Xu et al. intravitreally injected a biodegradable nanoparticle to the 

back of the eye and measured the diffusion of the nanoparticles in the bovine vitreous compared 

to their diffusion in water using Stokes-Einstein equation. Diffusion coefficient of 

nanoparticles was two times lower than in water indicating a slower diffusion rate in vitreous 

(Xu et al., 2013).  

HA acts in the recovery of cornea, take part in maintenance of intraocular pressure (IOP), and 

has a role in migration of inflammatory cells. HA binds to CD44, Toll-like receptor (TLR) 4 

and TLR 2 and stimulate inflammatory cells (Jiang, Liang, & Noble, 2011; Oh et al., 2010). It 

promotes wound healing in corneal epithelial cells by providing cell migration, preventing 

inflammatory responses, and upregulating repair responses (Zhong et al., 2016). Zhong et al. 

reported that the expression levels of inflammatory cytokines IL-1β and MMP-9 in human 

corneal epithelial cells (HCE) decrease after incubation in HA solution (Zhong et al., 2016). 

HA's effective roles in wound healing, cell migration and angiogenesis provide a synergistic 

effect as an ophthalmic therapeutic agent. So far, HA has been utilized in a number of 

ophthalmological applications including treatment of dry eye (Bielory & Wagle, 2017), corneal 

wound healing (Carlson, Kao, & Ogundele, 2018), drug delivery (Dovedytis, Liu, & Bartlett, 

2020), ophthalmic viscosurgical devices (Arshinoff & Jafari, 2005), comfort agent of contact 

lenses (M. George, Khong, & Maltseva, 2019), vitreous substitutes (Chatterjee et al., 2021), 

and intracameral injections to the anterior chamber of the eye (Chan et al., 2019). 

To increase the precorneal duration of therapeutics in topical administrations, the mucosal 

adhesion features of HA can be used in the forms of gels, viscous solutions, inserts, and 

nanocarriers (X. Zhang et al., 2021). In this sense, HA can be used as a material for drug 

conjugations in topical administration. In 2009, Oh et al. designed anti-Flt1 peptide-HA 

conjugate to treat corneal neovascularization and in vivo biological activity of the conjugate 

was confirmed (Oh, Park, Choi, Joo, & Hahn, 2009). In 2015, Beack et al. conjugated Flt1 

peptide and HA and it was observed that the conjugate was absorbed and retained on the corneal 

epithelium after topical administration in mice model (Oh et al., 2011).  

1.5 Nanogels 

Nanogels are 3D hydrogels that are made of hydrophilic polymer network with sizes in the 

nanoscale (Li, Maciel, Rodrigues, Shi, & Tomas, 2015). Nanogels are named according to the 
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cross-linking method. When nanogels are synthesized via physical or chemical crosslinking, 

they are called physically or chemically cross-linked nanogels, respectively (Soni, Desale, & 

Bronich, 2016). Compared to microgels, nanogels are more advantageous for reaching body 

areas, which results in an improved bioavailability. 

Nanogels swell in water and can encompass 30% of weight of biological molecules and drugs 

via electrostatic, hydrophobic, and/or van der Waals interactions, also they can make covalent 

bonds with polymer chains (Soni et al., 2016). Nanogels can entrap therapeutics in large 

amounts with no change in their biological activity after loading. The release of entrapped drug 

occurs as a result of hydrolytic degradation of polymeric network (Sivaram, Rajitha, Maya, 

Jayakumar, & Sabitha, 2015). The amount or type of polymer, drug or nanogel charge, and 

environmental factors such as pH, temperature, and ions, are the factors to control the drug 

release from the nanogels (Buwalda et al., 2017; Kompella, Amrite, Pacha Ravi, & Durazo, 

2013).  

1.5.1 Nanogels in Ophthalmology 

In topical ocular drug delivery systems, the major goal is to deliver optimal drug concentration 

to the target site. To achieve this, several drug delivery systems have been developed that can 

increase the residence time on the eye, such as medical gels. These gels are designed in liquid 

forms, and they are stimuli-responsive against the physical, chemical, and biological stimuli 

(Gan, Gan, Zhu, Zhang, & Zhu, 2009; Makwana, Patel, & Parmar, 2016). Nanogels for ocular 

delivery become important systems due to their many critical properties, such as their capacity 

to entrap large amounts of drug, sustained release and ability to prolong the corneal residence 

time (Sivaram et al., 2015).  

For instance, Brannigan et al. synthesized poly((2-dimethylamino) ethyl methacrylate) 

nanogels and quarternized with acryloyl chloride to increase mucoadhesivity. Synthesized 

nanogels showed good mucoadhesive properties on bovine conjunctival tissues and they 

provided a sustained release of pilocaprine hydrochloride more than 6 hours (Brannigan & 

Khutoryanskiy, 2017). Wang et al. developed a therapeutic ophthalmic contact lenses loaded 

with zwitterionic nanogels made of poly (sulfobetaine methacrylate) (PSBMA). The 

ophthalmic drug levofloxacin was encapsulated into the nanogels for sustained release. The 

contact lenses that are loaded with nanogels show a considerable potential to be used for the 

treatment of ocular diseases (Wang, 2021).  
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In addition to synthetic polymer based nanogels, natural materials were also employed in ocular 

drug delivery applications. Chitosan and hyaluronic acid are the two widely used 

polysaccharides for nanogel engineering. Buosi et al. developed a high molecular weight 

chitosan nanogel, which is crosslinked with sodium tripolyphosphate. It was observed that the 

nanogels did not show cytotoxic or inflammatory effect on human retinal pigment epithelial 

cells (ARPE-19), which constitutes the outer blood-retinal barrier (Buosi, 2020). 

For ocular delivery of ferulic acid, a pluronic micelle- hyaluronan nanogel formulation was 

designed for corneal wound healing. Compared to the rapid release from micelles, micelle-

nanogel formulation sustained the release time up to 2 days, which promoted the fibroblast 

growth in damaged cornea (Grimaudo et al., 2020). Zhang et al. aimed an antibiotic release 

system to prevent the possible post-surgical adhesion. HA was conjugated with ciprofloxacin 

and vancomycin to be used for sustained release of antibiotics (Zhang, 2020). A similar 

approach was used by Ito et al. by synthesizing an HA nanogel by the conjugation with 

dexamethasone via an ester linkage and modification with aldehyde groups to increase 

crosslinking by means of hydrazone (Mero, 2014). 

2. Aim of the study 

Aim of the study is to develop a nanodrug formulation that is cost-effective compared to 

monoclonal antibodies, can pass anatomical and physiological barriers and target retina 

through topical administration. The first component of the nanodrug formulation is the anti-

VEGF peptide, HRH, which would eliminate neovascularization with anti-angiogenic activity 

on HUVEC cells. As the nanogel material, HA is chosen due to its mucoadhesive properties, 

abundant presence in the vitreous and interactions with CD44 receptors in retina. HA also 

provides high encapsulation efficiency of HRH and provide sustained release through covalent 

cross-linking of polysaccharides chains introduced by DVS. For an effective treatment, nanogel 

is required to reach to the back of the eye either through transcorneal, transconjunctival or 

transscleral penetration. To enhance ocular tissue penetration of the nanogel, the most effective 

cell penetrating peptide for ocular tissues, penetratin is incorporated into the system (de Cogan 

et al., 2017). The final nanogel formulation is composed HA stabilized by the presence of DVS 

and Cholesterol, encapsulating HRH peptide, and decorated by CPP (Figure 7).  
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Figure  7.  Nanogel formulation composed of HA, HRH peptide, and CPP. Nanogel formation is triggered with cholesterol 
hydrophobic core, then HRH is incorporated into the nanogel. Eventually, CPP is coated onto the nanogel surface. DVS was 
used to enhance the long-term stability of nanogel. The figure was drawn by Paint 3D. 

3. Materials 

HA with molecular weight of 21-40 kDa was purchased from Biomaterials LLC (USA). HRH 

peptide (FITC-Ahx-HRHTKQRHTALH-NH2, 2024 Da) and penetratin peptide (NH2-

RQIKIWFQNRRMKWKK-COOH, 2247 Da) were purchased from RS Synthesis (Louisville, 

USA). Cholesterol was purchased from BioChemica Ltd., (UK). Divinyl sulfone (DVS) and 

cell counting kit-8 (CCK-8) were purchased from Sigma Aldrich (Tokyo, Japan). Vascular cell 

basal medium was purchased from ATCC (USA). DMEM F-12 was purchased from 

PanBiotech (Aidenbach, Germany). HUVECs (CRL-1730, ATCC) and ARPE-19 cells (CRL-

2302, ATCC) were purchased from ATCC (USA). Poly-L-lysine (PLL) with molecular weight 

of 150-300 kDa was purchased from Sigma Aldrich (Tokyo, Japan). Live/dead cell imaging kit 

was purchased from Thermo Fisher Scientific (USA). 

 

 

Figure 8.  Chemical structure of penetration peptide (top) and HRH peptide (bottom). It is a highly positively charged 
peptide with 3 arginine residues within its 16 amino acid composition The figures were drawn by PepDraw.com. 
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4. Methods 

Cell culture. Adherent cultures of human umbilical vein endothelial cells (HUVE cells) and 

Spontaneously Arising Retinal Pigment Epithelium (ARPE-19) cells were maintained at 37oC 

and 5% CO2 and in mediums supplemented with 10% fetal bovine serum, 1% pen-strep, and 

antibiotics, Human Vascular Basal Medium and DMEM F-12, respectively. 2,5x105 HUVECs 

and 2,5x105 ARPE-19 cells were seeded into T-25 flasks. Both cell lines reach confluency in 

4 days. 1x106 cells were frozen and stocked in liquid nitrogen with each passage for both cell 

lines.  

Preparation of HRH and penetration peptide solutions for cell viability assay. 1mg/mL 

HRH peptide stock solution (494 µM) was prepared and diluted to 25 µM, 50 µM, 75 µM, 100 

µM, and 150 µM free HRH peptide solutions to treat HUVECs and ARPE-19 cells. 1 mg/mL 

cell penetrating peptide stock solution (445 µM) was prepared and diluted to 25 µM, 50 µM, 

75 µM, 100 µM, and 150 µM free CPP solutions to treat HUVECs and ARPE-19 cells. 

HA-Poly-L-lysine (PLL) formulation and synthesis. 1 mg HA (21-40 kDa) was dissolved in 

1 mL sterile water and sonicated for 30 minutes. 0.1 mL PLL (0.01%) was diluted ten-times in 

0.9 mL of sterile water to achieve PLL: HA monomer ratio of 2:1. PLL solution was added 

dropwise into the HA solution and the mixture was stirred for 3 hours. The reaction was carried 

out at different temperatures and pH (Tračuma & Loca, 2020). Experiments were repeated three 

times and averages for particle size, charge and PDI are given in Table 2 with one representative 

graph. Different pH values investigated were pH 6, 9, 7.4, and 7 for HA, pH 6 for PLL (Hyukjin 

Lee, 2007). The reactions were also carried out at different temperatures, 25oC or 37oC. Even 

though body temperature is about 37oC, eye temperature is not as high as body temperature. 

Therefore, experiments were conducted at two temperature values.   

 

Figure 9. Schematic representation of HA-PLL nanogel formation. PLL and HA were electrostatically interacted at 
different pH values and temperatures to form a nanosized gel. Negatively charged HA (due to its COO-group) interacts with 
positively charged PLL (due to its NH2

 group). Drawn by Chem4word. 
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HA-EDC/NHS-Cholesterol-PLL formulation and synthesis. 1mg HA (21-40 kDa) was 

dissolved in 1 mL sterile water (3,3x10-5 M) and sonicated for 30 minutes to provide 

homogenization in nanogel size. EDC/NHS chemistry was used for crosslinking HA to PLL. 

EDC and NHS are used to make covalent bond between HA and PLL by activating COOH 

group of HA to bind to NH2 of PLL (Figure 10). EDC (1x10-3 M) and NHS (1x10-3 M) were 

added to HA solution, (HA: EDC: NHS molar ratio is 1:0.033:0.033) stirred for 24 hours and 

dialyzed with 6-8 kDa cellulose dialysis membrane (Thermofisher Scientific, USA) against 

water, overnight. 3.15 mg cholesterol was dissolved in 120 µL toluene, added dropwise to the 

solution, mixed for 6 hours at 25oC and 700 rpm and dialyzed against water/toluene (3:1 v/v) 

(Wei, Senanayake, Warren, & Vinogradov, 2013). 0.1 mL PLL (0.01%) was diluted ten-times 

in 0.9 mL of sterile water to achieve PLL/HA with 2:1 monomer ratio. PLL solution was added 

dropwise into HA solution and the mixture was stirred for 3 hours (Hyukjin Lee, 2007). The 

reaction was carried out at 25oC and pH 6 (Figure 10). Experiments were repeated three times 

and the data obtained from DLS measurements averages are given in the Table 3 and one 

representative graph. 

 

Figure 10. Chemically crosslinked HA, cholesterol, and PLL nanogel formation that was generated by using EDC/NHS 
crosslinker for higher stability. EDC/NHS chemistry was used to introduce covalent bond between HA and PLL by activating 
COOH group of HA to bind to NH2 of PLL. Drawn by Chem4Word. 

HA-Cholesterol-PLL formulation and synthesis. 1 mg of HA (21-40 kDa) was dissolved in 

1 mL sterile water and sonicated for 30 minutes. 3.15 mg cholesterol was dissolved in toluene, 

added dropwise to the solution (Figure 11), mixed for 6 hours and dialyzed with 6-8 kDa 

cellulose dialysis membrane (Thermofisher scientific, USA) against water/toluene (3:1 v/v) 

(Wei et al., 2013), overnight. 0.1 mL PLL (0.01%) was diluted ten-times in 0.9 mL of sterile 

water to achieve PLL/HA monomer ratios to 2:1. PLL solution was added dropwise into HA 

solution and the mixture was stirred for 3 hours (Hyukjin Lee, 2007). The reaction was carried 
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out at 25oC and pH 7.4. Experiments were repeated three times and averages are given in the 

Table 3 and one representative graph. 

 

Figure 11.  HA, cholesterol, and PLL nanogel generation. HA and PLL electrostatically interacted, and cholesterol were 
used for increasing nanogel formation. Drawn by Chem4Word. 

HA-DVS-PLL Nanogel formulation and synthesis. 1 mg of HA (21-40 kDa) was dissolved 

in 1 mL sterile water and sonicated for 30 minutes. The pH of the solution was adjusted to 

either 6 or 11. The optimum pH value of DVS to crosslink the nanogel components is 11. Then, 

HA was mixed with 0.2 μL DVS for 6 hours for crosslinking (HA: DVS 1:1 molar ratio) 

(Figure 12) (Lai, 2014). After 6 hours of mixing, 0.1 mL of 0.01% PLL solution was ten times 

diluted in sterile water to arrange PLL/HA monomer ratio 2:1 and added dropwise into HA 

solution and the mixture was stirred for 3 hours (Hyukjin Lee, 2007). The reaction was carried 

out at 25oC and pH 7.4. Experiments were repeated three times and DLS measurement data 

were given as averages in the Table 4 and one representative graph. 

 

Figure 12. HA-DVS-PLL nanogel generation. DVS crosslinks HAs with N-acetyl glucosamines and increases the nanogel 
stability. PLL and HA interacts electrostatically. Drawn by Chem4Word. 

HA-EDC/NHS-Cholesterol-HRH-CPP nanogel formulation and synthesis. 1 mg HA (21-

40 kDa) was dissolved in sterile water (1mL) to achieve a 1mg/mL HA solution with 30 

seconds of vortex. The pH of the solution was adjusted to 6. EDC/NHS chemistry was used for 

crosslinking HA to HRH peptide (Figure 13). EDC and NHS were added to HA solution, (HA: 

EDC: NHS molar ratio is 1:0.03:0.03) stirred for 24 hours and dialyzed with 6-8 kDa cellulose 
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dialysis membrane (Thermofisher Scientific, USA) against water (Wei et al., 2013). 3.15 mg 

cholesterol and 0.2 mg of HRH peptide were dissolved in 120 μl toluene and 200 μl sterile 

water, respectively (Wei et al., 2013; Zhang et al., 2017). In the following step, they were 

added to HA-EDC/NHS solution and mixed for 6 hours (HA: HRH molar ratio is 1:1). The 

mixture was dialyzed overnight against water/toluene (3:1 v/v) and 0.8 mg penetratin peptide 

was dissolved in 0.4 mL sterile water and added to the solution. (HA: HRH: CPP molar ratio 

is 0.33:1:1.8). The formulation was stored at +4 OC until use. Experiments were repeated three 

times and DLS measurement data averages are given in the Table and one representative graph. 

  

Figure 13. HA-EDC/NHS-Cholesterol-HRH-CPP nanogel generation. To activate the COOH groups of HA, EDC/NHS 
chemistry was used by stirring HA and EDC/NHS for 24 hours. Cholesterol and HRH were added to the HA-EDC/NHS 
solution together for HRH to be encapsulated in the structure. Solution was dialyzed for overnight against water/toluene to 
remove toluene that cholesterol was dissolved in. In the last step, penetratin peptide was added to the formulation to generate 
an outer layer for enhancing penetration. The figure was drawn by BioRender.com. 

HA-DVS-Cholesterol-HRH-CPP nanogel formulation and synthesis. 1 mg HA (21-40 

kDa) was dissolved in 1 mL sterile water to achieve a 1mg/mL HA solution with 30 seconds 

of vortex. The pH of the HA solution was adjusted to >11 and HA was mixed with 0.2 μL DVS 

for 3 hours for crosslinking (HA: DVS 1:1 molar ratio) (Lai, 2014). After 3 hours of mixing, 

3.15 mg cholesterol, 0.2 mg of HRH peptide were dissolved in 120 µL toluene and 0.2 mL 

sterile water, respectively (Wei et al., 2013; Zhang et al., 2017). In the following step, they 

were added to HA-DVS solution and mixed for 6 hours (HA: HRH molar ratio is 0.33:1). The 

mixture was dialyzed overnight with 6-8 kDa cellulose dialysis membrane (Thermofisher 

scientific, USA) against water/toluene (3:1 v/v) and 0.4 mg penetratin peptide was dissolved 

in 0.8 mL of sterile water and added to the solution. (HA: HRH: CPP 0.33:1:1.8 molar ratio). 
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The formulation was stored at +4 OC until use. Experiments were repeated three times and DLS 

data averages are given in the Table and one representative graph. Experimental schematic is 

given at Figure 14.   

HA-DVS-Cholesterol-HRH-CPP nanogel formulation and synthesis (Nanogel 1). 1 mg 

HA (10 kDa) was dissolved in sterile water (1mL) to achieve a 1 mL HA solution with 30 

seconds of vortex. The pH of the HA solution was adjusted to >11 and HA was mixed with 0.2 

μL DVS for 3 hours for crosslinking (HA: DVS 1:1 molar ratio). After 3 hours of mixing, 3.15 

mg cholesterol, 0.2 mg of HRH peptide were dissolved in toluene and sterile water, respectively 

(Wei et al., 2013; Zhang et al., 2017). In the following step, they were added to HA-DVS 

solution and mixed for 6 hours. The mixture was dialyzed overnight against water/toluene (3:1 

V/V) and 0.4 mg of penetratin peptide was added to the solution. (HA: HRH: CPP molar ratio 

is 1:1:1.8). The formulation was stored at +4 OC until use. Experiments were repeated three 

times and averages are given in the Table and one representative graph.  

 

Figure 14. HA-DVS-Cholesterol-HRH-CPP nanogel generation. DVS was used to crosslink HAs and stirred for 6 hours. 

After that, cholesterol and HRH were added to the HA-DVS solution together for HRH to be encapsulated in the structure. 
Solution was dialyzed for overnight against water/toluene to get rid of toluene that cholesterol was dissolved in. In the last 
step, penetratin peptide was added to the formulation to generate an outer layer peptide for enhancing penetration.  The figure 
wasdrawn by BioRender and Chem4Word. 

HA-DVS-Cholesterol-HRH-CPP nanogel formulation and synthesis (Nanogel 2). 1 mg 

HA (8-15 kDa) was dissolved in sterile water (1mL) to achieve a 1 mL HA solution with 30 

seconds of vortex. The pH of the HA solution was adjusted to >11 and HA was mixed with 0.2 

μL DVS for 3 hours for crosslinking (HA: DVS 1:1 molar ratio) (Lai, 2014). After 3 hours of 

mixing, 3.15 mg cholesterol, 0.2 mg of HRH peptide were dissolved in toluene and sterile 
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water, respectively (Wei et al., 2013). In the following step, they were added to HA-DVS 

solution and mixed for 6 hours The mixture was dialyzed overnight against water/toluene (3:1 

V/V) and 0.4 mg of penetratin peptide was added to the solution. (HA: HRH: CPP molar ratio 

is 1:1:1.8). To remove toluene and DVS from the nanogels, they were freeze-dried (Cool-safe, 

Scanvac) for 24 hours at -96 oC under 0.007 mbar vacuum. After freeze-drying, nanogel was 

dissolved in 1 mL DPBS and stored at +4 OC until use. Experiments were repeated three times 

and averages are given in the Table and one representative graph. 

4.1 Nanogel Characterization  

The interactions were characterized by particle size, distribution, and charge. Size and size 

distribution was measured with dynamic light scattering (DLS), which is a characterization 

method determining the size distribution profile of small particles in suspension (Malvern 

Zetasizer Nano ZS, UK) at 25oC with three measurements. 40 μL samples were put into 

disposable microcuvettes. Surface charge of the particles were measured by using 1 mL sample 

in Zetasizer® cuvettes (Malvern,UK) under DLS by using Zeta Potential measurements. 

Morphology and size distribution of particles were finally visualized under scanning electron 

microscope (SEM), which is a technique that determines the structure of samples by scanning 

it with beam of electrons, analysis at 25oC. Samples were prepared by drop casting 7 μL sample 

on SEM grids and sputter coated with Au/Pd using 40 mA for 80 s. Samples were observed 

with Jeol Leo Supra VP35 Field Emission Scanning Electron Microscope (Zeiss, Germany). 

Observation was made using 3 kV accelerating voltage and Secondary electron and in-lens 

detectors simultaneously. To investigate the chemical bonds between the components of 

nanogels, FTIR spectroscopy (Thermo Fisher Scientific, USA) was used for analysis of 

samples at 25 oC with 128 scanning in Omnic software. 

Encapsulation efficacy and drug release profile of nanogels. Drug encapsulation efficacy 

and drug release profile of nanogels were calculated for the nanogel generated HA with 10 kDa 

molecular weight.  

To see the release profile, nanogels containing FITC fluorophore, were dialyzed with dialysis 

membrane against PBS by stirring at 700 rpm and 25oC in 25 mL PBS and samples were taken 

from PBS after 30 minutes, 1 hour, 2 hours, 4, 8, 24, 48, and 72, 96, 120, 144, 168, and 192 

hours to investigate the amount of drug released from dialysis membrane by using fluorescence 

spectrometer TECAN infinite F200 pro (TECAN AG, Switzerland). Sample was taken from 

nanogel 2 after 30 minutes, 1 hours, 2 hours, 4, 8, and 24 hours and measured under fluorescent 
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spectroscopy. Calibration curve was drawn by HRH peptide samples with different 

concentrations (0,0001 mg/mL, 0,0005 mg/mL, 0,001 mg/mL, 0,025 mg/mL, 0,05 mg/mL, and 

0,1 mg/mL) and an equation was generated with the curve.  To calculate the encapsulation 

efficacy of nanogel, it was centrifuged twice, and supernatants were measured under 

fluorescence spectroscopy measuring the FITC-tag of HRH. Encapsulation efficiency is 

calculated as percent drug obtained after centrifugation compared to initial drug loaded.  

Cell proliferation assays on HUVEC and ARPE-19. Cell proliferation analysis for HUVEC 

and ARPE-19 cells were conducted by using CCK-8 assay. 1x104 HUVEC and 1x104 ARPE-

19 cells were seeded per 96-well plate and incubated at 37oC and %5 CO2 overnight. After 

incubation, cells were treated with 20 μL nanogel formulation HA: HRH: CPP; 1:1:1.8 molar 

ratio and were incubated for 96 hours. After 96 hours of incubation, CCK-8 assay was 

performed by adding 10 μL CCK-8 agent into each well and cells were incubated for 4 hours. 

Then, the absorbance measurement was performed at 450 nm by using microplate reader (Bio-

rad, USA). The experiment was repeated as at least three biological replicates. 

CCK-8 assay is the assay using WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-

(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), producing a water-soluble formazan 

dye upon bioreduction in the presence of an electron carrier, 1-Methoxy PMS. CCK-8 assay is 

a colorimetric assay to determine the cell viability in cell proliferation and cytotoxicity assays. 

The amount of formazan dye due to the dehydrogenase activity in cells is proportional to the 

number of living cells. CCK-8 assay is a more sensitive colorimetric assay compared to MTT 

and MTS assays, which determine the mitochondrial activation.  

Live/dead cell assay. To determine whether HA, HRH peptide, penetration peptide, and 

nanogel formulation are toxic on ARPE-19 cells or HUVE cells. ARPE-19 and HUVE cells 

were seeded to each cover slip placed into each well. After 96 hours of treatment of ARPE-19 

cells and HUVE cells with HA, peptides, and nanogel separately, live/dead cell assay was 

performed by adding 1 mL of calcein solution to 1 µL of propidium iodide (PI) and vortex for 

30 seconds. Live/dead cell assay working solution was added into each well with the same 

amount of volume that cells were cultured, and cells were incubated for 15 minutes. Next, cells 

were washed with DPBS three times and monitored under LSCM (Figure 32).  

Live/dead cells assay is a highly sensitive assay, which is used to determine the viability of live 

cells based on intracellular esterase activity and plasma membrane integrity, and dead cells or 

membrane damaged cells. Virtually non-fluorescent dye is converted into a fluorescent calcein 
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(green) with high esterase activity of live cells, while dead or damaged cells are stained into 

red color with propidium iodide dye (Hu, 2022). 

Co-culture experiments. To determine the proliferation capabilities of ARPE-19 and HUVE 

cells in vascular cell basal medium and DMEM F-12 mediums, cells were co-cultured in well 

plates. HUVECs were seeded in 12-well plates whereas ARPE-19 cells were seeded to the 

trans-well insert membranes. When they reach confluency, HUVECs were stained with crystal 

violet, and ARPE-19 cells with DAPI to be investigated under the light microscopy and laser 

scanning confocal microscopy (LSCM), respectively. Cells were examined with five different 

culture conditions to determine the optimum conditions of co-culture of two cell lines (Figure 

15). ARPE-19 cells were fixed with paraformaldehyde (PFA) for 10 minutes and washed by 

DPBS three times. Then ARPE-19 cells were stained with DAPI for 15 minutes under dark 

condition and investigated under LSCM. The HUVEC growth medium was aspirated and 

washed with DPBS three times. Crystal violet was added into the HUVECs and incubated for 

15 minutes. After incubation, cells were washed with DPBS again and pictured under the 

microscope (Skottman et al., 2017). 

Transepithelial/transendothelial electrical resistance (TEER) measurement. TEER 

measurement is a non-invasive measure of the tightness of epithelial cell barriers. TEER 

measurement device functions in indicating barrier integrity of epithelial tissues and is useful 

to assess ion transport and permeability of tight junctions. TEER is measured by placing two 

chopstick electrodes on each side of confluent cell layer. A current is applied, and the barrier 

resistance is measured. In the experiment setup, ARPE-19 cells were seeded into 12-well insert 

membrane and HUVECs were seeded into the 12- well plate. 

5.      Results  

5.1      Cell proliferation ability of co-cultured ARPE-19 and HUVE cells    

ARPE-19 and HUVE cells were co-cultured to investigate their proliferation performance 

within their own cell culture medium or within each other’s medium. 1x104 HUVECs and 

ARPE-19 cells were seeded with different combinations into the wells and trans well insert 

membranes, respectively. After 24 hours of incubation, cells were stained for proper 

visualization and cell counts were obtained for quantitate analysis (Figure 15). 

Results indicated that HUVECs showed the highest proliferation in their own medium, human 

vascular cell basal medium. On the other hand, it was seen that ARPE-19 can also survive in 

vascular basal cell medium as well as their own medium, DMEM-F12. High amount of growth 
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factors present in vascular basal cell medium might be the reason of ARPE-19 cells 

proliferating fast in vascular basal cell medium. HUVECs did not show an efficient 

proliferation in DMEM-F12 and the reason of ability difference to proliferate in DMEM-F12 

and human vascular cell basal medium for HUVECs can be that HUVECs are endothelial cells, 

which would be more sensitive compared to epithelial cells such as ARPE-19. 

 

  

 

 

Figure 15. Co-culture experiments on ARPE-19 and HUVE cells in different culture media conditions and numbers of 
ARPE-19 cells and HUVE cells. 5x103 ARPE-19 cells were seeded in inserts whereas 5x103 cells were seeded into the wells. 
A) APRE-19 cells cultured in DMEM-F12, B) ARPE-19 cells were cultured in DMEM-F12 and HUVECs were cultured in 
basal medium, C) both cells were cultured in DMEM-F12, D) both cells were cultured in basal medium, E) HUVECs were 
cultured in basal medium. After 24 hours of incubation, cells were stained with DAPI and crystal violet for HUVECs and 
ARPE-19 cells, respectively. Cells were counted via Image J after capturing the images from 24 hr incubated cells with 
different culture mediums and given as in the graph. ARPE-19 cells cultured in DMEM-F12 (condition 1), ARPE-19 cells 

were cultured in DMEM-F12 and HUVECs were cultured in basal medium (condition 2), both cells were cultured in DMEM-
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F12 (condition 3), both cells were cultured in basal medium (condition 4), and HUVECs were cultured in basal medium 
(condition 5). Cell numbers were counted from three image of each sample and the average cell number was given as for each 
condition (n=2).  

5.2 Cell Viability Assay with bioactive peptides (HRH and CPP) 

To investigate the inhibitory effect of HRH and penetration peptides on HUVECs and ARPE-

19 cell proliferation, cell viability was investigated with CCK-8. The results showed that 

HUVE cell proliferation decreased with increasing HRH concentration, indicating that HRH 

peptide has an inhibitory effect on HUVE cell proliferation. On the other hand, penetratin 

peptide did not show any effect on cell proliferation. When ARPE-19 cells were treated with 

HRH and penetratin at the same peptide concentrations, not significant effect on cell 

proliferation was observed (Figure 33). 

These data provided the assurance that HRH and penetratin would be used as effective anti-

VEGF agent and cell penetrating peptide for the nanogel formulation. 

 

 

Figure 16. CCK-8 on HUVECs and ARPE-19 cells treated with different concentrations of HRH peptide and CPP. 
Cells were 80% confluency at the initiation of the study. Analysis was performed on cell cultures treated with the peptides for 
96 hr at 37oC. It was observed that mitochondrial activity of HUVECs decreased with increasing HRH peptide concentration, 
resulting in decreasing of the absorbance value, while increasing penetratin peptide concentration showed no inhibitory effect 
on the absorbance values of HUVECs. Moreover, ARPE-19 cells were not affected by the treatment of HRH peptide or 
penetratin peptide. Experiments were repeated as three biological replicates (n=3). 

 

5.3 Nanogel generation 

5.3.1 HA-Poly-L-lysine (PLL) formulation 

To optimize the nanogel formulation, HA was either electrostatically interacted or chemically 

crosslinked at different temperatures and buffer pH. Before all experiments, HA was sonicated 

for 30 minutes to minimize the possible HA aggregations.  
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As given in Table 2 and Figure 17, HA-PLL interactions at pH 7.4 and 25oC was optimum for 

nanogel formation. Average size was 128.35 nm at 25oC with the lowest PDI number. This size 

and homogeneity were also confirmed with SEM analysis (Figure 18). However, HA-PLL 

interactions show low stability at all conditions and nanogels’ hydrodynamic radius were 

increased around 30% within the following 24 hours. Therefore, further optimizations were 

considered. 

Table 2. DLS analysis of HA-PLL interactions at different pH at 25 oC and 370C. Size data is given as an average of three 
biological experiments. Within each experiment three measurements were taken. HA and PLL were interacted at different pH 
values and temperatures with 2:1 monomer ratio to observe the size of nanogels at different conditions. The sizes of HA-PLL 
interactions were 128.35 nm and 138.1 nm at 25oC and 370C, respectively, which indicates that nanogels are smaller in size at 
25oC.  Since pH 7.4 is the neutral pH, the following experiments were conducted at pH 7.4 and 25OC.  

 Size  
(d.nm ± S.D) 

PDI pH Temp. Zeta 

Potential 

(mV) 

PLL: HA 

monomer 

ratio 

Size 

after 

24 

hours 

PDI 

after 

24 

hours 

HA-PLL 128.35 ±10 0.104 7.4 25 0C -3.77 2:1 168.04 0.144 

HA-PLL 264.2 ±16 0.270 6 25 0C -5.53 2:1 212.6 0.407 

HA-PLL  121.3 ±10 0.166 9 25 0C -8.73 2:1 164.1 0.190 

HA-PLL 110.0 ±8 0.134 7 for 

HA, 6 

for PLL 

25 0C -4.99 2:1 149.7 0.228 

HA-PLL 138.1 ±12 0.160 7.4 37 0C -3.55 2:1 161.2 0.249 

HA-PLL 127.7 ±14 0.270 6 37 0C -13.1 2:1 191.2 0.164 

HA-PLL 151.9 ±12 0.259 9 37 0C -14.0 2:1 154.5 0.205 

HA-PLL 119.9 ±8 0.228 7 for 

HA, 

6 for 

PLL 

37 0C -12.9 2:1 156.0 0.183 
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Figure 17. Representative DLS data of HA-PLL nanogel formation at 25oC and 37 oC at pH 7.4 (A), 6 (B), 9 (C), and 6 
for PLL and 7 for HA (D). For both experiments PLL and HA was measured as the control in relevant pH buffers. At pH 7.4, 
nanogels were generated at 128.35 nm and 138.1 nm on average sizes at 25oC and 37oC (A), while the size was bigger at pH 
6 at 25oC (264.2±16) and 127.7±14 at 37OC (B). At pH 9, smaller nanogels were generated at 25oC (121.3±10) compared to 
nanogel sizes at 37oC (C). The sizes of nanogels that pH 7 for HA and 6 for PLL were 110±8 and 119.9±8 at both temperatures 
(D).  

 

Figure 18. SEM images of HA-PLL nanogels generated at pH 7.4 and 25oC (A,) or 37 oC (B). HA-PLL interactions showed 
low homogeneity and low nanogel generation at both temperatures and neutral pH values. Samples were prepared with drop-
casting 7 ul of sample onto SEM grids, which were air-dried overnight and coated with Au/Pd using 40 mA for 80 s. Samples 
were observed with Jeol Leo Supra VP35 Field Emission Scanning Electron Microscope at 3 kV accelerating voltage. (n=3) 
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5.3.2. HA-Cholesterol-PLL and HA-EDC/NHS-Cholesterol-PLL formulations 

To increase stability and generation of HA-PLL interactions, cholesterol and EDC-NHS 

chemical crosslinker were used. On the other hand, HA, cholesterol and PLL were mixed and 

electrostatically interacted. HA, cholesterol and PLL were interacted at 25oC and pH 6 with 

and without EDC/NHS crosslinker (pH 6 is the working pH value of EDC/NHS crosslinker). 

This result suggests whether crosslinker is an effective way for nanogel stabilization.  

Nanostructures generated by using EDC-NHS chemistry, which produce amide bonds between 

HA and PLL showed higher stability and their hydrodynamic radius remained constant within 

24 hours. Even though HA-cholesterol-PLL nanogels were smaller in size, when they were 

freshly synthesized, their size became bigger than nanogels stabilized with EDC-NHS 

crosslinker in 24 hours. This result proves that crosslinker is an effective way for nanogel 

stabilization. Both nanostructures were characterized with DLS, and SEM (Table 3, Figure 

18, and Figure 19). DLS data showed that the average sizes of the nanogels, which are 

generated with and without crosslinker, were 143.1 nm and 117.1 nm, respectively. 

Additionally, nanogels stabilized with EDC/NHS resulted in higher homogeneity as can be 

followed both with lower PDI and SEM images. 

Table 3. DLS analysis of HA-Cholesterol-PLL and HA-EDC/NHS-Cholesterol-PLL interactions at pH 7.4.and 25oC. Results 
are the average of three biological replicates. 

 Size (d.nm ± 

S.D) 

PDI Size after 

24 hours 

PDI after 

24 hours 

Size after 

one week 

PDI after 

one week 

HA-Cholesterol-PLL 117.1 ±12 0.132 134.8 0.088 159.6 0.128 

HA-EDC/NHS-
Cholesterol-PLL 

143.1 ±15 0.078 143.0 
 

0.082 161.2 0.060 

 

Figure 19. A representative DLS data of HA-Cholesterol-PLL and HA-EDC/NHS-Cholesterol-PLL nanogels at 25oC at 
pH 7.4. Nanogels generated with HA-Cholesterol-PLL are smaller in size (117.1 nm) compared to the nanogels generated with 
HA-EDC/NHS-Cholesterol-PLL (143.1 nm).  
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Figure 20. SEM images of HA-Cholesterol-PLL nanogels synthesized at pH 7.4 (A and B) and HA-EDC/NHS-Cholesterol-
PLL nanogels synthesized at pH 7.4 and 25 oC (C and D). The average sizes of nanogels were measured as 112.8 nm for the 
nanogel generated without cross linker, and 131.2 nm for the nanogel synthesized with cross linker with more homogeneity. 
Samples were prepared with drop-casting 7 ul of sample onto SEM grids, which were air-dried overnight and coated with 
Au/Pd using 40 mA for 80 s. Samples were observed with Jeol Leo Supra VP35 Field Emission Scanning Electron Microscope 
at 3 kV accelerating voltage. (n=3). 

5.3.3. HA-DVS-PLL Nanogel formulation 

As an alternative to EDC-NHS, DVS was used as the crosslinker for HA-PLL formulation. The 

reaction was carried out with 1:1 HA: DVS molar ratio and the ratio of HA:PLL was as in 

previous experiments (2:1 PLL:HA monomer ratio). HA and PLL were interacted with DVS 

crosslinker at either pH 6 or pH 11. The reason to make the interactions at pH 6 and pH 11 is 

that the best working pH value of DVS is 11 and PLL shows β-sheet structure and best folding 

at pH 6. Compared to HA-PLL electrostatic interaction, both HA-DVS-PLL interactions 

showed significantly higher stability and the hydrodynamic radius remained almost the same 

after 24 hours at pH 11, indicating that DVS is an effective crosslinker to stabilize the nanogel 

formulation (Table 4 and Figure 21). However, the size homogeneity of nanogels were low 

at both pH values (Figure 20).  

Table 4. DLS analysis of HA-DVS-PLL interactions at pH 6 and pH 11 at 25 0C. Results are given as the average of three 
biological replicates. HA-DVS-PLL interacted at pH 11 was less stabile compared to the nanogel generated at pH 6. 

 Size (d.nm ± 

S.D) 

PDI pH Size after 

24 hours 

PDI after 

24 hours 

Size after 

one week 

PDI after 

one week 

HA-DVS-PLL 135.7 ±10 0.273 6 140.1 0.402 136.1 0.177 

HA-DVS-PLL 151.0 ±12 0.340 11 157.8 0.297 216.8 0.233 
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Figure 21. Representative DLS data of HA-DVS-PLL nanogel formation at 25oC at pH 6 and 11. Nanogel formation at 
pH 6 was more than nanogel generated at pH 11. 

 

 

Figure 22. SEM images of HA-DVS-PLL nanogels synthesized at pH 11 and 25oC. The size of nanogels was measured as 

142.4 in average. Samples were prepared with drop-casting 7 ul of sample onto SEM grids, which were air-dried overnight 

and coated with Au/Pd using 40 mA for 80 s. Samples were observed with Jeol Leo Supra VP35 Field Emission Scanning 

Electron Microscope (n=3). 

5.3.4. HA-EDC/NHS-Cholesterol-HRH-CPP nanogel formulation 

To investigate the size and stability of HA-cholesterol-HRH-CPP, EDC-NHS chemistry was 

used for nanogel synthesis. HA (10 kDa) was modified with EDC/NHS 1:0.4:0.4 molar ratio 

(Figure 23). Then HRH and finally CPP were added to HA structure to obtain an HA: HRH 

nanogel coated with CPP. The final molar ratio was 1:1:1.8 for HA: HRH: CPP. The 

formulation was stored at +4 OC until used for further analysis. Both DLS and SEM analysis 

showed that the size homogeneity was low (Figure 24 and 25), formulation was unstable, and 

the size of nanogel was too big (254.4 nm) to be able to penetrate through the ocular tissues. 

Thus, DVS was considered as an alternative to crosslink HAs.  
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Figure 23. The mechanism of HA-EDC/NHS interaction (drawn at Chem4Word). EDC/NHS chemistry activates the COOH 

group of HA. 

Table 5. DLS analysis of HA-EDC/NHS-Cholesterol-HRH-CPP interactions at pH 6.and 250C. Data represents the average 

of three biological replicates. 

 Size 

(d.nm ± S.D) 

PDI pH Size after 

24 hours  

PDI after 

24 hours 

Size after 

one week 

PDI after 

one week 

HA-

EDC/NHS-

Cholesterol-

HRH-CPP 

 

254.4 ±14 

 

0.536 

 

6 

 

322.3 

 

0.557 

 

390.1 

 

0.707 

 

  

Figure 24. A representative DLS data of HA-EDC/NHS-Cholesterol-HRH-CPP interaction at 25oC at pH 6. The nanogel 
size was measured as 254.4 nm in average with low homogeneity and stability. 
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Figure 25. SEM images of HA-EDC/NHS-Cholesterol-HRH-CPP nanogels synthesized at pH 6 and 25oC. The nanogel 
size homogeneity was low even though nanogels were generated with relatively high intensity. The nanogel size was around 
232,8 nm. Samples were prepared with drop-casting 7 ul of sample onto SEM grids, which were air-dried overnight and coated 
with Au/Pd using 40 mA for 80 s. Samples were observed with Jeol Leo Supra VP35 Field Emission Scanning Electron 
Microscope (n=3). 

5.3.5. HA-DVS-Cholesterol-HRH-CPP nanogel formulation 

HA was crosslinked by using DVS to increase the stability of the formulation (Nurettin Sahiner, 

2008) by mixing 24 hours at 700 rpm. Cholesterol was used to compose a hydrophobic core in 

the nanogel, HRH peptide was used as an anti-VEGF agent against vascularization in the eye 

and penetratin peptide is used to enhance the capability of cell penetration of the nanogel 

formulation. To achieve the optimum size of the nanogel, three HA with different molecular 

weights, 10 kDa, 8-15 kDa, or 21-40 kDa, were used. 

  

Figure 26. HA-DVS crosslinking mechanism. (Drawn at Chem4Word.). By using DVS crosslinker, two HA monomers bind 
to each other with N-acetyl glucosamine. 

The nanogels synthesized with 10 kDa and 8-15 kDa HAs (nanogel 1 and nanogel 2) showed 

smaller sizes (134 nm and 138 nm, respectively) compared to nanogels with 20-41 kDa (323 
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nm) HA and they showed higher stability (Table 6). Nanogel formulations were further 

characterized by SEM and FTIR analysis (Figure 28 and 29).  

The size of nanogels generated with 21-40 kDa HA was too big compared to the nanogel 1 and 

nanogel 2 formulation including 10 kDa and 8-15 kDa HA (Table 6). This result might be due 

to the molecular weight of HA utilized (21-40 kDa), because the size was small enough either 

DVS or EDC/NHS was used as the cross-linker. To make the nanogel size smaller, two HA in 

lower molecular weights were used for nanogel generation. Nanogel formulations synthesized 

with 10 kDa and 8-15 kDa HA was smaller in size in both SEM and DLS analysis (Table 6, 

Figure 27 and 28). 

Table 6. DLS analysis of HA-DVS-Cholesterol-HRH-CPP interactions at pH 6 and pH 11.and 25 0C. The nanogel 
synthesized with 20-41 kDa HA showed a bigger size at both pH values and optimum size and stability were achieved with 
the nanogels synthesized with 10 kDa and 8-15 kDa. Data represents the average of three biological replicates. 

 Size 
(d.nm ± 

S.D) 

PDI pH Zeta 

Potential 

mV 

Size 

after 24 

hours 

PDI after 

24 hours 

HA (21-40kDa)-DVS-

Chol-HRH-CPP 

450.8 ±20 0.228 6 -4.99 427.7 0.703 

HA (21-40 kDa)-DVS-

Chol-HRH-CPP 

323.5 ±19 0.390 11 -7.89 368.5 0.570 

HA-DVS-Cholesterol-

HRH-CPP (Nanogel 1) 

134.8 ±8 0.343 11 -7.91 141.7 0.962 

HA-DVS-Cholesterol-

HRH-CPP (Nanogel 2) 

138.8 ±10 0.717 11 -7.83 149.1 0.812 

 

 

Figure 27. A representative DLS data of HA-DVS-Cholesterol-HRH-CPP interaction at 25oC at pH 6 (a) and pH 11 (b). 
nanogels generated by using 21-40 kDa HA were too big to penetrate the eye at both pH 6 and 11 (450.8 nm and 323.5 nm in 

average, respectively) with low stability, and nanogel generation and homogeneity was low at pH 6.   
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Figure 28. A representative DLS data of HA-DVS-Cholesterol-HRH-CPP interactions at pH 11 (nanogel 1 and 2, 
respectively). Nanogel 1 and nanogel 2 were synthesized with relatively higher stability and lower sizes (134.8 nm and 138.8 
nm, respectively). After 24 hours, the sizes of both nanogels were slightly increased, indicating that nanogels shows a stability. 

 

Figure 29. SEM images of HA (21-40 kDa)-DVS-Cholesterol-HRH-CPP nanogels synthesized at pH 11 (A) and pH 6 (B), 
Nanogel 1 (C), and nanogel 2 (D) at 25 oC. Nanogel 1 and nanogel 2 were observed in spherical shape with 230-350 nm for 
nanogels generated by using 21-40 kDa HA, and 80-200 nm which is parallel with DLS data. At pH 6, nanogel generation was 
lower compared to nanogel generated by using 21-40 kDa HA at pH 11. Samples were observed with Jeol Leo Supra VP35 
Field Emission Scanning Electron Microscope at 3 kV accelerating voltage (n=3). 

FTIR analysis was performed at 25oC and 0.5 bar nitrogen pressure with 128 times scanning 

for both nanogel 1 and nanogel 2. The results showed that the crosslink between HA and DVS 

(Vasi, Popa, Butnaru, Dodi, & Verestiuc, 2014) and between HA and HRH (Mallamace, 2015) 

and CPP peptides were occurred. The FTIR spectrum of nanogels (Figure 30) showed the 

following characteristics bands: the peak located at 3280 cm-1 is associated with the intra- and 

intermolecular stretching vibration of -OH group, 1375 cm-1 and 1530 cm-1 are associated with 

intermolecular interaction with peptides (amide III and amide II, respectively), while the peak 

from 1020 cm-1 is associated with the C-O-C bond from HA (Vasi et al., 2014). 
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Figure 30. FTIR analysis of nanogel 1 (A) and nanogel 2 (B) nanogels generated at pH 11 and 25oC. Data was obtained by 
using and ATR-FTIR (Thermo Fisher Scientific, USA) at 25 oC with 128 scanning in Omnic software. The peak located at 
3280 cm-1 represents the intra- and intermolecular stretching vibration of -OH group, 1375 cm-1 and 1530 cm-1 are associated 
with intermolecular interaction with peptides (amide III and amide II, respectively), and the peak from 1020 cm-1 is associated 
with the C-O-C bond from HA. 

5.4 Encapsulation Efficacy and Release Profile of Nanogels 

Encapsulation efficacy of nanogels were calculated as 65 % and 53 % for nanogel 1 and 

nanogel 2, respectively. Drug release profile of both nanogels were obtained by using 

fluorescent spectroscopy (Figure 31). According to the equation and fluorescent intensity 

values, drug release profile was obtained for each nanogel. 

Both nanogel formulations showed a burst effect in the first hour with HRH release of 10 and 

15% from nanogel 1 and nanogel 2, respectively. Release profile was steadier the following 24 

hours. At the end of 24 hours only 16% of HRH was released from nanogel 1 whereas 36% of 

drug was released from nanogel 2.  
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Figure 31. Nanogel release profiles. 34.72 % of nanogel 1 is released within 192 hours, while 33,93 % of nanogel 2 is released 
within 24 hours (n=3).  

5.5 Treatment of HUVECs and ARPE-19 cells with nanodrug formulation 

Depending on the data observed on nanogel formulations with DVS and EDC/NHS 

crosslinkers, nanogels formulated with DVS were found to be smaller than EDC/HNS 

stabilized ones. Therefore, the studies were continued with DVS cross-linker.  When 10kDa 

and 8-15kDa HA was used in nanogel-1 and nanogel-2 forms, nanogel-1 resulted in slightly 

smaller size (134 nm vs 138 nm) and slightly higher encapsulation efficacy with 65%. 

Therefore, nanogel-1 was chosen for further studies. 

To investigate the effect of nanodrug-1 formulation on proliferation of ARPE-19 cells and 

HUVECs, both cells were treated with 20 μL nanogel. Overnight cultures were treated with 

HA: HRH: CPP nanogel at 1:1:1.8 molar ratio for 96 hours at 37oC, 5% CO2. 20 µL nanogel is 

composed of 20 µM HA, 20 µM HRH and 36 µM CPP. To follow the effect of HA, HRH and 

CPP, individually, free molecules at the same concentrations with nanogel is also investigated 

using live/dead assay (Figure 32). Cell proliferation was observed with optical microscope 

every day and at end of 96 hours of incubation, cells were treated with Calcein/PI, where live 

cells were stained in green and dead cells were stained in red. It was clear that neither of the 

peptide or the nanogel were toxic for HUVE or ARPE-19 cells and despite the differences in 

proliferations, cells were alive. 

Nanodrug formulations containing anti-VEGF, HRH peptide at 20 µM, showed inhibitory 

effects on HUVE cell proliferation (Figure 33). The amount of inhibition was almost 50%, 

which is higher than our initial experiments with different HRH concentrations, where a 25% 

inhibition was observed for 25 µM HRH (Figure 16). This difference would have arisen from 
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the higher passage number of HUVE cells and new batch of HRH production. A similar 

inhibition difference was also observed for ARPE-19 cells compared to our initial experiments 

(Figure 16), suggesting a variation in cellular health in further passage numbers. In this 

experimental series with ARPE-19, some non-significant effect of HA and CPP was also 

evident. 

Anti-VEGF peptide within the nanogel formulation showed a slightly higher inhibitory effect 

on HUVE cells, with around 70% decrease in proliferation compared to control cells. HRH 

peptide in nanogel form may exhibit synergistic effect, which would be explained with the 

presence of HA and CPP. The mechanism how nanogel affects HUVE cells should be 

investigated further with apoptosis markers and VEGF-R interactions. Meanwhile, no toxicity 

on ARPE-19 cells were observed (Figure 32, Figure 33).  

 

Figure 32. A representative data of HUVECs treated with nanogel, which contain 20 μM HRH peptide, and ARPE-19 cells 
(J) treated with nanogel and incubated for 96 hours at 37oC and % 5 CO2.  ARPE-19 cells treated with HRH (20µM), HA (20 
µM), and CPP (36 µM) (G, H, I) respectively. HUVECs treated with HRH (20 μM), HA (20 µM), and CPP (36 µM) (B, C, D, 
respectively). Control HUVECs, (A) and ARPE-19 cells (F). The proliferation of HUVE cells (C and D) and ARPE-19 cells 
(H, I) treated with HA and penetratin peptide, were not inhibited and cells stayed confluent. HUVE cells treated with HRH 
peptide and nanogel showed inhibition in their proliferation during the treatment time (B, E, respectively), while ARPE-19 
cells’ proliferation was not affected after treatment with HRH peptide and nanogel (G, J, respectively).  Images were taken 
after 96 hours incubation with the bioagent by using an AxioPrimo inverted light microscopy (n=3).  
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Figure 33. CCK-8 assays and cell numbers of HUVECs (A and B) and ARPE-19 cells (C and D) treated with HA (20 uM), 
nanodrug formulations (with 20 µM HRH peptide) and penetratin peptde (36 uM) and free HRH peptide (20 µM). Analysis 
was performed following 24hr incubation with the bioagent. CCK-8 kit was used and the measurements were conducted by 
using ELISA plate reader at 450 nm (n=4). 

To further evaluate the effect of peptides incorporated into the nanogels, only HRH and only 

CPP peptide nanogels were prepared. These nanogels contain 0.6 mg HRH or 0.6 mg CPP 

instead of a combination of 0.2 mg HRH and 0.4 mg of CPP. Also, the original nanogel 

containing both peptides were evaluated in the same experiment. According to the data 

obtained from three independent experiments, nanogels composed of CPP peptide didn’t show 

any effect on HUVE cell proliferation. Whereas nanogel prepared with only HRH peptide 

showed a drastic inhibition on HUVE cells. The inhibition was more than 50% in this case, 

which would be a direct result of higher HRH amount in the formulation (Figure 34). Neither 

nanogel formulation effected ARPE-19 cells significantly. Nanogel, which is prepared with 0.2 

mg HRH peptide and 0.4 mg CPP inhibited the HUVEC proliferation, while nanogel has almost 

no inhibitory effect on ARPE-19 cells. 
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Figure 34. CCK-8 assay was performed on HUVECS and ARPE-19 cells. Nanogel with no HRH and with no CPP were 

added to both cells to investigate the effects of CPP or HRH peptides on the proliferation of ARPE-19 and HUVECs. Also, 

nanogel, which consists of both HRH and CPP peptides were administered to both cells. The proliferation of ARPE-19 was 

not negatively affected by all types of nanogel administration, while nanogels with no CPP and regular nanogels showed an 

inhibitory effect on HUVEC proliferation. HUVEC proliferation was not affected by the nanogel with no HRH peptide. 

5.6 Penetration of Nanogel Formulations through the ARPE-19 cell layer 

A TEER measurement device was designed (Figure 35) by a teammate Abuzer Alp Yetişgin 

and Bülent Köroğlu (SUNUM) and used to measure cell confluency of ARPE-19 cell layer. 

The device is briefly composed of two chopstick electrodes and indicators, showing current 

and voltage of cell containing mediums. 

At the initiation of the experiments, 1x104 ARPE-19 and 1x104 HUVECs were seeded in trans-

well insert and well, respectively. TEER measurements were performed at 60 mA current and 

6 mV voltage as the cells became confluent. The expected resistance of confluent cell layer 

was 160-250 Ω with a steady curve (Oliveira, 2019, Kosma, 2016). In the next step, cells seeded 

in insert membranes were treated with 20 uL nanogel formulations and TEER measurements 

have been taken daily to determine the resistance of cells. Table 7 and Figure 36 show that 

ARPE-19 cells reached confluency in 5 days and nanogels were administered and cells were 

incubated for 5 more days. TEER value reached to 189 Ω at the end of 5th day of culture on 

ARPE-19 cell layer. It was initiated with 161.1 Ω and the gradual increase was stopped at day 

5 indicating the formation of confluent cell layer. 

At day 5, nanogel formulation was administered to ARPE-19 cell layer and TEER 

measurements continued every day. For the following 5 days, there was no drastic decrease in 

resistance indicating the preservation (without any disruption such as tear or cell death) of 

confluent ARPE-19 layer despite nanogel treatment. This was pre-requisite, since with this 
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study the penetration of nanogel from confluent ARPE-19 layer to HUVEC layer is being 

investigated. 

Every day after initiating the treatment with nanogel formulation, cells were stained to follow 

cell proliferation and effect of nanogel on both ARPE-19 and HUVE cells. Cell staining results 

confirmed the TEER measurements and showed that ARPE-19 confluency was not affected by 

nanogel treatment. HUVE cell layer, on the other hand, seem to be disrupted day by day and 

cell proliferation was inhibited. Thus, it was possible to say that nanogel penetrated throughout 

the insert membrane and ARPE-19 layer and reached the HUVE cells to affect their 

proliferation (Figure 37). 

 

Figure 35. TEER measurement device designed in the laboratory. The device composes of a standard USB charger, USB 
extension cord, and a microcontroller, two standard multimeters to measure alternating current and voltage as root mean square, 
telephone extension cord with a RJ14 female connector including six pins with the inner four wired, two short cables, a luster 
terminal, wire and ferrules, and soldering lugs. 

Table 7. TEER measurements of cocultured cells after nanogel treatment. ARPE-19 cells were seeded into the insert 
membrane and HUVE cells were seeded into the trans well plates. TEER measurements were taken until the cells reached the 
confluency. Nanogel administered on ARPE-19 cells and incubated for four days and the resistances of ARPE-19 cells treated 
with nanogels did not decrease, indicating that the cell confluency remains stable. TEER measurement was taken every day to 
follow confluent ARPE-19 cell layer.  

 A (mA) V (mV) Ω Ω.cm2 

Cultured ARPE-19 without nanogel treatment day 1 0.18 29 161.1 180.44 

Cultured ARPE-19 without nanogel treatment day 2 0.18 31 172.2 192.864 

Cultured ARPE-19 without nanogel treatment day 3 0.18 33 183.33 205.296 

Cultured ARPE-19 without nanogel treatment day 4 0.19 36 189.47 212.2 

Cultured ARPE-19 without nanogel treatment day 5 0.19 36 189.47 212.2 

Nanogel addition day-1 0.18 36 200 224 

Nanogel addition day-2 0.18 35 194.44 217.77 

Nanogel addition day-3 0.18 35 194.44 217.77 



63 
 

Nanogel addition day-4 0.19 36 189.47 212.2 

Nanogel addition day-5 0.18 36 200 223 

 

 

Figure 36. TEER measurements of ARPE-19 treated with nanogel. Measurements have been started with cell seeding 
(days 1 to 5) and continued after the nanodrug treatment initiation (days 6-10). The resistance of ARPE-19 cells reached to 
189 mV in three days and then they were treated with nanogel. Cell resistance did not decrease, furthermore showed a slight 

increase. 

 

Figure 37. The images of ARPE-19 and HUVECs treated with nanogel. ARPE-19 confluency remained the same after five 
days of treatment, while HUVEC proliferation was inhibited by nanogels that penetrated through the insert membranes and 
reached the HUVE cell layers. Therefore, HUVEC confluency decreased over time.  
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5.7. Nanogel penetration to ARPE-19 and HUVE cells 

To evaluate the penetration to ARPE-19 and HUVE cells, nanogels were prepared with 

rhodamine and their entrance to the cells were monitored under LSCM. Rhodamine provided 

a red color to the nanogels, and their endosome mediated entrance was monitored with staining 

the cells with an early endosome marker, Rab-5, simultaneously.   

Initially, nanogels were prepared with the original formulation containing HA, HRH and CPP. 

They have been found to enter both ARPE-19 and HUVE cells in 15 min. The nanogel was co-

localized with the endosome marker Rab-5 in both cell types. This initial result was not 

encouraging considering that HRH should recognize the cell surface receptor VEGF-R to 

initiate the cascade for anti-angiogenesis. It was speculated that the CPP coating around the 

nanogel would be the primary reason for nanogel internalization and if HRH would be released 

from the nanogel, then it would interact with VEGF-R.  

Therefore, a second experiment was conducted with nanogels containing only HRH peptide. 

With HRH nanogels, on the other hand, internalization was observed after 24th hour of nanogel 

administration. In ARPE-19 cells, HRH nanogel entrance was limited and co-localized with 

endosomal marker. However, HUVE cell internalization of HRH nanogel was not endosome 

mediated and was lower compared to ARPE-19 cells. Thus, it can be said that HRH is being 

selectively internalized by HUVE cells.   

To quantify the amount of average nanogel penetration per cell, the red dots were counted in 

45 ARPE-19 cells and 45 HUVE cells by Image J software. The number of red dots present in 

ARPE-19 cells, which are treated with nanogel with and without CPP was higher than that of 

HUVE cells treated with the same nanogel, which supports the LSCM data (Figure 38). To 

clarify that the nanogels penetrating to ARPE-19 cells by endosome marker Rab5, yellow dots, 

which correspond to the entrance of nanogel to ARPE-19 cells with endosomal marker were 

counted. Figure 40 shows that the number of yellow dots counted inside ARPE-19 cells is 

slightly less than red dots, indicating that nanogels penetrate to ARPE-19 cells with endosomal 

marker Rab5. On the other hand, the number of counted yellow dots, which corresponds to that 

the nanogel penetration to HUVE cells with endosome marker was much less than the red dots. 

This might be speculated that nanogel is internalized by HUVE cells selectively. 
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Figure 37. The images of ARPE-19 and HUVECs treated with nanogel 

 

Figure 38. HUVEC and ARPE-19 cells treated with nanogel containing CPP. Nanogels showed a fast penetration to the 
cells in 15 minutes and following times given in the figure (n=3).  

 

 

Figure 39. HUVEC and ARPE-19 cells treated with nanogel with no CPP. Nanogels with no CPP were not able to 
penetrate int the cells during the first 4 hours. After 24 hours, nanogels penetrated the cells (n=3).  
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Figure 40. The red dots representing the amount of nanogels that penetrated the HUVE cells and ARPE-19 cells were 
counted to calculate the average amount of nanogel penetration per cell. Nanogels labeled with rhodamine showed a higher 
penetration to HUVECs than that of penetration to ARPE-19 cells, according to the LSCM microscope images. Yellow dots 
counted in ARPE-19 cells was marginally less than red dots, indicating that the internalization of nanogel to ARPE-19 cells 
is with endosome mediated (n=3). 

 

6. Discussion 

In this study, we generated a nanogel formulation composed of HA as the nano-carrier, HRH 

as the active therapeutic molecule and penetratin as the tissue penetrating agent. The nanogel 

formation was triggered with the addition of hydrophobic cholesterol core and stabilized by 

using different cross-linking strategies. The final nanogel was characterized for stability, HRH 

entrapment efficiency and drug release before in vitro activity evaluations on HUVE cells. 

Nanogels were evaluated both on HUVE cells and ARPE-19 cells and in their co-culture to 

observe the passage of nanogel from continues ARPE-19 layer to the HUVE cell layer. 

Initially, ARPE-19 and HUVE cells were co-cultured to investigate their proliferation 

performance within their own cell culture medium or within each other’s medium (Figure 15).  

ARPE-19 cells showed an efficient proliferation when co-cultured with HUVE cells in basal 

medium. The reason of ARPE-19 cells proliferating fast might be the high amount of growth 

factors present in human vascular cell basal medium. HUVE cells did not proliferate efficiently 

in DMEM-F12 and the reason of ability difference to proliferate in DMEM-F12 and human 

vascular cell basal medium for HUVE cells can be that HUVE cells are endothelial cells, which 

are more sensitive compared to epithelial cells such as ARPE-19. 

As the second part of the study, nanogels were formulated. HA was chosen for this study for 

being a biocompatible, negatively charged glycosaminoglycan that can make electrostatic 

interaction with positively charged peptides. The chemical structure of HA is the same across 

all species, thus a rejection possibility of an implant or any potential immunologic reactions is 
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found to be negligible (Rah, 2011). HA can be considered as a perfect molecule for drug release 

because of its high loading capacity and enhanced drug release time due to its cohesiveness. 

The active therapeutic agent of this study, HRH peptide is a novel and positively charged anti-

VEGF molecule, which has high affinity to VEGF-Fc proteins (Zhang et al., 2017). Compared 

to antibodies utilized for AMD treatment, HRH peptide is a smaller agent, leading to a higher 

potential to penetrate the eye.  

Due to high positive charge of HRH peptide, it was expected to electrostatically interact with 

negatively charged HA and form a stable nanogel. To test this hypothesis PLL, which is cost 

effective compared to HRH and similarly charged, is used. HA-PLL nanogels were formed 

with 21-40 kDa HA at 2:1, PLL: HA monomer ratio. Nanogel formation was observed in a 

preferred size range, 100-200 nm, for tissue targeting. However, stability and generation of 

interactions was low probably due to weakness of electrostatic interactions. Also, the size of 

the nanogels was increased after 24 hours even though the size (168 nm) was suitable for 

internalization to eye (Gupta et al., 2013; Kamaleddin, 2017) in the first day of generation. The 

size of nanostructures would be increased because of the distance between atoms increases 

with the temperature (Chang et al., 2021). Additionally, swelling of nanogel by water 

penetration result in increased size.  

To increase the stability of the formed nanogels, cholesterol and EDC/NHS chemistry were 

introduced. Cholesterol is a compound containing a hydrocarbon tail and a sterol nucleus 

consisting of four hydrocarbon rings. In generation of nanogel, cholesterol was considered as 

a compound to generate a hydrophobic core in nanogel structure and increase the nanogel 

formation. EDC/NHS chemistry was used to increase the stability of nanogels by crosslinking 

HA and PLL. EDC and NHS were added to the sample at the same time. EDC/NHS chemistry 

activates COOH groups of HA to introduce covalent bonds with NH2 groups of PLL. HA-

Cholesterol-PLL formulation showed more nanogel formation compared to HA-PLL 

interaction as can be seen in Figure 18. Nanogel generated with EDC/NHS crosslinker was 

more stable and the size remained the same within 24 hours (143 nm size). When the sizes were 

compared between crosslinked and non-crosslinked formulations, HA-cholesterol-PLL 

interaction is found to be more compact with 117 nm size compared to 128.35 nm. Here, 

hydrophobic tails can be closer to each other because of the sole electrostatic interaction 

between HA and PLL. Nanogel generated with EDC/NHS chemistry was larger in size 

probably because EDC/NHS may enforce the order structure to be spherical and provide 

constant bond distances. 
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As an alternative crosslinking strategy, DVS was also tested. DVS crosslinks the COOH groups 

present in the N-acetyl glucose amine in HA. DVS crosslinking stabilized the HA within its 

own structure and thereby increases the entrapment efficiency of loaded cargo. HA, DVS, and 

PLL was used to generate a nanogel initially at two pH values: pH 11 and pH 6. Since free 

DVS and the solvent, toluene, used during the synthesis might be toxic to the mammalian cells, 

DVS was removed from the formulation by freeze drying after generation of nanogel. Nanogels 

showed low homogeneity at both pH values (Table 6). On the other hand, nanogel stability 

was high at pH 6. The heterogeneity of the nanogel might be due to the unreacted and 

heterogeneously distributed HRH peptides, which is simply entrapped into the nanogel. Also, 

the size of the HA molecule might be effective on DVS crosslinking efficiency.  

Keeping in mind that both EDC/NHS and DVS crosslinking strategies should be further 

optimized for the novel nanogel, HA-HRH-CPP nanogel formulations have been generated. In 

this final formulation, penetratin peptide was also added to enhance the penetration of nanogel 

into the eye. This CPP is shown to provide corneal tissue penetration and carry antibodies into 

the posterior segment of eye (de Cogan et al., 2017). CPP was added to the formulation lastly 

to coat the surface of the nanogel and be present at the outermost layer to be effective in tissue 

penetration (Figure 7).  

Firstly, EDC/NHS chemistry was used. The generated nanogel formation was high, however, 

the size of nanogel was too big with 254 nm to penetrate the eye at pH 6. Despite high 

homogeneity, nanogel was not stable within 24 hours (Table 5). Secondly, nanogels were 

generated with DVS at different molar ratios (i) 1:1 HA-DVS and (ii) 1:1:1.8 HA:HRH:CPP. 

The size of nanogel was too big (450 nm) to penetrate the eye at both pH 11 and 6 (Table 6). 

The reasons of big nanogel sizes could be molar ratios of positive and negative charges within 

the system, peptide concentration, or molecular weight of HA used in the formulation.  

To optimize the size of the nanogels, molecular weight of HA was changed and 8-15 kDa and 

10 kDa HA were used in nanodrug generation. Both experiments were conducted at pH 11, the 

optimum working pH value of DVS. The sizes of nanogels generated with 10 kDa (nanogel 1) 

and 8-15 kDa HA (nanogel 2) were 134.8 and 138.8, respectively, which are suitable sizes for 

ocular tissue targeting (Gupta et al., 2013). Moreover, the nanodrug sizes did not show a 

considerable change within 24 hours. Therefore, nanogel formulation was optimized at pH 11, 

25oC with 1:1:1.8 HA: HRH: CPP molar ratio. 
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To prevent possible toluene toxicity to ARPE-19 and HUVE cells, nanogel was freeze dried 

after generation and dissolved in DPBS before treatment. Previous experiment showed that 

DVS or toluene shows toxic effect on both ARPE-19 cells and HUVECs. To remove toluene 

and DVS from the nanogels, they were freeze-dried (Cool-safe, Scanvac) for 24 hours at -96oC 

under 0.007 mbar vacuum. After freeze-drying, nanogel was dissolved in 1 mL DPBS and 

stored at +4 OC until use.  

Further characterizations of the nanogel 1 and 2 were shown that entrapment efficiency was 

65% for nanogel 1 and 53% for nanogel 2. Meanwhile 34,72% of HRH was released from 

nanogel 1 within 192 hours, and 36% of HRH was released from nanogel 2 within 24 hours. 

(Figure 31). This entrapment and release ratios can be considered as suitable since drug release 

within 24-48 hours are acceptable for topical drug delivery (Johannsdottir et al., 2018; Wang 

et al., 2021). However, the drug concentration within the vitreous should be measured to make 

the conclusion.  

As the final part of the study, in vitro evaluation of HA, HRH peptide, penetratin peptide and 

nanogel 1 were performed. The viability of ARPE-19 cells and HUVE cells was investigated 

by live/dead cell assay and monitored by LSCM (Figure 32). Cytotoxicity assay was performed 

by CCK-8 assay (Figure 33). CCK-8 assay was performed on cells instead of MTS or MTT 

assays because these assays are based on the measurement of mitochondrial activity and HRH 

peptide induces mitochondrial activity of cells. Therefore, HRH peptide interferes MTS and 

MTT assays about indication of cell viability by showing fluctuations in absorbance values 

(Kuang Tzu Huang & University of California, 2004). 

HA and penetratin peptide showed no toxic effect on either ARPE-19 and HUVE cells, while 

nanogel 1 and HRH peptide inhibited the proliferation of HUVE cells and did not show a 

negative impact on ARPE-19 proliferation (Figure 32 and 33). For further investigation of the 

effects of peptides formulated in the nanogels, CCK-8 assay was performed on ARPE-19 and 

HUVECs, which are administrated with only HRH (no CPP) and only CPP (no HRH) peptide 

nanogels. The results revealed that neither form of the nanogels is cytotoxic on ARPE-19 cells. 

Nanogels that does not contain HRH do not cause significant decrease in HUVEC proliferation, 

while there is around 50% decrease in the proliferation of HUVECs that are treated with only 

HRH (no CPP) peptide nanogels. The results indicates that CPP peptide is not toxic for either 

of the cells and HRH peptide inhibits HUVEC proliferation (Figure 34). 
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To mimic the retinal penetration of nanogel formulation, ARPE-19 cells and HUVE cells were 

seeded into inserts and wells, respectively. During reaching the confluency, the resistance of 

cell monolayer was measured by TEER measurement every day. At day 5, when the cell layer 

was confluent and the TEER measurement was around 189.47 Ω, nanodrug formulation was 

added to ARPE-19 cell compartment and incubated for 96 hours. Cell resistance did not 

decrease throughout the nanodrug treatment, even increased slightly, indicating that ARPE-19 

cells’ proliferation is not negatively affected by nanogel, and the cell monolayer is intact.  

Despite no change on ARPE-19 proliferation, HUVE cell proliferation is affected (Figure 36). 

Since the nanogel was added to the ARPE-19 compartment of the trans-well plate, only if it 

was penetrated across the insert membrane and reach to HUVE cell layer, nanogel can show 

direct inhibition on HUVE cell proliferation. These in vitro studies indicate the passage of HRH 

peptide containing nanodrug through ARPE-19 cell layer and effect HUVE cell proliferation.  

To identify the cell penetration mechanism of nanogels, the original formulation containing 

HA, HRH and CPP was followed with endosomal marker within the cell. The nanogel was able 

to enter both ARPE-19 and HUVE cells within 15 min. and co-localized with the endosome 

marker Rab-5 in both cell types (Figure 38). On the other hand, with HRH nanogels that does 

not contain any CPP to mediate cell penetration, internalization was observed around 24th hour 

of nanogel administration (Figure 39). In ARPE-19 cells, HRH nanogel entrance was co-

localized with endosomal marker. However, HUVE cell internalization of HRH nanogel was 

not endosome mediated and was much lower compared to ARPE-19 cells. Thus, it can be said 

that HRH is being selectively internalized by HUVE cells. Compared to the number of red and 

yellow dots, it might be said that the entrance of nanogels to ARPE-19 cells is endosome 

mediated, while the number of yellow dots counted in HUVE cells is much less than red dots, 

indicating that nanogel is not internalized by endosome, it is selectively internalized into HUVE 

cells (Figure 40). 

7 Conclusion and Future Perspective 

 

In this study, a nanodrug formulation and its effects on HUVECs and ARPE-19 cells were 

investigated. Besides of non-toxic effects of DVS, cholesterol, HA, and penetratin peptide, on 

HUVECs and ARPE-19 cells, HRH peptide showed an inhibitory effect on the proliferation of 

HUVECs in the coculture experiments (Zhang et al., 2017). Thus, designed formulation 

showed an inhibitory effect on the proliferation of HUVECs. Once we tested this formulation’s 

effect on VEGF signaling, it could be validated as a possible candidate for AMD treatment. 
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However, future studies with ex vivo and in vivo models will be required to confirm the 

efficiency of the nanodrugs. 
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Copy right clearance to use image 2: Multimodal imaging of AMD. 



83 
 

 

https://documentcloud.adobe.com/link/review?uri=urn:aaid:scds:US:b5957bb2-dd36-34c3-

8b47-8ac18f309c96 

 

https://documentcloud.adobe.com/link/review?uri=urn:aaid:scds:US:b5957bb2-dd36-34c3-8b47-8ac18f309c96
https://documentcloud.adobe.com/link/review?uri=urn:aaid:scds:US:b5957bb2-dd36-34c3-8b47-8ac18f309c96

	1. Introduction
	1.1. Age-Related Macular Degeneration
	1.1.1 Structure of Macula
	1.1.2 Pathophysiology of AMD
	1.1.3 Treatment of AMD

	1.2. Anti-VEGF Therapies in Ophthalmology
	1.2.1 Topical drug delivery for the posterior segment eye diseases

	1.3 Cell-penetrating peptides (CPPs)
	1.3.1 CPP Penetration Mechanisms
	1.3.2 CPP for Biomedical Applications
	1.3.3 CPPs in Ophthalmology

	1.4 Hyaluronic acid (HA)
	1.4.1 HA in drug delivery systems
	1.4.2 HA in Ophthalmology

	1.5 Nanogels
	1.5.1 Nanogels in Ophthalmology


	3. Materials
	4. Methods
	4.1 Nanogel Characterization

	5.      Results
	5.1      Cell proliferation ability of co-cultured ARPE-19 and HUVE cells
	5.2 Cell Viability Assay with bioactive peptides (HRH and CPP)
	5.3 Nanogel generation
	5.3.1 HA-Poly-L-lysine (PLL) formulation
	5.3.2. HA-Cholesterol-PLL and HA-EDC/NHS-Cholesterol-PLL formulations
	5.3.3. HA-DVS-PLL Nanogel formulation
	5.3.4. HA-EDC/NHS-Cholesterol-HRH-CPP nanogel formulation
	5.3.5. HA-DVS-Cholesterol-HRH-CPP nanogel formulation

	5.4 Encapsulation Efficacy and Release Profile of Nanogels
	5.5 Treatment of HUVECs and ARPE-19 cells with nanodrug formulation
	5.7. Nanogel penetration to ARPE-19 and HUVE cells

	7 Conclusion and Future Perspective
	8 References

