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ABSTRACT  

Pharmacokinetics is one of the main features to be assessed in the 

development of effective and safe therapeutics and drug delivery systems. 

Pharmacokinetics is especially important in the case of intravitreal drug 

administration that is used in the drug treatment of retinal diseases. We 

utilized non-invasive optical techniques to assess the vitreal 

pharmacokinetics of labeled compounds and nanomaterials in preclinical 

animal models. The kinetics of different labeled macromolecules and 

nanoparticles were studied after intravitreal injection into the eyes of rats 

and rabbits.  In vivo luminescence imaging revealed the suitability of 

phosphorescence dyes in monitoring the pharmacokinetics of labeled 

liposomes in the eyes. Furthermore, new dyes can improve the signal-to-

noise ratio in autofluorescent tissues. In vivo ocular fluorophotometry was 

used to monitor the kinetics of intravitreally injected fluorescently labeled 

dextran in rats and rabbits. Based on this comparison, the same drug 

exposure is achieved at 2-5 times higher doses in rabbits than in the rats. 

The intravitreal pharmacokinetics of fluorescently labeled peptide 

conjugates in the rabbit eye were also studied using fluorophotometry. 

These peptides bind to the components of the vitreous and this may lead to 

nonlinear pharmacokinetics, in which the half-life of the peptide in the 

vitreous is dependent on its concentration, being longer at low 

concentrations. The intravitreal distribution and elimination of fluorescently 
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labeled nanomaterials, such as liposomes, polymeric micelles, 

polymersomes and pullulan-dexamethasone conjugates, were explored 

with ocular fluorophotometry, fundus photography and optical coherence 

tomography. Pullulan-dexamethasone conjugates and small liposomes 

(diameter of ≈50 nm) were mainly eliminated via the anterior route.  The 

results also revealed that the intravitreal retention was not simply 

dependent on particle size. For example, polymeric micelles were eliminated 

from the vitreous much slower than liposomes of similar particle sizes. 

Simulations of drug concentrations after injection of intravitreal particles 

with different release rates highlighted the importance of synchronizing the 

particle retention and drug release rate to optimize retinal drug 

bioavailability. In addition, we observed that material contamination with 

endotoxin significantly accelerated elimination of nanomaterials from the 

vitreous. The measurement of endotoxin levels in intravitreal nanomaterials 

was a critical factor which has been almost completely disregarded in the 

published studies. In conclusion, we provide kinetic insights into 

intravitreally administered nanoparticles and macromolecules that can be 

used in future in the development of novel retinal drug delivery applications.   

 

Keywords: intravitreal injections, ocular fluorophotometry, intravitreal 

pharmacokinetics, fundus imaging, optical coherence tomography, 

nanoparticle, macromolecule. 
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TIIVISTELMÄ 

Farmakokinetiikka on yksi tärkeimmistä asioista tehokkaiden ja 

turvallisten lääkkeiden ja lääkkeiden saattomenetelmien kehittämisessä. 

Näin on myös verkkokalvon lääkkeiden tapauksessa. Nämä lääkkeet 

annetaan intravitreaalisina injektioina. Käytimme tässä tutkimuksessa  ei-

invasiivisia optisia menetelmiä leimattujen makromolekyylien ja 

nanomateriaalien farmakokinetiikan arvioimiseksi prekliinisissä 

eläinmalleissa. Fluoresoivasti leimattujen makromolekyylien ja 

nanopartikkelien kinetiikkaa silmässä tutkittiin lasiaisinjektioiden jälkeen 

rotissa ja kaneissa. In vivo -luminesenssikuvaus paljasti fosforesenssivärien 

käyttökelpoisuuden leimattujen liposomien farmakokinetiikan seurannassa. 

Uudet merkkiaineet voivat parantaa signaali-kohinasuhdetta 

autofluoresoivissa kudoksissa. In vivo silmän fluorofotometriaa käytettiin 

fluoresoivasti leimatun dekstraanin kinetiikan seuraamiseen rotilla ja 

kaniineilla intravitreaalisen injektion jälkeen. Tämän vertailun perusteella 

sama lääkealtistus saavutetaan kaniineilla 2-5 kertaa suuremmilla annoksilla 

kuin rotilla. Myös fluoresoivasti leimattujen peptidikonjugaattien 

intravitreaalista farmakokinetiikkaa kanin silmässä tutkittiin 

fluorofotometrialla. Nämä peptidit sitoutuvat lasiaisen komponentteihin, 

mikä voi johtaa epälineaariseen farmakokinetiikkaan, jossa peptidin 

puoliintumisaika lasiaisessa riippuu sen pitoisuudesta ja on pidempi pienillä 

pitoisuuksilla. Fluoresoivasti leimattujen nanomateriaalien, kuten 
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liposomien, polymeeristen misellien, polymersomien ja pullulaani-

deksametasonikonjugaattien intravitreaalista jakautumista ja eliminaatiota 

tutkittiin silmän fluorofotometrialla, funduskameralla ja optisella 

koherenssitomografialla. Pullulaani-deksametasoni-konjugaatit ja pienet 

liposomit (halkaisija ≈50 nm) eliminoituivat lasiaisesta pääasiassa silmän 

etuosan kautta. Tulokset osoittivat, että lasiaisen sisäinen retentio ei ole 

riippuvainen vain hiukkaskoosta. Esimerkiksi polymeeriset misellit 

eliminoituivat lasiaisesta paljon hitaammin kuin liposomit, vaikka niillä on 

samanlainen hiukkaskoko. Lääkeainepitoisuuksia simuloitiin 

lasiaisensisäisten hiukkasten annon jälkeen. Simulaatiot osoittivat, että 

lääkeaineen vapautumisnopeus on synkronoitava hiukkasten 

laiaisretention kanssa, jotta saavutetaan hyvä lääkeaineen biologinen 

hyötyosuus verkkokalvossa. Havaitsimme myös, että materiaalien 

endotoksiinikontaminaatio nopeuttaa merkittävästi niiden eliminaatiota 

lasiaisesta. Intravitreaalisten nanomateriaalien endotoksiinitasojen 

mittaaminen on kriittinen tekijä, joka puuttuu lähes kokonaan julkaistuista 

tutkimuksista. Tämä tutkimus antaa systemaattista tietoa silmän 

farmakokinetiikasta ja edesauttaa uusien silmälääkkeiden kehitystyötä.  

 

Avainsanat: lasiaisinjektiot, silmän fluorofotometria, silmänpohjan 

kuvantaminen, optinen koherenssitomografia, nanopartikkeli, 

makromolekyyli 



11 

ACKNOWLEDGEMENTS 

This thesis project was carried out in the School of Pharmacy, the University of Eastern 

Finland from 2017 to 2022. The work was financially supported by the European Union’s 

Horizon 2020 research and innovation program Marie Sklodowska-Curie Innovative Training 

Networks (OcuTher project). The UEF doctoral school and Gene Cell Nano flagship are 

gratefully acknowledged for financial support.    

Completion of this Ph.D. journey was not possible without the support of different people 

and colleagues. I am grateful to my God for enabling me to accomplish this highest degree of 

my career. Foremost, I warmly thank my supervisors: Professor Arto Urtti, who provided me 

a great opportunity to be his student and perform lots of research in his group. His 

supervision and innovative view toward scientific experiments helped me to improve my skills 

and scientific background. University lecturer Veli-Pekka Ranta, from whom I have learned 

the most of my pharmacokinetic skills. His extensive knowledge and deep scientific insight 

helped me to perform better experiments and interpret the results. University lecturer 

Marika Ruponen continuously helped and supported me during this journey. She helped me 

from the first days during university registration and later in doing research and writing 

manuscripts and thesis. I want to thank Dr. Elisa Toropainen who trained me for ocular in vivo 

works. Working with her was a unique opportunity since we spent many days doing lab work 

together, and I had the chance to learn from her extensive in vivo experience.   

I wish to thank my collaborators and co-authors (whose names can be found in the 

original publications) for their valuable contribution to this work. Without their great work in 

preparing nanomaterials and formulations, this work was not possible. In addition, special 

thanks to Professor Sergey P. Tunik and Julia R. Shakirova from St. Petersburg State 

University, Russia; Madhushree Bhattacharya, Shirin Tavakoli and Tatu Lajunen from the 

University of Helsinki and Eastern Finland; Professor Jan van Hest, Shoupeng Cao and Roxane 

Ridolfo from the Eindhoven University of Technology, the Netherlands; Professor Stefano 

Salmaso, Professor Paolo Caliceti, and Eva Kicková from the University of Padova, Italy.   

I thank the reviewers, Professor Elias Fattal and Principal Scientist Dr. Robert Kelley for 

their valuable time and brilliant suggestions to improve my thesis. I thank Dr. Ewen McDonald 

for language editing of my thesis. My sincere appreciation to Professor Francine Behar-Cohen 

for accepting to act as an opponent at the public examination.    

I warmly thank my colleagues at the University of Eastern Finland and the Ocular Drug 

Delivery (ODD) group for their support and contribution to research. I want to thank Jooseppi 

Puranen who helped me a lot during my experiments and for all the nice discussions that we 

had together. I thank Annika Valtari for her efforts and collaborations during the optimization 

of the various studies at the animal lab center. I thank Anam Hammid for sharing the office 

and the endless support she provided during tough and good times. I am thankful to my 

colleagues Anusha Balla, Marko Lamminsalo, Mika Reinisalo, Emma Heikkinen, Laura 

Hellinen, Astrid Subrizi, Eva del Amo Páez, Kati-Sisko Vellonen, Stanislav Kalinin, Sina 

Bahrpeyma, Raja Sridevi Gurubaran, Joni Ruotsalainen, Maija Heiskanen, Jaana Leskinen, Lea 



12 

Pirskanen, Giuseppe D’Amico Ricci, Jussi Paterno, Toni Tamminen, Melina Malinen, 
Vijayabhaskarreddy Junnuthula, Unni Tengvall-Unadike, Sonja Korhonen, Marko Antikainen 

and Markku Taskinen for their support, help and friendly attitude to make my working 

environment healthy. I also want to thank staff members of the Laboratory Animal Centre at 

the University of Eastern Finland where I spent most of my time conducting experimental 

work.   

My special thanks also to the OcuTher management team, Professor Paavo Honkakoski, 

Professor Kai Kaarniranta and Karin Koivisto for providing many opportunities for training, 

learning and collaborations throughout this project. I thank all the partners in the OcuTher 

project for providing fruitful collaborations and training. I thank Dr. Achim Sauer and the 

Department of Drug Discovery Sciences in Boehringer Ingelheim Pharma GmbH for providing 

a valuable industrial secondment. I appreciate the opportunity to perform secondment also 

in the laboratory of Professors Wim Hennink and Tina Vermonden at Utrecht University. 

During these years, many of the OcuTher researchers had visited UEF where we had scientific 

collaborations and nice time; I thank Merve Sen, Charis Rousou, Ada Annala, Md AL-Amin, 

Daniel Ajoy Moreno, Marco Bassetto, Chiarra Pretto, Blessing Ilochonwu, Anam Fayyaz, Miao 

Tang, Stephen Marry and Mike Wels (from NanoMed project).    

I warmly thank all my friends for their kind and nice attuite towards me. One of the main 

factors for choosing research as a career was my friendship with Javad. Thank you for two 

decades of unbreakable friendship since the summer of 2003. Kourosh, I feel extremely 

delighted to have a friend like you in my life.  I appreciate the friendship with Yahya Nowrouzi, 

Mohammad Hossein Ebrahimi, Ali Tavakoli, Ali Mohammadi, Ali Ashraf, Ehsan Shad, Vandad 

Imani, Ali Abdollah-Zadeh, Amir Esrafilian, Ehsan Daneshvar, Iman Kafian Attari, Seyed 

Hamed Maljaei and many others with whom we spent a nice time during these years 

together.   

I owe my special thanks to my parents; my mother Shahnaz, for always being there and 

listening to my all problems and providing her wise guidance throughout my life. My father 

Sirous, for raising me as a strong and independent man. I also thank my family members; my 

brothers Nima and Iman, their families (Farnoosh, Amir Reza, Zahra, Sofia and Selena) and 

my sister Gelareh for making my beautiful memories and supporting me unconditionally 

during my life.    

 

 

 

Amir Sadeghi 

June 2022 

Kuopio 

 

  



13 

 

LIST OF ORIGINAL PUBLICATIONS 

This dissertation is based on the following original publications:  

I Shakirova, Julia R, Amir Sadeghi, Alla A Koblova, Pavel S Chelushkin, Elisa 

Toropainen, Shirin Tavakoli, Leena-Stiina Kontturi, Tatu Lajunen, Sergey P 

Tunik, and Arto Urtti. 2020. "Design and Synthesis of Lipid-Mimetic Cationic 

Iridium Complexes and Their Liposomal Formulation for in Vitro and in Vivo 

Application in Luminescent Bioimaging." RSC Advances 10 (24): 14431-40. 

 

II Amir Sadeghi*, Jooseppi Puranen*, Marika Ruponen, Annika Valtari, Astrid 

Subrizi, Veli-Pekka Ranta, Elisa Toropainen, and Arto Urtti. 2021. 

"Pharmacokinetics of Intravitreal Macromolecules: Scaling between Rats and 

Rabbits." European Journal of Pharmaceutical Sciences, 105720. 

  

III Madhushree Bhattacharya, Amir Sadeghi, Sanjay Sarkhel, Marja Hagström, 

Sina Bahrpeyma, Elisa Toropainen, Seppo Auriola, and Arto Urtti. 2020. 

"Release of Functional Dexamethasone by Intracellular Enzymes: A Modular 

Peptide-Based Strategy for Ocular Drug Delivery." Journal of Controlled Release 

327: 584-94. 

 

IV Amir Sadeghi, Marika Ruponen, Jooseppi Puranen, Shoupeng Cao, Roxane 

Ridolfo, Shirin Tavakoli, Elisa Toropainen, Tatu Lajunen, Veli-Pekka Ranta, Jan 

van Hest, Arto Urtti. "Imaging, quantitation and kinetic modelling of intravitreal 

nanomaterials." International Journal of Pharmaceutics (2022): 121800. 

 

V   Eva Kicková*, Amir Sadeghi*, Jooseppi Puranen, Shirin Tavakoli, Merve Sen, 

Veli-Pekka Ranta, Blanca Arango-Gonzalez, Sylvia Bolz, Marius Ueffing, Stefano 

Salmaso, Paolo Caliceti, Elisa Toropainen, Marika Ruponen, Arto Urtti. 

Pharmacokinetics of Pullulan–Dexamethasone Conjugates in Retinal Drug 

Delivery. Pharmaceutics 14, no. 1 (2022): 12 

 
*Equal Contribution. The publications were adapted with the permission of the 

copyright owners. 

 

 



14 

 

AUTHOR’S CONTRIBUTION 

 
I) Author designed and performed the in vivo experiment, eye imaging and 

results analysis and participated in manuscript preparation. 

 

 

 

II) Author designed and performed the in vivo experiment, analysis of results, 

pharmacokinetics modelling and participated in manuscript preparation. 

 

 

 

III) Author designed and performed the in vivo experiment, analysis of results    

and pharmacokinetic modelling and participated in manuscript preparation. 

 

 

 

IV) Author designed and performed the in vivo experiment, analysis of results, 

pharmacokinetics modelling and participated in manuscript preparation. 

 

 

 

V) Author designed and performed the in vivo experiment, pharmacokinetics 

simulations and participated in manuscript preparation. 

 

 

  



15 

 

CONTENTS 

ABSTRACT ............................................................................................................ 7 

TIIVISTELMÄ ......................................................................................................... 9 

ACKNOWLEDGEMENTS ..................................................................................... 11 

1. INTRODUCTION ............................................................................................ 19 

2. REVIEW OF THE LITERATURE ........................................................................ 23 

2.1 Ocular anatomy and routes of drug administration .................................. 23 

2.1.1 Intravitreal pharmacokinetics ............................................................ 26 

2.1.2 Intravitreal interspecies scaling .......................................................... 28 

2.2  Drug delivery system for intravitreal injections ......................................... 31 

2.3 Methods for non-invasive monitoring of ocular pharmacokinetics ......... 32 

2.3.1 Optical coherence tomography ......................................................... 32 

2.3.2 Fundus imaging ..................................................................................... 34 

2.3.3 Ocular fluorophotometry .................................................................... 35 

2.4  Autofluorescence of the eye and fluorescent dyes ................................... 38 

3. AIMS OF THE STUDY ...................................................................................... 41 

4. METHODS ....................................................................................................... 43 

5. RESULTS ......................................................................................................... 45 

5.1 Retinal autofluorescence and luminescent bioimaging ............................. 45 

5.2 Rat-to-rabbit scaling of intravitreal pharmacokinetics ............................... 48 

5.3 Pharmacokinetics of intravitreal peptide conjugates ................................. 50 

5.3  Pharmacokinetics of intravitreal nanomaterials ........................................ 53 

6. DISCUSSION .................................................................................................. 63 

6.1  Ocular autofluorescence and eye imaging ................................................. 63 

6.2  Dose scaling for intravitreal drug delivery .................................................. 65 

6.3 Drug-peptide conjugates and nonlinear vitreal pharmacokinetics .......... 67 

6.4  Intravitreal kinetics of nanomaterials .......................................................... 71 

7. CONCLUSIONS ............................................................................................... 79 

8. FUTURE PERSPECTIVES .................................................................................. 81 



16 

REFERENCES ....................................................................................................... 85 

 

 

Appendix 

Publication I 

Publication II  

Publication II  

Publication IV  

Publication V   



17 

ABBREVIATIONS

 

AMD                  Age related macular degeneration 

AUC                   Area under the curve 
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RPE                   Retinal pigmented epithelium 

SPECT/CT         Single-photon emission computed tomography/computed        

tomography 

VEGF                Vascular endothelial growth factor  
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1. INTRODUCTION 

The development of ocular medications has a long history. One of the 

oldest historical documents is a piece of papyrus that was discovered by the 

Egyptologist Ebers from a common mummy. The document was written 

around 1650 B.C. and it describes different diseases and Egyptian remedies 

in 110 pages with eight pages describing ocular diseases and their 

treatments (Wheeler, 1946). The diseases were defined as pain in the eye, 

tera in the eye, pus in the eye, blood in eye, turning in the eye, and dimness 

of sight. The medications included onion, leeks, beans, castor oil, 

pomegranate, copper salt, oxymel of squill, hemlock and opium.  

 

Thanks to the developments in the fields of ocular biology and 

pharmacology, there are numerous diagnostic methods and effective 

therapeutics that are available for today’s ophthalmological patients. 

Depending on the disease pathology, the target tissues are located in either 

the anterior or posterior part of the eye. For the anterior targets, topical 

administration is the preferred route of drug administration. Many ocular 

drugs are administered as topical eye drops or ointments (Yellepeddi and 

Palakurthi, 2016). The ocular bioavailability of topical drugs is low as less 

than 5% of the instilled dose reaches the anterior chamber (Järvinen, 

Järvinen and Urtti, 1995). Nonetheless, topical drug treatment is still effective 

in the anterior segment of the eye but for posterior targets, the topical 

ocular route is not efficient, because too low and thus ineffective drug 

concentrations are reached in the posterior eye segment (Maurice, 2002). 

Therefore, for posterior targets in the eye, intravitreal injection is the 

preferred technique for drug administration (Peyman, Lad and Moshfeghi, 

2009).  

 

 About 15 years ago, new therapeutics were launched for the treatment 

of the neovascular form of age-related macular degeneration. These protein 

drugs, for example, bevacizumab, ranibizumab, aflibercept, and 

brolucizumab, act as inhibitors of vascular endothelial growth factor (VEGF). 
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They need to be administered as intravitreal injections (Nicholson and 

Schachat, 2010) at 1-2 month intervals. Typically, their intravitreal half-life of 

elimination is a few days (Del Amo et al., 2015). The vitreal elimination half-

life of small molecules is much shorter, only a few hours. The number of 

annual intravitreal anti-VEGF injections in the United States increased from 

4 million in 2013 to 5.9 million per year in 2016 and this trend continues 

upwards (East and Group, 2012; Grzybowski et al., 2018).  

 

Although intravitreal injections are widely used, they are invasive and may 

occasionally cause unwanted ocular effects, such as inflammation, cataract, 

and pain; consequently reducing patient compliance (Jager et al., 2004; 

Sampat and Garg, 2010; Fagan and Al‐Qureshi, 2013). One approach to 

improve patient compliance is to prolong the intervals between the 

injections with intravitreal sustained release formulations; these include 

implants (Lee et al., 2010), hydrogels (Ilochonwu et al., 2020), microparticles 

and nanoparticles (Herrero-Vanrell, 2011; Kompella et al., 2013). Although 

there are numerous publications and research projects examining these 

formulations, the implants are the only drug delivery systems available on 

the market. For example,  an intravitreal dexamethasone implant (Ozurdex) 

has been on the market for several years (Saincher and Gottlieb, 2020).  

 

In order to design efficient vitreal drugs and delivery systems, we need 

to study their pharmacokinetic behavior in vivo. Since many ocular 

compartments are transparent, optical techniques could be applied to 

measure a drug’s pharmacokinetics in the eye. These techniques include 

fluorescence based methods like fundus imaging (Yannuzzi et al., 2004), 

fluorophotometry (Dickmann et al., 2015) and near infrared techniques like 

optical coherence tomography (OCT) (Hee et al., 1995). These non-invasive 

techniques make it possible to study a drug’s kinetics in a lower number of 

animals. In contrast, with traditional pharmacokinetic experiments with 

invasive techniques, several animals must be euthanized at each time point. 

Furthermore, these non-invasive techniques decrease data variability in the 

experiments, because measurements at multiple time points can be 

performed in the same animal. The main topic of this thesis was to examine 
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how these non-invasive techniques could be best applied to assess the 

intravitreal pharmacokinetics of macromolecules and nanoparticles in 

preclinical animal models.        
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2. REVIEW OF THE LITERATURE 

2.1 Ocular anatomy and routes of drug administration 

 An overview of ocular anatomy is shown in Figure.1. The eye consists of 

different anatomical compartments e.g. anterior chamber, lens and vitreous 

which are protected by different barriers like cornea, blood-aqueous and 

blood-retinal barriers that limit the efficacy of drug delivery after topical and 

systemic administration (Urtti, 2006). The main ocular fluids are lacrimal 

fluid, aqueous humor and vitreous humor. Tear film covers the surface of 

the cornea and it consists of lipids, proteins and mucin (Yazdani et al., 2019). 

Aqueous humor has a very low protein concentration and it fills the anterior 

chamber of the eye (Figure 1). It is produced in the ciliary body and is 

eliminated through the trabecular meshwork and inner wall of Schlemm’s 

canal or via the uveo-scleral route.  Water is the main component of aqueous 

humor, but the humor also contains organic and inorganic ions, 

carbohydrates, glutathione, urea, amino acids, proteins, oxygen and carbon 

dioxide (Goel et al., 2010). 

 

The transparent vitreous humor is the largest compartment in the human 

eye (Figure 1). The main component of the vitreous is water (98-99%). The 

solid components are mainly collagen fibers and glycosaminoglycans, in 

particular hyaluronic acid. The collagen fibrils form a network in the vitreous 

(Le Goff and Bishop, 2008). A mesh size of 500 nm has been reported for 

bovine vitreous (Xu et al., 2013). It is this mesh size that can potentially affect 

the movements of nanoparticulate systems in the vitreous.  It should be 

noted that the vitreous in the aging human eye becomes more liquid-like 

(Sebag, 1987) and presumably the mesh size becomes enlarged. The binding 

of small molecule drugs to the vitreal components is modest and does not 

correlate with plasma protein binding (Rimpelä et al., 2018). The interaction 

of most macromolecules with vitreous is weak and their diffusion 

coefficients in vitreous are almost the same as in water (Missel, 2012).  
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The anterior part of the eye is typically treated with topically applied eye 

drops. However, this approach is limited to small drug molecules with 

adequate corneal permeability (Maurice, 1987). The bioavailability of 

topically applied drugs is limited by their permeability in the cornea, rapid 

systemic absorption via conjunctiva as well as the fast drainage of instilled 

eye drops from the ocular surface (Ramsay et al., 2018). Moreover, the 

reflective lacrimation after administration of an eye drop can dilute the drug 

solution immediately after its application (Mishima et al., 1966). Ocular 

injections to the anterior chamber (intracameral) and subconjunctival space 

are sometimes used in the case of drugs with inadequate corneal 

permeabilities (Short, 2008).    

 

In order to achieve efficient drug delivery to the posterior ocular tissues, 

intraocular routes like intravitreal injections (injection to the vitreous)  are in 

use (Maurice, 2003; Lee and Robinson, 2004). The retina is the main target 

tissue for most intravitreal drug administrations; it consists of several 

distinct cellular layers (Figure 1). The retinal pigment epithelium forms the 

main barrier for permeation of drugs from the systemic blood circulation. 

The inner limiting membrane has been reported as a potential barrier 

inhibiting the permeation of nanoparticles from the vitreal side to the retina 

(Tavakoli, Peynshaert, et al., 2020). 
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Figure 1. Anatomy of the eye. Choroidal blood, vitreous and aqueous 

humor are the main ocular fluids which affect the intravitreal ocular 

pharmacokinetics.  Aqueous humor flows from the ciliary body to the 

anterior chamber and is eliminated via the trabecular meshwork. The retinal 

layers are inner limiting membrane (ILM), nerve fiber layer (NFL), ganglion 

cell layers (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer 

plexiform layer (OPL), outer nuclear layer (ONL), photoreceptors layers (PRL) 

and retinal pigment epithelium (RPE). 
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2.1.1 Intravitreal pharmacokinetics                                                  

Because of the negligible retinal bioavailability of topically applied drugs, 

the intravitreal route is extensively used for drug delivery to the posterior 

part of the eye. Both small drugs and protein drugs are given intravitreally.  

The application of intravitreal drugs started mostly with small molecule 

drugs, such as penicillin or streptomycin in the treatment of intraocular 

infections (LEOPOLD, 1945; SHOEMAKER, 1949). In the last decades, most 

intravitreally administered drugs were antibiotics, antivirals and anti-

inflammatory compounds (Polansky and Weinreb, 1984; Ussery III et al., 

1988; Snyder and Glasser, 1994) but about 15 years ago, protein drugs were 

launched to treat retinal diseases. These therapeutics can be divided into 

anti-VEGF antibodies, soluble receptors and aptamers and they are used to 

treat the neovascular form of age-related macular degeneration. Examples 

of intravitreal drugs and their elimination half-lives in humans and rabbits 

are shown in Table.1.   

 

The vitreal elimination half-lives of small drug molecules lie in a range 

of a few to several hours (Eva et al., 2015). Injections of small molecule 

solutions is not an attractive option in chronic treatment, because 

maintenance of effective drug concentrations in the retina would require 

frequent intravitreal injections, even every few days. In the case of 

macromolecules, the elimination half-lives are in the order of several days 

(Crowell et al., 2019; García-Quintanilla et al., 2019) and therefore an interval 

of 1-2 months is needed. The intravitreal injections are invasive and may 

lead to ocular side effects, including inflammation, cataract, and pain which 

consequently reduce patient compliance (Jager et al., 2004; Sampat and 

Garg, 2010; Fagan and Al‐Qureshi, 2013). This highlights the importance of 

designing novel sustained release formulations for intravitreal drugs to 

prolong the time between injections. 
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Table.1 Examples of intravitreal therapeutics and their elimination half-

lives in human and rabbit vitreous.   

 

Drug compound Class of drugs 
Human vitreal 

half-life (day) 

Rabbit vitreal half-life 

(day) 

Dexamethasone 

phosphate 

Glucocorticoid  0.23 (Gan et al., 

2005) 

0.14 (Kwak and D’Amico, 

1992) 

Ranibizumab Anti-VEGF antibody 7.19 (Krohne et al., 

2012) 

2.88 (Bakri et al., 2007b) 

Bevacizumab  Anti-VEGF antibody 9.82 (Krohne et al., 

2008) 

4.88 (Bakri et al., 2007a) 

Aflibercept Anti-VEGF antibody 11.00 (Do, Rhoades 

and Nguyen, 2020) 

3.92 (Park et al., 2016) 

Pegaptanib Anti-VEGF aptamer Not reported 3.46 (Group, 2002) 

 

 

Vitreal distribution studies started mainly to resolve physiological 

questions in the late 1880’s (Smith, 1889). In those studies, different 

materials, like Indian ink or cinnabar, were injected to the vitreous of rabbits 

and they were monitored qualitatively by ophthalmoscopy or microscopy. 

Those historical reports revealed that there was a qualitative distribution of 

some particles to the ocular tissues like the optic nerve.  

 

Much later, in 1959, David Maurice (Maurice, 1959) published the first 

quantitative vitreal kinetic study. He injected radioactive albumin into rabbit 

vitreous and identified two potential routes of elimination of the compound 

from the vitreous: transretinal and anterior routes. He concluded that 

macromolecules, like albumin, would be mainly eliminated anteriorly. This 

is due to the limited permeability of macromolecules through retina into the 

systemic bloodstream. Likewise, the modern therapeutic antibodies are 

mainly (even as much as 90%) eliminated via the anterior route (Gadkar et 

al., 2015; Hutton-Smith et al., 2016, 2017; Schmitt, 2017; Rimpelä et al., 2019). 

For molecules that permeate across the blood retina barrier (composed of 
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retinal capillary endothelium and RPE), there is a substantial contribution 

made by the posterior route to their elimination (Maurice and Mishima, 

1984; Durairaj, 2017; Schmitt, 2017). It has been estimated that in the case 

of small drugs with good permeability through the blood retina barrier, up 

to 75 percent of the drug may be eliminated transretinally (Rimpelä, Cui and 

Sauer, 2021).   

 

  

2.1.2 Intravitreal interspecies scaling 

The anatomical dimensions and physiological factors of the eye are different 

in animals and humans (Table 2), and this affects also the ocular 

pharmacokinetics. For example, the size of vitreous has a direct effect on the 

vitreal elimination half-life of compounds. The diffusion time in the vitreous 

is the main factor underlying the elimination rate of intravitreally injected 

macromolecules (Hutton-Smith et al., 2016; Shatz et al., 2016; Crowell et al., 

2019). Therefore, it would be expected that the elimination half-life in the 

vitreous is longer in the larger human eyes than in smaller animal eyes 

(Hutton-Smith et al., 2016).  
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Table 2. Physiological and anatomical parameters of rat, rabbit and human 

eyes. 

Parameter Rat Rabbit Human References 

Retinal surface area 

(mm2) 
80 520 1204 

(Panda-Jonas et al., 1994; Reichenbach et al., 1994; 

Mayhew and Astle, 1997) 

Choroidal blood flow 

(ml/h) 
3.9      62 43 

 (Sebag et al., 1994; Nilsson and Alm, 2012; Shih et 

al., 2013) 

Retinal blood flow 

(ml/h) 
    nr 

 

0.66 

 

0.26 (Nilsson and Alm, 2012; Shih et al., 2013) 

Ciliary body blood 

flow (ml/h) 
    nr  4.91 5.34a   (Alm and Bill, 1973; Nilsson and Alm, 2012) 

Iridial blood flow     nr 3.72 1.02a (Alm and Bill, 1973; Nilsson and Alm, 2012) 

Anterior chamber 

volume (µl) 
    18     300      250 

(Conrad and Robinsonx, 1977; Mermoud et al., 

1996; Civan, 1997) 

Aqueous humor flow 

rate (µl/h) 
     21 180     165 

(Brubaker, 1991; Mermoud et al., 1996; Missel, 

Horner and Muralikrishnan, 2010) 

Vitreous volume (µl)     50 1500 4500 
(Friedrich, Cheng and Saville, 1997; Sha and 

Kwong, 2006; Krohne et al., 2008; Zhu et al., 2008). 

a: Since the data was not available, the values of monkey were used. nr: not reported. 

 

Both the flow rate and the volume of aqueous humor affect the 

pharmacokinetics in the anterior segment of the eye (Table 2). For 

intravitreal macromolecules that are eliminated via the anterior route, the 

aqueous humor flow rate is the main mechanism of drug clearance in the 

anterior chamber. Small lipophilic molecules may be eliminated from the 

anterior chamber also by iridial blood flow (Fayyaz et al., 2019). Evidently, 
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both species-related differences in aqueous humor dynamics and iris blood 

flow may influence the rate of elimination (Table 2). 

 

Rodents are widely used in preclinical ocular pharmacology and 

toxicology (Chang et al., 2005; Krebs et al., 2017; Shah et al., 2019) e.g. there 

are several established rodent models available for retinal 

neovascularization and glaucoma (Morrison, Johnson and Cepurna, 2008; 

Grossniklaus, Kang and Berglin, 2010). Despite the widespread exploitation 

of rodents in ocular drug development, their ocular pharmacokinetics is 

largely unknown.  The small volume of ocular tissues in rats and mice make 

tissue dissection challenging (Table 2). For example, the average volume of 

vitreous in a rat is about 50 µl and ten time less in a mouse (5 µl) (Remtulla 

and Hallett, 1985; Sha and Kwong, 2006). For this reason, most of the 

published ocular pharmacokinetic studies have been carried out in rabbits 

or monkeys.  This highlights the benefits of adopting noninvasive 

quantitation methods in monitoring the compounds in the ocular 

compartments since with this approach euthanizing animals and tissue 

dissections can be avoided.   

 

In the design of pharmacological or toxicological studies, it is useful 

to know the interspecies dose scaling factors, since these factors can be 

applied to estimate the required doses when translating from rodents to 

rabbits or humans (Nair and Jacob, 2016). In intravitreal pharmacokinetics, 

the scaling factors for translation from mouse to human and rabbit to 

human have been published (del Amo et al., 2015; Schmitt et al., 2019). 

Intravitreal doses in humans should be about 40% higher than in the rabbits 

to obtain the same drug exposure as the average clearance of hydrophilic 

intravitreal drugs were 1.4 times faster in rabbits than in humans. The 

intravitreal elimination of three radiolabeled compounds (molecular weights 

0.51 - 66.5 kDa) were studied using non-invasive Single-photon Emission 

Computed Tomography/Computed Tomography (SPECT/CT) imaging in 

mice. In that study, the elimination rate in mice was much faster than in 

rabbits or humans (Schmitt et al., 2019). Based on the derived 

pharmacokinetic parameters, the intravitreal doses in rabbits and humans 
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should be 27-90 and 38-126 times higher than in mice, respectively (Schmitt 

et al., 2019).  

 

In the case of rats, intravitreal pharmacokinetics has not been 

studied.  It has been reported that the collection of rat vitreous without 

cross-contamination from adjacent tissues is very difficult (Kottegoda et al., 

2007). For this reason, many kinetic studies in rats use whole eye 

homogenates, instead of individual tissues  (Robinson et al., 2002; Fuchs and 

Igney, 2017).  Since rats are used as animal models for retinal diseases 

(Montezuma, Vavvas and Miller, 2009), it would be advantageous if the 

vitreal kinetics could be assessed in these animals in order to estimate a 

suitable dose when designing in vivo experiments. 

 

2.2  Drug delivery system for intravitreal injections 

The current retinal drug treatments are administered as repeated 

intravitreal injections. The intravitreal injections are invasive and in some 

cases, may lead to unwanted ocular effects, including inflammation, 

cataract, and pain which tend to reduce patient compliance (Sampat and 

Garg, 2010; Fagan and Al‐Qureshi, 2013). Since the vitreal elimination half-

lives of small drug molecules are only hours and macromolecules, while 

longer, are still measured in days (del Amo et al., 2017), one approach to 

improve patient compliance would be to prolong the time intervals between 

injections by administering sustained release formulations.  

 

Different formulation approaches for intravitreal sustained drug 

release have been investigated. Many formulations are still in the research 

phase or in preclinical development (e.g. nanoparticles), although 

intravitreal implants are in clinical use (Vieira, Sousa-Pinto and Figueira, 

2020). The implant products are used to deliver small drug molecules, like 

corticosteroids (dexamethasone, fluocinolone acetonide ) (Sanford, 2013; 

Boyer et al., 2014). A biodegradable dexamethasone implant (Ozurdex, 

based on polylactic-co-glycolic acid) has a duration of action of several 

months, while non-degradable implants (e.g. Iluvien) release fluocinolone 

acetonide for even longer, 18 - 30 months. The administration of these 
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implants requires surgery or the use of a large needle size (Christoforidis et 

al., 2012).    

 

Intravitreal nanomaterials can be used for two main purposes: 1) 

sustained drug release in the vitreous or 2) targeted drug or gene delivery 

to the retinal cells. Intravitreal liposomes were studied already in the 1980’s 

(Barza et al., 1985; Tremblay et al., 1985). Later, polymeric nanoparticles were 

tested as intravitreal delivery systems of drugs (Mezei and Meisner, 1993; 

Zimmer et al., 1994; Blazaki et al., 2020; Delrish et al., 2021; Zhou et al., 2021) 

and nucleic acid based therapeutics (siRNA, DNA) were examined in 

experimental animals (Bochot and Fattal, 2012; del Pozo-Rodríguez et al., 

2013; Huang and Chau, 2019a).  Preclinical success has been achieved i.e. 

the prolongation of retention and activity of drugs either as small molecules 

or macromolecules within liposomes (Bochot and Fattal, 2012) and 

polymeric nanoparticles (Huang and Chau, 2019a), but many aspects of their 

pharmacokinetics remain largely unknown. For example, some properties 

which are related to in vivo behavior such as the intravitreal kinetics of 

nanoparticles, drug release, stability and safety have not been studied in a 

systematic manner.  

 

2.3 Methods for non-invasive monitoring of ocular 

pharmacokinetics 

2.3.1 Optical coherence tomography 

Optical Coherence Tomography (OCT) was introduced in biological imaging 

in the early 1990s (Huang et al., 1991). Shortly after that, OCT was applied in 

evaluation of the retinal layers and morphology in vivo  (Fercher et al., 1993; 

Puliafito et al., 1995). Application of OCT in clinical ophthalmology led to a   

dramatic increase in the precision and quality of diagnoses (Gabriele et al., 

2011). 

 

The main application of ocular OCT is monitoring of the dimensions 

and morphology of tissues, for example retina and cornea. An OCT image of 
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rat retina is shown in Figure 3. OCT contrast mechanisms are based on 

absorption or back-scattering of near infra-red light (Schmitt, 1999). 

Therefore, the presence of molecules that can absorb or emit near infra-red 

light can improve contrast in OCT images. Melanin (Lee et al., 2003) is an 

endogenous whereas indocyanine green (Ehlers et al., 2014) is an exogenous 

example of these two kinds of contrast agents.  

 

   In some studies, the OCT technique has been used to estimate the 

corneal permeability of compounds based on their optical clearing effect 

(Larin et al., 2011). Thus the diffusion rates of metronidazole, 

dexamethasone or glucose have been estimated indirectly by their effects 

on different optical properties (like the refractive index) of cornea and sclera 

(Ghosn, Tuchin and Larin, 2007; Ghosn et al., 2008). This method is semi-

quantitative, but the derived values were close to published ones obtained 

using quantitative methods.   

 

Since micro- or nanoparticles may scatter light, there are publications 

describing the detection and imaging particulate systems.  For example, 

microspheres were detected in vivo in liver with OCT (Lee et al., 2003). Also 

metal nanoparticles have been detected by OCT qualitatively based on back- 

scattering of light (Xu et al., 2020; Keahey et al., 2021). The application of OCT 

for nanomaterial imaging in the eye is a new application of this technique. 

For example, OCT was used to detect gold nanoparticles (Song et al., 2017) 

and cells with gold nanoparticles (Chemla et al., 2019) in the rat vitreous.   
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Figure 3. Retinal OCT image of a pigmented rat. Retinal layers are shown in 

the figure. GCL: ganglion cell layers, IPL: inner plexiform layers, INL: inner 

nuclear layers, OPL: outer plexiform layer, ONL: outer nuclear layer, IS: inner 

segment, OS: outer segment, RPE: retinal pigmented epithelium. 

 

 
2.3.2 Fundus imaging 

Fundus imaging is a non-invasive ocular imaging technique that allows 

visualization of the retinal surface through cornea and lens (Yannuzzi et al., 

2004); usually the pupil must be dilated with mydriatic eye drops before 

fundus imaging (Agarwal, 2008). With fundus imaging, it is possible to 

visualize the retinal vessels and optic nerve (Figure 4A). Moreover, 

fluorescence filters enable the application of fundus photography for retinal 

angiography and autofluorescence imaging. For example, after systemic 

injection of  green (Ffytche et al., 1980), red (Hochheimer and D’Anna, 1978) 

or near infrared (Hochheimer, 1971) fluorescent dyes, retinal angiography 

can be performed with a fundus camera. The aim of retinal angiography is 

to evaluate the morphology and permeability of retinal vessels which are 

important features in the evaluation of retinal pathologies associated with 
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uveitis and AMD (Olsen et al., 2004). Figure 4B shows a retinal fluorescein 

angiogram of a pigmented rat.   

 

 
 

Figure 4. A) Fundus color image and B) Retinal fluorescein angiogram of 

a pigmented rat. 

 

The main application of fundus imaging is in the diagnosis of diseases 

and retinal abnormalities. However, full color or fluorescence filter based 

images could be used to follow the distribution of labeled macromolecules 

and ocular drug delivery systems (Chang-Lin et al., 2011; Cheng et al., 2011; 

Chemla et al., 2019; Eblimit et al., 2021). Since this is a noninvasive technique, 

it can follow one subject at multiple times. Therefore, it is possible to 

monitor both the pharmacokinetics and safety of the injected materials at 

the same time. For example, the fluorescence signal of sunitinib loaded 

liposomes in the mice vitreous has been measured semi quantitatively via 

fundus imaging (Tavakoli et al., 2022).    

 

2.3.3 Ocular fluorophotometry 

Ocular fluorophotometry is a noninvasive technique which can be used to 

quantify the concentrations of fluorescent compounds in the transparent 

ocular compartments, such as tear film, cornea, aqueous humor, lens and 
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vitreous. This technique was introduced in 1954 (Langham and Wybar, 1954) 

and later it was improved and used by different groups in the field of ocular 

physiology (Maurice, 1963; Waltman and Kaufman, 1970; Jones et al., 1979; 

Munnerlyn, Gray and Hennings, 1985). The quantification of fluorescence 

signals in the ocular compartments enables measurements of several 

physiological factors, such as tear turnover, aqueous humor flow and 

permeability of both blood-aqueous and blood-retinal barriers (Lund-

Andersen et al., 1985; Raines, 1988; Docchio, 1989; Maurice et al., 1990; 

Zeimer, 1990). An example of a fluorophotometric scan is illustrated in 

Figure 5.   

 

Ocular fluorophotometry is an ideal technique for non-invasive 

quantification of labeled compounds in the vitreous and aqueous humor. In 

most intravitreal pharmacokinetic studies, large numbers of test animals, 

usually rabbits, are needed to monitor drug concentrations at different time 

points. This is expensive and ethically questionable. Moreover, this 

approach does not provide information about the inter-subject variability 

since only a single measurement is obtained from each animal. 

Fluorophotometry detects fluorescent compounds, enabling ocular 

pharmacokinetic studies with labeled macromolecules and drug delivery 

systems, like nanoparticles. However, this technique is only suitable for 

intrinsically fluorescent small molecules, because fluorescent labeling of 

small molecules causes dramatic changes in the molecular features that will 

result in misleading data.  
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Figure 5. An example of fluorophotometric scan of a rabbit eye. This 

technique measures the fluorescence signal in the axis of the eye from 

retina to cornea. Autofluorescence is used to locate the different ocular 

compartments. The observed axial distance is larger than the actual 

anatomical values due to refractive index of the ocular medium. 

 

Fluorophotometry facilitates the rational use of laboratory animals in 

accordance with the 3R principles (replacement, reduction, refinement). 

Fluorophotometry has been used in pharmacokinetic experiments with 

fluorescently labeled macromolecules in rabbits (Johnson and Maurice, 

1984; Araie and Maurice, 1991). Recently, Dickmann and colleagues 

obtained similar pharmacokinetic results for intravitreally administered 
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ranibizumab using fluorophotometry and a conventional invasive method 

(Dickmann et al., 2015).  

 

 2.4  Autofluorescence of the eye and fluorescent dyes   

  Ocular tissues can absorb and emit light at different wavelengths 

(Schmitz-Valckenberg et al., 2008). The fluorescence of the tissues in the 

anterior part of the eye, like cornea and lens, are mostly in the ultraviolet 

and green wavelength range due to the protein content in these tissues (Van 

Best et al., 1985; Holz et al., 2007) (Table 3). The level of green 

autofluorescence in these tissues tends to increase with aging and in some 

pathological conditions like diabetes (Bleeker et al., 1986). The range of 

fluorescence in the posterior tissues of the eye (e.g. retina) is mainly in the 

wavelength range of red color (Eldred and Katz, 1988; Delori et al., 1995). 

With aging and in some retinal diseases like AMD, the retinal 

autofluorescence may increase due to the accumulation of lipofuscin 

(Marmorstein et al., 2002). For example, an increase in the blue-green 

autofluorescence of Bruch’s membrane relative to the yellow-orange 

autofluorescence of RPE-associated lipofuscin was observed in AMD 

patients.  

 

Table.3. Ocular natural fluorophores and their excitation and emission 

wavelengths (Rovati and Docchio, 2004; Spaide, 2007; Dysli et al., 2017) . 

Tissues Excitation range (nm) Emission range (nm) 

Crystalline lens 295-520 329-550 

Retinal Lipofuscin 500-720 520-750 

Melanin 300-800 
Broad in near 

infrared 

Cornea 366-450 440-550 
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Near infrared light has been used in the evaluation of retinal 

autofluorescence (Skondra et al., 2012). For example, it is possible to image 

the melanin distribution in the retina with near infrared imaging (excitation: 

787 nm and emission: 800 nm). This may be useful in the diagnosis of age-

related retinal diseases (Keilhauer and Delori, 2006; Kellner, Kellner and 

Weinitz, 2010).  

 

Natural autofluorescence of ocular tissues is valuable in diagnosis. The 

natural luminescence may affect the signals of exogenous probes that are 

used for angiography and as labels in preclinical studies. The signals of red 

dyes can interfere with retinal autofluorescence. In addition, green and near 

infrared fluorescent dyes are widely used in ophthalmology; but for green 

dyes, the overlap with autofluorescence is significant in anterior tissues, 

whereas retinal melanin could cause a significant degree of 

autofluorescence in near infrared imaging.  

 

In order to avoid problems with autofluorescence (Table 3), new 

luminescent dyes have been designed and synthesized (del Rosal and 

Benayas, 2018; Jiang and Pu, 2021). For example, the luminescence 

properties of phosphorescence dyes can be adjusted by chemical 

modifications. Phosphorescence is another type of photoluminescence; it is 

similar to fluorescence but with a much longer emission half-life. The 

emission half-life can be used as a reporter of the chemical and thermal 

environment of molecules (Chelushkin et al., 2022). This feature makes it 

possible to utilize these molecules as biological sensors.     

 

Fluorescent dyes display a high emission intensity and they are 

commercially available. However, these dyes show small Stokes shifts, short 

lifetimes and may suffer from photobleaching. These deficiencies may result 

in lower image resolution in luminescent imaging and limit the use of 

fluorophores in long-term experiments. On the contrary, phosphorescent 

emitters, based on transition metal complexes, display large Stokes shifts, 

possess long life-times and are subjected to insignificant photobleaching. 

The Stokes shift is the difference between the emission and excitation 
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wavelengths of the dye. A large Stokes shift is useful in avoiding the 

overlapping of the excitation and emission signals, thus improving the 

detection limit and image quality. Moreover, dyes with large Stokes shifts 

should be capable of circumventing natural autofluorescence.   Another 

property, photostability, is important when following the distribution of 

labeled materials for longer time periods.     

 

Phosphorescence labels are an attractive alternative to be adopted when 

imaging diagnostic and therapeutic nanocarriers. Moreover, it is possible to 

use phosphorescence dyes which are sensitive to the chemical environment. 

For example, the oxygen concentration in biological environments has been 

quantified in a non-invasive manner (Papkovsky and Dmitriev, 2013), and 

this has also been achieved in the rodent retina (Wilson et al., 2006; Shahidi 

et al., 2010).  
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3. AIMS OF THE STUDY 

 The main goal of this thesis was to study how non-invasive optical 

techniques could be utilized to assess the vitreal kinetics of 

macromolecules and nanomaterials in rat and rabbits.    

 

The specific aims of this study are as follows: 

 

1. Imaging of phosphorescence dyes in intravitreal liposomes to avoid 

ocular autofluorescence problems.   

 

2. Comparing the vitreal kinetics of macromolecules in rats and rabbits 

by using in vivo fluorophotometry and deriving inter-species scaling 

factors for intravitreal dosing.  

 

3. Applying non-invasive optical techniques to assess both ocular 

pharmacokinetics and the safety of labeled liposomes, polymeric 

nanoparticles and peptide conjugates in rat and rabbits 

 

4. Applying pharmacokinetic modelling for the prediction and 

quantitative understanding of ocular pharmacokinetics 

nanoparticles, peptide conjugates, and released drug after an 

intravitreal administration.    
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 4. METHODS 

     Method                                Overview Publications 

Anesthesia 

For intravitreal injections, inhalational and subcutaneous 

injection-based anesthetics were used in rat and rabbits, 

respectively. In vivo fluorophotometry and eye imaging 

was performed under inhalation anesthesia and a 

subcutaneous sedative in rat and rabbits, respectively.  

I, II, III, IV, V 

Optical coherence 

tomography 

OCT was used to monitor the quality of injections and the 

safety of the materials in rats. The state of the retina was 

visualized and qualitative imaging of nanomaterials in the 

vitreous was performed. 

I, II, III, IV, V 

Fundus Imaging 
Fundus imaging was performed with and without a 

fluorescent filter to follow the labeled materials in the rat 

and rabbit eyes. 

  I, II, IV, V 

In vivo ocular 

fluorophotometry 

Concentrations of the fluorescently labeled compounds 

were determined in rat and rabbit eyes. 
  II, III, IV, V 

Pharmacokinetic 

calculations and 

modeling 

Calculation of pharmacokinetic parameters from 

experimental data was accomplished. Simulation models 

were built for intravitreally injected materials in rat and 

rabbit eyes.  

  II, III, IV, V 

Liposome preparations 

The lipids were dissolved in chloroform prior to the 

liposome preparation. The liposomes were formed by a 

thin film hydration method followed by extrusion 

through a polycarbonate membrane to produce different 

particle sizes. 

  V 

Polymeric micelles  

Poly(ethylene glycol)- (trimethylene carbonate-g-ɛ-
caprolatcone) block copolymers were synthesized. 

Polymeric micelles were synthesized by hydration of 

synthesized polymer in PBS. 

  V 

Polymersome 

Poly(ethylene glycol)-b-poly-(D,L-lactide) copolymer were 

synthesized by dissolving the polymers in organic 

solvents and then dispersion by addition of water. After 

dialysis against hyperosmotic solutions, particles with 

different morphologies were produced.    

 V 

Pullulan -

dexamethasone 

nanoparticles  

Dispersion of synthesized polymer in PBS buffer.        IV 

Peptide conjugates 

The peptide–dexamethasone conjugates consist of a cell 

penetrating peptide, an enzyme cleavable linker and 

dexamethasone that is conjugated with a hydrazone 

bond. 

 III 

Particle size 
Differential light scattering was used for particle size and 

charge analysis 
    I, IV, V 

Endotoxin test 
The endotoxin level was evaluated by using the Limulus 

Amebocyte Lysate gel-clot endotoxin assessment kit. 
      IV, V 

Synthesis and 

characterization of 

iridium probes 

Iridium (III) lipid-mimetic complexes were synthesized by 

addition a C16 aliphatic chain. The synthesized probes 

were characterized using nuclear magnetic resonance.  

  I 
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Stability and biological 

interaction of peptide 

conjugate 

The ex vivo stability of peptide conjugates in porcine 

vitreous were determined by using ultra-performance 

liquid chromatography tandem mass spectrometry. The 

interaction of peptide conjugates with vitreous and 

glucocorticoids was evaluated using Microscale 

Thermophoresis.   

 III 
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5. RESULTS 

5.1 Retinal autofluorescence and luminescent bioimaging 

 

The fluorescence properties of ocular tissues are different (Table 3). Eye 

imaging using different excitation and emission wavelengths is useful in 

observing the natural autofluorescence. For example, in Figure 6, the fundus 

images of a rat at three different wavelengths are shown. Depending on the 

wavelength, the background intensity is different. In Figure 6B, less 

autofluorescence is visible than in 6C. Endogenous fluorescence is 

important since it can affect the signal-to-noise ratio of labelled materials 

after intravitreal injections.  

 

 

Figure 6. Fundus images of a pigmented rat. A) Full color image, B) filter set 

of emission (504.7-900 nm) and excitation (451.1- 486.5 nm), C) filter set of 

emission (610.6-900 nm) and excitation (full color). 

 

In order to design suitable dyes for ocular imaging, two phosphorescence 

probes (Ir-1 and Ir-2) were synthesized. Because these probes are 

hydrophobic and not water-soluble, they were formulated into liposomes to 

allow measurements of the fluorescence spectra in aqueous medium and 

this made it possible to perform in vivo experiments. The structure of the 

dyes was modified by addition of an aliphatic chain with a length of 16 

carbon (Figure 7) to facilitate liposomal incorporation. After this 

modification, the probes were loaded into a liposomal formulation 
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(DPPC/DSPE-PEG2000/Ir1 or Ir2) at molar ratios of (94/4.5/1) at a total 

concentration of 3 µmol/ml. The average sizes of the Ir1 and Ir2 labeled 

liposomes were 118 ± 24 nm and 106 ± 23 nm, respectively. For these 

probes, three excitation wavelengths of 290, 335 and 450 nm could be used 

with the emission wavelength being in the red region (about 650 nm).  

 

 

 

Figure.7. Chemical structure of A) Ir-1 and B) Ir-2 compounds.  

 

To evaluate the applicability of phosphorescent liposomes in the in vivo 

imaging, we performed OCT and full color fundoscopy in pigmented rats 

after intravitreal injection of the labeled liposomes. Ir-1 and Ir-2 complexes 

are clearly visible not only due to their luminescence in funduscopy, but they 

also generate OCT contrast (a comparison of OCT images before and after 

injection as shown in Figure 8). The luminescence and OCT signals are 

overlapping thereby revealing the colocalization of the signals. In the fundus 

images (excitation: 451.1-486.5 nm, emission 504.7-900 nm), we could 

observe the labeled liposomes without any significant autofluorescence 

background. 
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Figure 8. Fundus and OCT images in rat eyes before and after intravitreal 

injection of liposomes labeled with Ir-1 and Ir-2. Fundus image are full color 

and with filter combination (excitation: Semrock FF01-469/35 and barrier: 

Semrock BLP01-488R). The labeled liposomes are visible as red color. The 

right column is the OCT images before and after intravitreal injections. The 

liposomes are visible in the vitreous after the injection (yellow arrow). 
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5.2 Rat-to-rabbit scaling of intravitreal pharmacokinetics  

Intravitreal injections of FITC-dextrans and fluorescein into the rat and 

rabbit eyes were used to compare the ocular pharmacokinetics in these two 

species. Ocular fluorophotometry was used to determine the concentration 

of compounds in the vitreous. The concentrations at different time points 

were fitted into a one compartment model with a first order elimination rate 

constant and kinetic parameters were obtained (Table 4). The elimination 

half-life of a small molecule, fluorescein, is about three times shorter in rats 

than in rabbits. In the case of FITC-dextrans, the elimination half-lives for 

molecular weights of 10, 150 and 500 kDa were about 5-6 times longer in 

rabbits than in rats. The apparent volume of distribution was in the range of 

the anatomical volume of the vitreal cavity in both species. In both species, 

the clearance of fluorescein was much faster than the clearance of FITC-

dextrans, demonstrating the importance of molecular size in the vitreal 

clearance.      
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Table 4. Kinetic parameters of intravitreally injected compounds in rats and 

rabbits (average ± SD).  

 

 

 
a The values are from the literature (Krupin et al., 1982) which they reported the vitreal elimination 

half-life of fluorescein in pigmented rats after intravitreal injection. The clearance was calculated by using 

the average of the anatomical volume of vitreous (50 µl) (Sha and Kwong, 2006). b The values are from 

the literature (Johnson and Maurice, 1984), which they reported the vitreal elimination half-life of FITC-

dextran of 157 kDa in pigmented rabbits after intravitreal injection. The anatomical volume of rabbit 

vitreous (1700 µl) (Missel, Horner and Muralikrishnan, 2010) was used to estimate the clearance (i.e. 

clearance = vitreous volume × elimination rate constant).  

 

Compound Species 

 

Apparent volume of 

distribution (µl) 

Elimination half-life (h) Clearance 

(µl /h) 

Number of 

     eyes 

Fluoresceina Rat                             50 

  

                 1.05 ± 0.07 

 

 

      33 ± 2.2 

 

20 

FITC-dextran 

10 kDa 
Rat 

 

                   88 ± 22 

 

 

         13.5 ± 1.6 

 

 

      4.5 ± 0.8 

 

6 

FITC-dextran 

150 kDa 
Rat 

 

                         186 ± 57 

 

 

         34.1 ± 1.4 

 

 

      3.8 ± 1.2 

 

6 

FITC-dextran 

500 kDa 
Rat 

                  

                 73 ± 17 

 

 

         26.6 ± 5.4 

 

 

      2.1 ± 0.9 

 

6 

Fluorescein Rabbit 

 

               1200 ± 970 

 

 

          3.0 ± 2.2 

 

       

     273 ± 69 

 

3 

FITC-dextran 

      10 kDa 
Rabbit 

 

2600 ± 350 

 

        

           83 ± 3 

 

       

    21.6 ± 2.4 

 

4 

FITC-dextran 

157 kDa b 
Rabbit                  1700 

 

         166.3 ± 16.8 

 

 

    7.1 ± 0.7 

 

14 

FITC-dextran 

500 kDa 
Rabbit 

1300 ± 180 

 

         152 ± 13 

 

    5.9 ± 0.7 

 
6 
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The kinetic parameters of rats and rabbits are compared in Table 5. If we 

aim at an equal area under the curve (AUC) in rats and rabbits, the ratios of 

clearance values could be used to estimate the scaling factors for dosing 

(AUC= Dose/CL). For fluorescein, the scaling factor between rats and rabbits 

is about 8; for macromolecules, it is in a range 2-5. Thus, similar vitreal drug 

exposure (AUC) in rabbits is reached at 2-5 time higher doses than in rats 

 
Table 5. Relative differences (rabbit/rat values) for intravitreal volume of 

distribution, clearance and half-life. Dose scaling factor was calculated as 

CLrabbit/CLrat. 

 

      Compound Apparent volume 

of distribution 

Clearance   Elimination 

   half-life 

  Dose scaling   

factor for equal   

AUC   

Fluorescein 24 8.3 2.9 8.3 

FITC-dextran  

10 kDa 

29 4.8 6.1 4.8 

FITC-dextran  

150 kDa 

                       9.1 1.9 4.9 1.9 

FITC-dextran  

500 kDa 

18 2.8 5.7 2.8 

 
 
 
 
5.3 Pharmacokinetics of intravitreal peptide conjugates 

The intravitreal pharmacokinetics of two peptide conjugates (Dex-1 and 

Dex-2) were evaluated (Figure 9). The peptide conjugates consist of three 

components: 1) a cell penetrating sequence for intracellular entry, 2) an 

enzyme cleavable peptide-based linker and 3) dexamethasone attached to 

c terminal of peptide-based linker via a hydrazone linkage. The peptides 

sequences were stable in the isolated vitreous for 6 weeks, whereas they 

were taken up and cleaved in the RPE cells efficiently (Bhattacharya et al. 

2017). The peptide conjugates released dexamethasone with the Arg 
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residue, and this molecule was able to bind well to the human glucocorticoid 

receptor as shown in microscale thermophoresis (MST) experiments.  

Binding of Alexa Fluor 488 labeled peptides to the vitreous was measured 

using MST. One of the peptides (Dex-2) had high affinity for binding to the 

porcine vitreous (Kd =13.5 nM) and the maximum binding capacity was 

reached at 100 nM.  It was not possible to measure the affinity of Dex-1 

peptide because of its adherence to the capillary walls of the device.  

 

 

 

 

Figure 9. Sequence and structure of dexamethasone conjugate peptides 

(Dex-1 and Dex-2). CPP stands for cell penetrating peptide and DEX for 

dexamethasone. 

 

The peptides were injected in the rabbit vitreous and the fluorescence 

signals were measured at different time points using ocular 

fluorophotometry (Figure 10). The elimination half-lives of the peptides in 

the rabbit vitreous were about one day (Table 6).  Concentration ratios of 

the peptides between aqueous humor and vitreous were about 0.3 (Figure 

10, Table 6).   
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Figure 10. The fluorescence signal in the rabbit vitreous (black colour) 

and aqueous humour (red colour) after intravitreal injection of peptides into 

the rabbit eye. A) Dex1 and B) Dex2.  

 

Table 6. The pharmacokinetics parameters of intravitreal Dex-1 and Dex-2 in rabbit 

eyes.  

Compound Number 

of eyes 
 

Volume of distribution (µl) Clearance (µl/h) Elimination 

half-life (h) 

Ca/Cv ratiob 

Dex-1 3 1700 a 41.9 ± 17.0 29.9 ± 10.0 0.31 ± 0.14 

Dex-2 4 1700 a 49.3 ± 10.1 24.3 ± 5.7 0.23 ± 0.04 

 



53 

a Anatomical volume were assumed as vitreal volume of distribution (Missel, 2012). b the 

ratio of signals in aqueous humour (Ca) and vitreous (Cv).  

 
 
5.3  Pharmacokinetics of intravitreal nanomaterials 

Different nanomaterials were used to study their intravitreal kinetics and 

distribution (Table 7). These formulations included liposomes, polymeric 

micelles, polymersomes and polymeric conjugates with particle sizes 

ranging from ≈ 50 nm to > 1000 nm. Polymeric micelles and polymersomes 

were made both as spherical and longitudinal particles (Table 7). Even 

though pullulan conjugates are single polymeric chains, they can self-

assemble and form nanoparticles (about 200 nm in diameter). The 

endotoxin tests of the formulation revealed that two of the materials had 

endotoxin contamination (vesicle ≈300 nm; tube ≈180 nm).  

 

Table 7. Nanomaterial properties.  

 

Formulation Hydrodynamic 

diameter (nm) 

Polydispersity 

 index 

Shape Endotoxin 

Liposome ≈ 50 nm 48.6 ± 3.9 0.148          Spherical      - 

Liposome ≈ 100 nm 94. 6 ± 5.7 0.054          Spherical      - 

Liposome ≈ 250 nm 231.7 ± 44.8  0.029          Spherical      - 

Liposome > 1000 nm 1160.9 ± 234.1 0.494          Spherical      - 

Micelle≈ 40 nm 37.5 ± 0.3 0.061          Spherical      - 

Worm ≈90 nm b 91.8 ± 1.2 0.294     Worm shape      - 

Vesicle ≈300 nm  303.0 ± 23.0 0.101          Spherical      + 

Tube ≈180 nm b  183.5 ± 4.1 0.055           Tubular      + 

BDP-pullulan-DEX 219 ± 15 0.25            Spherical      - 

 

The lowest dilution of the injected solution (1 to 64 times dilution) which contained more than 0.03 EU/ml 

of endotoxin was indicated as positive. b The reported sizes are based on the DLS method. The shape of 

the particles was not considered in this size measurement. The width and length of the particles (tubes 

and worms) based on cryo-TEM are more than 1 µm and the width is about 100 to 50 nm (Ridolfo et al., 

2020). 
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Vitreal distribution of nanomaterials by using fundus imaging. 

 

The vitreal distribution of nanomaterials was studied in rats after 

intravitreal injection by means of fundus imaging and OCT.  Fluorescently 

labelled materials were used for fundus imaging. In fundus images, the 

fluorescence signal was detectable up to 20 days after the intravitreal 

injection of large liposomes (> 1000 nm in diameter). The signal for ≈50 nm 

liposomes was detectable still at 10 days, but not after injection of ≈100 nm 

and ≈250 nm liposomes (Figure 11).  

The vitreal distribution of polymeric micelles (micelles ≈40 nm and worms 

≈90 nm) revealed the retention in the vitreous for at least 65 days, mostly 

close to site of injection (Figure 12). Polymersomes (vesicles ≈300 nm, tubes 

≈180 nm) were eliminated from the vitreous in about 8 days (Figure 13). The 

polymersomes contained endotoxin which may lead to faster elimination 

(Table 7).  
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Figure 11 Fundus images showing the distribution of labeled liposomes with 

average size of ≈50 nm, ≈100 nm, ≈250 nm and ≈1000 nm in the rat vitreous 

after intravitreal injection. Two eyes were injected and both eyes showed 

similar distribution patterns. The imaged time points are immediately after 

injection and then 4 days, 10 days and 20 days post-injection.  
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Figure 12 Fundus images showing the distribution of intravitreally 

injected polymeric micelles with spherical (micelles ≈40 nm) and worm 

shapes (worm ≈90 nm) in the rat vitreous. The time points for imaging are 

shown above the images.  

 

 

 

Figure 13. Fundus images showing the distribution of intravitreally 

injected polymersomes with spherical (vesicle ≈300 nm) and tubular (tube 

≈180 nm) shape. The time points for imaging are shown in the columns. 

 

Pharmacokinetics of intravitreal nanoparticles with fluorophotometry: 

 

      The vitreal kinetics of fluorescently labeled liposomes and pullulan 

conjugates were assessed with in vivo fluorophotometry. One compartment 
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model with a first order elimination rate constant was applicable in all cases. 

The apparent volumes of distribution of all formulations were close to the 

anatomical volume of the vitreous in rats and rabbits (Table 8).  

 

      Intravitreal half-life of BDP-pullulan in rats was about 17 hours (Table 8) 

and conjugation of dexamethasone to BDP-pullulan did not change the half-

life. The elimination half-life of BDP-pullulan-DEX in rabbits was about 60 

hours.  

 

     Pharmacokinetics of labeled liposomes (≈50 nm in diameter) was 

evaluated in rabbits with fluorophotometry. The retention time of the 

liposomes was much longer than the retention of pullulan derivatives (half-

life about 200 hours) (Table 8). 

 

Table.8. Kinetic parameters of nanomaterial after intravitreal injections to rat and 

rabbit eyes.  

 

We performed kinetic simulations in order to estimate the elimination 

routes of BDP-pullulan-DEX and liposomes (≈50 nm) in rabbit eyes. In these 

simulations, the concentration of compounds was simulated in vitreous and 

aqueous humor by assuming the anterior route as the only elimination 

pathway. The clearance from aqueous humor was assumed to be equal with 

the aqueous humor flow rate.  The simulated concentrations matched with 

Compound Species Apparent volume of 

distribution (µl) 

Elimination half-

life (h) 

Clearance 

(µl /h) 

Number of 

eyes 

BDP-pullulan rat 42 ± 12 17.4 ± 3.9       1.8 ± 0.7 6 

BDP-pullulan-DEX rat 84 ± 30 16.7 ± 0.8       3.5 ± 1.2 5 

BDP-pullulan-DEX rabbit 932 ± 72 60.3 ± 4. 9 11 ± 0.4 6 

 

liposome≈50 nm 

    

   rabbit              954 ± 478 

       

         202.1 ± 91.2 

 

3.4 ± 1.4 

 

6 
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the experimental values from vitreous and aqueous humor (Figure 14), 

suggesting that these nanomaterials are eliminated via the anterior route.   

 

  

 

 

Figure 14. Experimental and simulated concentrations of A) BDP-pullulan-

DEX conjugates (vitreal elimination half-life of about 60 h) and B) liposomes 

(≈ 50 nm in diameter; vitreal elimination half-life of about 200 h) in the 

vitreous and aqueous humor of rabbits after intravitreal injections.  

 

The kinetics of the peptide conjugates, liposomes and BDP-pullulan-DEX 

were compared with anteriorly eliminating sucrose and FITC-dextrans in 

Maurice plot (Figure 15). The Maurice equation (Eq.1) (Maurice and Mishima, 

1984)  assumes that vitreal elimination takes place only via anterior route: 
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   Eq.1         
𝐶𝑎

𝐶𝑣
= 𝑘𝑣

𝑉𝑣

𝑓
       

 

in which Ca and Cv are compound concentrations in aqueous humor and 

vitreous, respectively. Kv, Vv and f are the vitreal elimination rate constant, 

and the volumes of vitreous and aqueous humor flow rates in rabbits, 

respectively. In Figure 15, both the anatomical and the average of intravitreal 

volume of distribution were used (red and green line) (Missel, 2012; Del Amo 

et al., 2015)  The values of liposomes and BDP-pullulan-DEX are close to the 

Maurice line and in agreement with sucrose and FITC-dextran data, 

indicating that the anterior route is the main elimination route for these 

materials. 

 

 

 

Figure 15. Maurice plot of intravitreally administered compounds in the 

eyes of rabbits. The plot shows anteriorly eliminating compounds based on 

literature data: sucrose (0.342 kDa ) (Bito and Salvador, 1972), FITC-dextran 

(FD-10.5, FD-67, FD-157 kDa) (Johnson and Maurice, 1984; Missel, 2012). The 

green and red (dotted) lines are derived from the Maurice equation by 

assuming 1150 and 1700 µl as the vitreal volume of distribution (Missel, 

2012; Del Amo et al., 2015). Positions of BDP-pullulan-DEX (~75 kDa), 
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liposome and peptide conjugate (Dex-1, Dex-2) data close to the straight 

lines indicate the anterior route of elimination in the rabbit eyes.  

 

In compartmental kinetics and simulations, a homogenous distribution of 

nanoparticles in the vitreous was assumed.  However, the results of 

fluorophotometry and fundus imaging show an intravitreal concentration 

gradient and liposome accumulation near to the optic nerve head (Figure 

16). No such gradient was observed for BDP-pullulan-DEX.    

 

 

 

Figure 16. A) Fluorophotometric scan of a rabbit eye one month after 

intravitreal liposome (≈ 50 nm size) injection. B) Fundus images of the same 

eye with full color (left) and green filter (right) settings. The yellow circle 

shows the accumulation of liposomes in the optic nerve head.  

 

Importance of synchronizing drug release and nanoparticle elimination  

 

     We showed that vitreal kinetics of nanomaterials can be well described 

with a one compartment model and first-order elimination. The elimination 

of the particles and drug release affect the drug response after intravitreal 

injection, but their inter-relationship has not been explored. In order to 

investigate this phenomenon, we simulated pharmacokinetics of intravitreal 

liposomes by using experimental rate constants of liposomes (≈50 nm) from 

rabbit eyes and assumed different first-order drug release rates. With 
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respect to the released drug, we used kinetic parameters of 

dexamethasone.  

     The simulations demonstrate the importance of synchronizing ocular 

retention and drug release from nanoparticles. Figure 17 shows the 

dependence of ocular bioavailability (ocular exposure to released drug) on 

the release half-life. Increasing the release half-life prolongs the expected 

duration of action (exposure period), but it plateaus after ≈ 15 days. On the 

other hand, bioavailability will decrease with a slower drug release rate, 

since more drug will be eliminated from the eye in a liposome encapsulated 

form. Thus, the design of efficient long-acting nanoparticles must involve 

both a prolongation of particle elimination and controlled drug release.  

 

 

 

Figure.17. Relationship between ocular drug bioavailability (percentage 

of dexamethasone release in the vitreous and aqueous humor) and drug 

release rate (half-life of release) from intravitreally injected liposomes. The 

simulation was performed using liposomal kinetic parameters from Table 8. 

The effective exposure period of free dexamethasone in the vitreous is 

shown as a function of the drug release rate. The exposure period is defined 

as the time period for dexamethasone concentrations staying above 1 nM 

in the vitreous.  
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6. DISCUSSION 

6.1  Ocular autofluorescence and eye imaging 

Ocular tissues show emission wavelengths when subjected to excitation 

beams leading to different background signals in ocular tissues. In this 

study, we imaged the retina and vitreous of pigmented rats after intravitreal 

injections.  Autofluorescence may affect the quality of imaging when 

investigating labeled molecules or particles. For example, Marmorstein et al. 

(Marmorstein et al., 2002) elucidated the spectral profile of natural 

autofluorescence in the human retina. They studied the retinas of healthy 

and diseased AMD human subjects using different excitation and emission 

wavelengths. When excitation was performed at 488 nm, the emitted signal 

at 655 nm wavelength was minimal.   

 

In our study, two phosphorescence probes (Ir-1 and Ir-2) were 

synthesized and formulated into liposomes that were injected intravitreally 

into the rat eye. These two dyes are iridium complexes with excitation 

wavelengths in ultraviolet (290 to 330 nm) or blue light (430 to 470 nm) and 

emission wavelengths range from the red to the near infrared range (650-

800 nm). For in vivo imaging, we used excitation wavelength 488 nm and 

monitored the IR-1 and IR-2 dyes in a range of 500 to 700 nm. The maximum 

emission of these dyes in aqueous media is reached at about 650 nm. 

Therefore, the background noise from the retinal autofluorescence should 

be minimal for these dyes. As we have shown with the fluorescent fundus 

imaging of IR-1 and IR-2 labeled liposomes, these dyes improve both the 

quality and sensitivity of the imaging procedure. 

Another potential application of these dyes could be their simultaneous 

detection with green dyes, like fluorescein, in a single image. This is feasible 

because by using filter sets in fluorescein angiography, the retinal vessels 

are visible in green color and the IR-1 and IR-2 are in red color. For example, 

when we injected intravitreally compounds or formulations with IR-1 or IR-2 
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labels, and perform fluorescein based retinal angiography, we could detect 

the intravitreally injected materials with the same set of filters in a single 

image. Retinal angiography is a valuable tool in the evaluation of retinal 

vessels, an important part in preclinical safety and drug efficacy studies 

(Littlewood et al., 2019). These labels potentially broaden the information 

which can be gained in such investigations. Compared to fluorescent labels, 

the phosphorescent labels are expected to display an improved signal-to-

noise ratio due to the large Stokes shift and negligible quenching in long-

term experiments with ocular drug delivery systems capable of prolonged 

action. 

In this study, we observed the injected liposomes in the vitreous by OCT. 

To the best of our knowledge, this is the first report on the applicability of 

phosphorescent dyes for simultaneous use with in vivo funduscopy and OCT. 

The wavelength in ocular OCT imaging was in the near infra-red region. Thus, 

the molecules that are capable of absorbing or emitting light at a range of 

around 800 nm or higher can generate a contrast in the OCT images. 

Previously, OCT-based detection of unlabeled microspheres in vivo in liver 

was demonstrated (Lee et al., 2003). The contrast mechanisms of OCT are 

based on the absorption or back-scattering of light. Endogenous melanin 

(Lee et al., 2003) and exogenous indocyanine green (Ehlers et al., 2014) are 

examples of contrast agents which can be detected by OCT. Since the 

detected wavelength in OCT is in the near infrared region, and IR-1 and IR-2 

do not have strong emission in this range, it is likely that the OCT signals of 

the Ir-labeled liposomes originate mostly from physical light scattering. 

Interestingly, the signals of fluorescence fundus images and OCT overlap. 

This shows that the liposomes are detectable by both OCT and fluorescence 

imaging. Colocalization of the signals also indicates that the labels are stably 

embedded in the liposomes after intravitreal injections. 

The combination of OCT and fluorescence imaging simultaneously may 

provide a means to monitor simultaneously tissue microstructures (OCT) 

and molecular processes (fluorescence signals) (Yuan et al., 2009). Such an 

approach may be interesting in the experiments of ocular drug safety and 
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pharmacodynamics in vivo. Fluorescence signals may demonstrate the 

distribution of compound or drug delivery system, while OCT could reveal 

the distribution of materials and ocular microstructures, such as retinal 

layers (Yang, 2005).  

The ocular safety of Ir-complexes is still unknown. We encountered 

occasional toxic responses, and thus the overall the safety status of these 

materials is unclear.   

 

6.2  Dose scaling for intravitreal drug delivery  

Rats are widely used in efficacy and safety studies of intravitreally injected 

compounds (Grossniklaus, Kang and Berglin, 2010), but data on intravitreal 

pharmacokinetics in rats have not been available. Non-invasive 

fluorophotometry was used to evaluate the effect of molecular weight on 

vitreal pharmacokinetics in rats and rabbits. Although vitreal 

pharmacokinetics in rabbits has been investigated in many studies (del Amo 

et al., 2015) ), drug concentrations have not been monitored in the rat eyes 

after intravitreal injections.  In conventional pharmacokinetic studies, the 

vitreous is isolated from the eyes of sacrificed rabbits and drug 

concentrations are analyzed with LC/MS, radiochemical or ELISA methods 

(Laurent and Fraser, 1983; Kwak and D’Amico, 1992; Sinapis et al., 2011). In 

such studies, intravitreal clearance for molecular weights of 7-149 kDa were 

in the range of 11-71 µl/h (del Amo et al., 2015). In our study, similar values 

have been obtained (5.9-21.6 µl/h) at mean molecular weights of 10-500 

kDa. This is in line with a previous study (Dickmann et al., 2015) that utilized 

non-invasive fluorophotometry to examine the vitreal pharmacokinetics of 

ranibizumab. Fluorescent labeling changes the properties of small 

molecules dramatically and for this reason this technique can be applied 

only for macromolecules, nanoparticles or small molecules with intrinsic 

fluorescence (e.g. fluorescein sodium).   
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To the best of our knowledge, this is the first quantitative study on vitreal 

pharmacokinetics in rats. Our main findings are as follows: 1) the intravitreal 

elimination of macromolecules is faster in rats than in rabbits; vitreal half-

lives in the rabbits are 5-6 times longer than in the rats. 2) Intravitreal 

clearance values of macromolecules in the rabbits are 2-5 times higher than 

in rats, suggesting that the average intravitreal daily doses should be 2-5 

times higher in rabbits than in rats. 3) Increasing the molecular weight 

decreased the rate of vitreal elimination in both species, presumably due to 

the slower diffusion in the vitreous and different retinal permeability.  

 

Like in rabbits (Rimpelä et al., 2018), the intravitreal clearance of 

macromolecules in the rats (≈ 2-5 µl/h) is slower than the rate of aqueous 

humor outflow (18 µl/h) (Mermoud et al., 1996; Toris, 2008). This suggests 

that these compounds are mainly eliminated via the anterior route, but 

access of the compounds to the aqueous humor is limited by the vitreous, 

iris-ciliary body and lens. Small molecules, capable of permeating through 

the blood retina barrier, are eliminated posteriorly (Hosoya et al., 2010). For 

example, the clearance of fluorescein was faster than the aqueous humor 

outflow in rats (CL=33 µl/h; outflow 18 µl/h) and rabbits (CL=273 µl/h; 

outflow 180 µl/h) indicating significant transretinal clearance.  

 

Based on our results, the apparent volume of distribution was in the 

range of anatomical values in both rats and rabbits. The shorter vitreal 

residence time in the rats, as compared to the rabbits, could be explained 

based on a smaller vitreal volume in rats (≈ 0.05 ml) than in rabbits (≈ 1.7 

ml).  A larger apparent volume of distribution prolongs the half-life of 

elimination (t1/2 = ln 2 x V/CL).  On the other hand, vitreal clearance of rabbits 

is higher than in rats, because rabbits have a larger surface area of blood-

ocular barriers, higher diffusional area in the vitreous and faster aqueous 

humor outflow than the corresponding value in rats. Similar trends were 

seen in a SPECT/CT imaging study investigating intravitreal elimination in 

mice; these animals had shorter half-lives and smaller clearance values than 

rabbits (del Amo et al., 2015; Schmitt et al., 2019).  
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We report here the first scaling factors for rat-to-rabbit translation. The 

dose-scaling factors indicate that 2-5 times higher doses of macromolecules 

(mw. ≈ 10 to 1000 kDa) should be used in rabbits to achieve similar vitreal 

drug exposure (AUC). For small drug-like molecules, the scaling factor is 

about 8. A scaling factor of 1.4 has been reported for rabbit-to-man 

translation (del Amo et al., 2015). Thus, we estimate that the scaling factor of 

dose for rat-to-man translation is in a range of 3-7. Due to the size difference 

between the eyes, the scaling factors for rat-to-rabbit translation are smaller 

than those for the following translations mouse-to-rabbit (≈ 84) and mouse-

to-man (≈ 118) (Schmitt et al., 2019).  

 

 

 6.3 Drug-peptide conjugates and nonlinear vitreal 

pharmacokinetics  

Intravitreal kinetics of two fluorescently labeled peptides were evaluated 

by means of fluorophotometry. These two peptides were conjugated to 

dexamethasone via an acid-sensitive hydrazone bond that is expected to 

release dexamethasone in the intracellular space. The peptides contained 

cell penetrating sequences which increase their permeability to the retinal 

cells. Previously, it was shown that these peptides can release drug cargo in 

the RPE cells (Bhattacharya et al., 2017).  The peptides have cationic residues 

in their sequence to increase binding to hyaluronic acid, which is an anionic 

polymer and the main component in the vitreous (Kleinberg et al., 2011). 

Both peptides with molecular weights of around 4 kDa had almost similar 

elimination half-lives which is around one day. If we compare the kinetics of 

these two peptides conjugates in the Maurice graph (Figure 15), we can see 

that both of the peptides had values close to the line which supports the 

anterior elimination route from the rabbit eyes. Moreover, it seems that the 

vitreal elimination of Dex-1 and Dex-2 was similar to that of macromolecules 

like dextran, which has almost the same diffusion constant in water and 

vitreous (Missel, Horner and Muralikrishnan, 2010). This will raise one 

question i.e. Dex-2 shows high affinity for binding to vitreous, but the in vivo 
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kinetics by using in vivo fluorophotometry reveals that there is a lack of 

effective vitreal affinity.  

 Based on in vitro binding to porcine vitreous with MST, it is possible to 

estimate peptide pharmacokinetics for bound and free peptide fractions. 

The free fraction can be estimated with the following equation (Talevi and 

Quiroga, 2018): 

Eq.2                𝐶𝑡𝑜𝑡 = 𝐶𝑓𝑟𝑒𝑒 +
𝐵𝑚×𝐶𝑓𝑟𝑒𝑒

𝐾 𝑑 +𝐶𝑓𝑟𝑒𝑒
 

 

In the equation, Ctot and Cfree are total and free peptide concentrations, 

respectively. Bm is the maximum capacity of the tissue for peptide binding 

and Kd is equilibrium dissociation constant. Based on the MST results, Bm of 

porcine vitreous for Dex-2 peptide is 100 nM and Kd is 13.5 nM. 

 

When the drug concentration is much higher than the maximum binding 

capacity of the tissue, most of the binding sites are saturated and nonlinear 

pharmacokinetics will become possible. In this case, the elimination rate 

constant and half-life will be concentration dependent. Coffey et al. (Coffey, 

Bullock and Schoenemann, 1971; Coffey, 1972) introduced an apparent 

elimination constant for such a case (Eq.3).  

 

Eq.3            𝐾𝑎𝑝𝑝 =
𝐾𝑓 𝐶𝑓𝑟𝑒𝑒

𝐶𝑡𝑜𝑡
 

 

They assumed that the elimination process operated only on the free 

fraction of drug. In equation 3, Kapp is the apparent elimination constant. Kf 

is the elimination rate constant for free drug fraction, whereas Ctot and Cfree 

are the bound and free concentrations of the drug, respectively. This 

equation reveals that the elimination rate constant and elimination half-life 

for a compound with significant binding affinity will become dose 

dependent.  

 

Since the amount of peptide was not enough to perform a concentration-

signal calibration, we had to estimate the concentrations of Dex2 peptide in 
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the vitreous based on some assumptions. If we consider the average 

anatomical volume of rabbit vitreous (1700 µl (Missel, 2012) ), after 

intravitreal injection of 40 µl of peptide solution, about a 42.5 times dilution 

would take place in the vitreous. Considering the concentration of injected 

Dex-2 solution (0.125 mM), we then estimated the initial concentration of 

peptide (C0) as 3000 nM. During the follow-up time of 3 days post-injection, 

the range of peptide concentration in the vitreous should be 700-3000 nM, 

when its half-life of elimination is about one day. Thus, these levels are much 

higher than the maximum binding capacity of porcine vitreous (100 nM). 

Moreover, as the elimination of Dex-2 from rabbit vitreous displays a 

dependency on molecular size (Maurice plot, Figure 15), the elimination 

seems to be governed by the unbound peptide fraction.  

 

At lower concentrations, the fraction of bound peptide will increase 

substantially (Figure 18A). For example, at a total peptide concentration of 

100 nM in the vitreous, about 62 % of the drug would be in the bound form, 

leading to an elimination half-life of ≈60 hours (Figure 18C). When the total 

concentration is much higher than the saturation concentration (100 nM), 

the half-life of elimination will be ≈24 hours; this matches the experimental 

value in vivo.  Thus, we conclude that the observed elimination half-life in the 

rabbit vitreous originate mostly from unbound Dex-2 peptide. In principle, 

the elimination half-life of the bound fraction could be longer and non-linear 

kinetics would be detected at low concentrations.  
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Figure 18. A) Bound and free fraction of peptides Dex-2 to hyaluronic 

acid versus different concentration. B) Free, bound and total concentration 

of peptides vs total peptide concentration. C) Theoretical vitreal elimination 

half-life of Dex-2 considering the vitreal affinity and apparent elimination 

rate constant. 
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6.4  Intravitreal kinetics of nanomaterials 

Factors affecting vitreal kinetics of nanomaterials 

 

In this study, we evaluated intravitreal kinetics of nanomaterials. We 

demonstrated long intravitreal retention of >10 days and 65 days for small 

liposomes (≈ 50 nm) and polymeric micelles (spherical ≈ 40 nm; longitudinal  

≈ 90 nm), respectively, in the rat eyes. Unexpectedly, larger liposomes (≈ 100 

and 250 nm) and polymersomes (spherical 300 nm; tubular 180 nm) had 

shorter retention times in the rats’ eyes (< 10 days), even though another 

polymersome formulation had a half-life of ≈ 30 days in rabbits’ eyes 

(Junnuthula et al., 2021). Since large liposomes (> 1 µm) remained for >20 

days in the rats’ eyes, we conclude that small nanoparticles (< 100 nm) and 

large ones (> 1 µm) are preferred for prolonged vitreal retention. However, 

the relationship between particle size and vitreal retention is complicated 

due to confounding variables, such as charge interactions, particle 

disintegration and aggregation (Pitkänen et al., 2003; Bochot and Fattal, 

2012; Huang and Chau, 2019a).  In previous reports, similar (Sakurai et al., 

2001) and opposite (Kim et al., 2020) trends have been presented for the 

relationship between particle size and vitreal retention.   

 

Vitreal retention of 50 nm liposomes was longer in rabbits (> 30 days) 

than in rats (> 10 days), which is in line with studies with intravitreal soluble 

molecules in mice (Schmitt et al., 2019) and rats (chapter 5.2). The literature 

on vitreal retention of intravitreally injected nanoparticle embedded drugs 

shows a wide range of values in the rat and rabbit eyes as the half-lives range 

from 0.25 to 78 days (Peyman et al., 1987; Alghadyan et al., 1988; Mezei and 

Meisner, 1993; Zeng et al., 1993; Sakurai et al., 2001; Claro et al., 2009; Kim et 

al., 2020). This reflects differences in the size, charge, drug release as well as 

other possible factors. We detected the presence of the particles, not the 

drug that may have been released before the particles were eliminated from 

the vitreous. In addition, the use of covalently bound fluorescent labels in 

the polymeric nanoparticles and fluorescent lipids in the liposomes 

minimized the risk of non-covalent release of the labels. 



72 

 

     The shape of fluorophotometric scans showed a gradient of 

concentrations with higher values close to retina. This may be due to 

anterior elimination of liposomes and convective flow (Araie and Maurice, 

1991; Smith, Lee and Gardiner, 2020). The anterior route of elimination can 

lead to the kinds of concentration gradients in the vitreous demonstrated 

by Araie et al. (Araie and Maurice, 1991), who showed that there were vitreal 

gradients for eliminating dextrans through the anterior pathway. 

 

Retinal permeability of nanomaterials 

 

Small particles (≈ 50 nm) may permeate to the retina across the inner 

limiting membrane (ILM), whereas particles of 100 nm and larger diameters 

do not permeate to the retina in bovine eyes with proper ILM barrier 

(Tavakoli, Peynshaert, et al., 2020). Potentially misleading and easier retinal 

permeation of particles has been seen in the rodent eyes with thinner and 

leaky ILM (Lee et al., 2017). A prolonged vitreal retention of small liposomes 

and polymeric micelles will improve the chances of retinal permeation as 

they are capable of diffusing both in the vitreous and ILM (Lee et al., 2017; 

Tavakoli, Kari, et al., 2020; Tavakoli, Peynshaert, et al., 2020). Such 

formulations may be optimized for retinal drug targeting. On the other 

hand, very large liposomes are larger than the mesh size of the vitreous (≈ 

550 nm) (Peeters et al., 2005; Xu et al., 2013). These kinds of particles are 

retained for a long time at the injection site and could be suitable for the 

controlled release of the drugs to the vitreous, but not for particle mediated 

delivery into the retina. 

 

Pullulan-dexamethasone nanoparticles (mean diameter 219 nm) showed 

an accumulation on the surface of ILM. The size distribution is also an 

important factor, since in the case of average particle size with a large 

polydispersity, the fraction of smaller particles could permeate into the 

retina. Interestingly, some of the pullulan conjugate seemed to be taken up 

into the Müller cells in the retinal explant cultures and transported within 

these cells deeper into the retina. However, it is still unclear if the particles 
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can escape from the cells into other parts of the retina. This phenomenon 

was not seen in the isolated bovine retinas, where pullulan conjugates 

localized to the ILM and some ganglion cells. It may be possible to target 

some nanomaterials to certain retinal cell types, but this aspect needs 

further investigation.   

 

Accumulation of particles in optics nerve head 

 

Based on the fundus images, we observed an accumulation of 50 nm 

liposomes in the optic nerve head region of the rabbits’ eyes. Smith et al 

(Smith, Lee and Gardiner, 2020) recently published a review article on the 

possible fluid flow from the anterior chamber to the posterior part of the 

eye. They estimated that a considerable fraction of the aqueous humor may 

flow to the vitreous and subsequently being eliminated via the transretinal 

route. This flow may contribute to the higher levels of liposomes in the 

posterior vitreous and at the optic nerve head in the rabbit eyes. 

Accumulation in the optic nerve head is in line with our previous report 

(Junnuthula et al., 2021). Interestingly, this kind of accumulation was not 

seen in healthy rat eyes, but some optic nerve accumulation was detected 

in the case of the polymersomes containing endotoxin. In the case of 

pullulan-Dex particles, we did not observe a gradient of concentration in the 

vitreous or accumulation in the optic nerve of rats or rabbits. The data 

suggests that optic nerve accumulation depends on the type of 

nanomaterial administered.  

 

Optic nerve accumulation may be useful for therapeutic targeting to the 

optic nerve (e.g. in glaucoma) (Lavik, Kuehn and Kwon, 2011; DeBusk and 

Moster, 2018), but it may potentially lead also to unwanted effects or toxicity. 

It has been claimed that optic nerve accumulation is less significant in 

monkeys and humans than in rabbits (Hayreh, 1965), but this hypothesis has 

not been proven in humans.  
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Elimination route of intravitreal nanomaterials 

 

It has been proposed that there is anterior elimination of intravitreally 

injected materials (via aqueous humor outflow to the Schlemm’s canal), and 

elimination to the conjunctival lymphatics as well as posterior elimination 

across the blood retina barrier (Camelo et al., 2007; del Amo et al., 2017). The 

anterior route is considered to be more likely than the posterior route, 

because the posterior pathway is quantitatively significant only in the 

elimination of small soluble molecules, capable of permeating across the 

retinal pigment epithelium and the endothelial of the retinal capillaries (Del 

Amo et al., 2015). The diffusion in the vitreous has been established as the 

critical factor in the anterior elimination of intravitreal biologicals (Hutton-

Smith et al., 2016) and simulations based on this assumption predict 

perfectly their vitreal and aqueous humor concentration profiles (Rimpelä et 

al., 2018). Hutton-Smith et al. (Hutton-Smith et al., 2016) used the same 

principles and stated that the vitreal elimination of large protein molecules 

depended on anatomical factors and the diffusion coefficient of drug in the 

vitreous.  

 

Although the anterior elimination of intravitreal liposomes has been 

suggested previously (Barza et al., 1987), we quantitatively prove here for the 

first time that intravitreal liposomes are removed mainly (or only) via the 

anterior route in rabbits.  This conclusion was reached by using a 

combination of in vivo experiments and kinetic simulations. We determined 

vitreal clearance of liposomes and then assumed that the entire clearance 

would represent anterior elimination, and furthermore that liposomes were 

eliminated from anterior chamber solely at a known rate of aqueous humor 

outflow. The simulated liposome concentrations in the aqueous humor 

matched the experimental values demonstrating anterior elimination of 

intravitreal liposomes. This result does not provide any support for the 

proposal that either posterior or conjunctival elimination routes would be 

important. Moreover, a comparison of the kinetic parameters of liposomes 

with dextran in the Maurice plot provides support for the predominant role 

of the anterior elimination route. We performed similar simulations and 
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comparisons for pullulan-Dex nanoparticles. Again, it does seem that most 

of the elimination took place anteriorly.   

 

Pharmacokinetic considerations for designing intravitreal drug 

designing nanomaterials  

 

Unfortunately, there are no published studies investigating the free drug 

concentrations in the vitreous after intravitreal delivery of particulate drug 

delivery systems. Furthermore, no publications have reported the 

simultaneous residence of both particle material and drug in the vitreous. 

Most publications show levels of total drug in the vitreous (Alghadyan et al., 

1988; Assil et al., 1991; Bourlaist et al., 1996; Gupta et al., 2000), even though 

only released drug is active pharmacologically. In order to estimate the 

interplay of the drug release rate and ocular residence of nanoparticles, we 

performed simulations at three hypothetical rates of dexamethasone 

release and one drug loading level in liposomes. We demonstrated that the 

ideal drug delivery requires the synchronization of drug release and vitreal 

retention of the nanoparticles. Too slow drug release may lead to the ocular 

elimination of a major part of the drug dose in an encapsulated form, 

resulting in sub-optimal ocular bioavailability of free drug, whereas too fast 

release may lead to premature drug release, short action and the non-

productive residence of empty nanoparticles in the eye. Our simulation 

models provide tools for drug development, since in vitro drug release rates, 

pharmacokinetics of free drug and retention of the particles can be 

incorporated into the model as parameters.  

 

A similar simulation for pullulan nanoparticles was performed using the 

in vitro drug release rate and in vivo kinetics of labeled particles. In the 

simulations, in vivo dexamethasone release was assumed to be similar as in 

the experimentally determined in vitro release. Of course, in vitro/in vivo 

correlations are not simple and in many cases there are biological factors 

that might affect drug release in vivo. In the case of pullulan-Dex, the 

elimination rate of particles from vitreous (half-life ≈ 60 h) was much faster 

than the drug release rate (half-life ≈ 500 h). In this case, most of 
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dexamethasone dose would be eliminated from the eye before being 

released from the particles. This formulation is a good example which shows 

the importance of synchronizing the drug release and particle elimination in 

order to have efficient and prolonged drug retinal drug delivery. Basically, 

vitreal retention of pullulan-Dex formulation should be clearly longer to 

match its slow drug release kinetics otherwise, the full benefit from the 

injected drug dose would not be achieved.   

 

Role of endotoxin 

 

Unlike liposomes and polymeric micelles, the polymersome (spherical 

and tubular) samples contained endotoxin levels that were above the limits 

set by FDA for intraocular formulations (U.S. Food and Drug Administration, 

2015).  Intravitreal endotoxins may cause inflammation in the eye (Bantseev 

et al., 2018). Despite the importance of endotoxins, most of the published 

literature on intravitreal nanomaterials have not described the performance 

of any endotoxin tests (Fishman, Peyman and Lesar, 1986; Peyman et al., 

1987, 1988; Zeng et al., 1993; Gupta et al., 2000; Bochot et al., 2002; Merodio 

et al., 2002; Kawakami et al., 2004; Xu et al., 2007; Zhang et al., 2009; Honda 

et al., 2011; Koo et al., 2012; Lu et al., 2014; Huang and Chau, 2019b; Delrish 

et al., 2021). Therefore, the validity of those studies could be questioned. Our 

results indicate that endotoxin contamination may accelerate the removal 

of polymersomes from the rat vitreous: retention of polymersomes in this 

study was ≈ 8 days in rat vitreous, whereas another polymersome 

formulation with a similar particle size was retained in rabbit vitreous for as 

long as 4 months (Junnuthula et al., 2021). Apparently, the increased rate of 

nanoparticle elimination may be due to the infiltration of phagocytic cells. 

For example, McGahan et.al (McGahan and Fleisher, 1992) detected a high 

level of vitreal neutrophilic activity 24 hours after intravitreal injection of 

endotoxin in the eyes of rabbits. Furthermore, the elimination of endotoxin 

contaminated nanoparticles might be increased due to the induced 

inflammation as shown previously (Barza et al., 1987).  Our data addresses 

the importance of including endotoxin controls in the preclinical 

pharmacokinetic studies of intravitreal drug formulations.  Thus, testing for 
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the presence of endotoxin in the trial formulations is essential to guarantee 

the reliability of the results. 
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7. CONCLUSIONS 

Non-invasive techniques were useful in preclinical intravitreal 

pharmacokinetic studies. They made it possible for the following 

conclusions to be drawn: 

 

1.  Phosphorescence dyes with a minimal overlap with the natural ocular 

autofluorescence and large Stoke shift improve the quality of the in vivo 

luminescent imaging of labelled compounds.  

 

2. Intravitreal retention of macromolecules is shorter in rats than in rabbits. 

In order to achieve a similar drug exposure, 2-5 times higher intravitreal 

doses are needed in rabbits than in rats. 

 

3.  Vitreous binding of compounds may lead to non-linear intravitreal 

pharmacokinetics. Thus, the elimination rate constant in the vitreous may 

be affected by the number of binding sites, affinity for binding to vitreal 

components and the concentration of the test compound.  

 

4. Increasing particle size does not always prolong the retention of 

nanomaterials in the vitreous.  

  

5. In rabbits, intravitreally injected dexamethasone pullulan conjugates and 

liposomes are mainly eliminated through the anterior chamber. 

 

6. Endotoxin contamination significantly accelerates vitreal elimination of 

nanomaterials. Most of the publications regarding intravitreal 

nanoformulations lack the endotoxin assessments prior to in vivo 

experiments.  

 

7. Intravitreal nanoparticles show uneven distribution patterns, with higher 

values occurring posteriorly near the retina.     

 



80 

8. Intravitreally injected nanomaterials accumulate at detectable levels in 

the region of the optic nerve head in rabbit eyes.  

 

9. In order to achieve effective drug delivery and good bioavailability in the 

retina, drug release and particle elimination should be synchronized.  
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8. FUTURE PERSPECTIVES 

In this study, we showed potential applicability of phosphorescence dyes 

in following and monitoring vitreal distribution and retention of liposomes. 

Duration of this study was short, just demonstrating the concept. In the 

future, it would be useful to follow pharmacokinetics of the labelled 

liposomes and morphology of retina for longer times to better understand 

usefulness of phosphorescence labels as reporters of vitreal 

pharmacokinetics. Also, it is important to study the safety aspects of these 

labels in longer experiments. Moreover, by using suitable instrument and 

phosphorescent lifetime measurements it should be possible to quantify 

additional in vivo parameters, such as vitreal oxygen levels and pH, with 

phosphorescence probes. Thus, these dyes might be useful compounds for 

non-invasive monitoring of ocular physiology and pathology. 

In the current study on intravitreal pharmacokinetics, we investigated 

dose scaling between rats and rabbits by using FITC-dextran and fluorescein 

as model substances for small and large molecules. Although the molecular 

size is a main factor that determines the vitreal elimination half-life of 

macromolecules, labelled antibodies (e.g bevacizumab), Fab-fragments (e.g. 

ranibizumab) or soluble receptors (e.g., aflibercept) could also be 

investigated with this approach in rats and rabbits. For the measurements, 

the protein drugs should be labelled with a fluorescent probe at suitable 

levels that will provide adequate signals for in vivo fluorophotometry, but 

not changing significantly the physico-chemical properties of the 

compounds.  Such studies would be an interesting part in building 

understanding between pharmacokinetics and pharmacodynamics of anti-

VEGF biologicals.  

In order to understand the observed in vivo retention time of the studied 

peptide in the rabbit vitreous, we introduced a kinetic model for non-linear 

vitreal pharmacokinetics. Vitreal binding affinity was a key factor in the 

model. In vitro binding studies were done with porcine vitreous that differs 

from rabbit vitreous in terms of hyaluronic acid content. Determination of 

binding affinity to rabbit vitreous would provide valuable data for in vitro to 
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in vivo translation. Moreover, it will be interesting to study compounds with 

different vitreal binding affinities to validate the model. Binding studies and 

modelling may be useful tools in the development of molecular conjugates 

with controlled vitreal retention.  

During our projects, we have occasionally obtained nanomaterials with 

endotoxin trace contamination. Such contamination may originate from the 

starting materials or from the manufacturing processes (incl. production, 

purification).  Published literature on intravitreal drug administration either 

lacks endotoxin tests or they are not mentioned in the reports. However, 

this is an important issue, because endotoxin traces may induct 

inflammation and alter pharmacokinetics of injected materials. Improved 

understanding on the biological mechanisms of pharmacokinetic alteration 

is needed. Also, this aspect should be strongly presented in the scientific 

literature so that endotoxins would be monitored properly in the 

investigations.  

Our pharmacokinetic modelling of free drug concentrations in the eye 

was based on the rates of in vitro drug release. Assumption of identical drug 

release rates in vitro and in vivo may not be valid. Different in vitro and in vivo 

release rates have been observed in some unpublished experiments of our 

laboratory. Differences between in vitro and in vivo release rates may be due 

to different interactions of nanomaterials with in vivo vitreous and in vitro 

release medium. Differences in mixing conditions and clearance of released 

drug may also cause deviations in drug release. Thus, improved in vitro 

release methods and in vivo data on drug release are needed.  

Determination of in vivo release rate of drug from intravitreal nanomaterials 

is challenging. Released drug should be analysed separately from the drug 

that is still incorporated to the nanomaterial. In vivo intravitreal microdialysis 

may be applicable technique that would allow estimation of the free drug 

concentration in the vitreous. Thereafter, assuming that clearance of free 

drug from vitreous has been determined, modelling would allow 

determination of in vivo release rate from the nanomaterials. More invasive 

approach of obtain vitreous at different times post-injection, separate the 

fractions of free and encapsulated drug, and determine drug contents in 

these fractions. Currently, there are hardly any published experimental data 
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on intravitreal drug release in vivo. Although such experiments can be 

technically challenging, the obtained data would be beneficial for scientific 

understanding and ocular drug development.  
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Rimpelä, A.-K., Cui, Y. and Sauer, A. (2021) ‘Mechanistic Model for the Prediction 

of Small-Molecule Vitreal Clearance Combining Diffusion-Limited and Permeability-

Limited Clearance’, Molecular Pharmaceutics. ACS Publications. 

Rimpelä, A. et al. (2018) ‘Pharmacokinetic Simulations of Intravitreal Biologicals : 

Aspects of Drug Delivery to the Posterior and Anterior Segments’, pp. 9–11. doi: 

10.3390/pharmaceutics11010009. 

Rimpelä, A. et al. (2019) ‘Pharmacokinetic simulations of intravitreal biologicals: 

aspects of drug delivery to the posterior and anterior segments’, Pharmaceutics. 

Multidisciplinary Digital Publishing Institute, 11(1), p. 9. doi: 

10.3390/pharmaceutics11010009. 

Robinson, M. R. et al. (2002) ‘Safety and pharmacokinetics of intravitreal 2-

methoxyestradiol implants in normal rabbit and pharmacodynamics in a rat model 

of choroidal neovascularization’, Experimental eye research. Elsevier, 74(2), pp. 309–

317. doi: 10.1006/exer.2001.1132. 

del Rosal, B. and Benayas, A. (2018) ‘Strategies to overcome autofluorescence in 

nanoprobe‐driven in vivo fluorescence imaging’, Small Methods. Wiley Online 

Library, 2(9), p. 1800075. 

Rovati, L. L. and Docchio, F. (2004) ‘Autofluorescence methods in ophthalmology’, 

Journal of Biomedical Optics. International Society for Optics and Photonics, 9(1), pp. 

9–22. 

Saincher, S. S. and Gottlieb, C. (2020) ‘Ozurdex (dexamethasone intravitreal 

implant) for the treatment of intermediate, posterior, and panuveitis: a systematic 

review of the current evidence’, Journal of ophthalmic inflammation and infection. 

Springer, 10(1), pp. 1–10. 

Sakurai, E. et al. (2001) ‘Effect of particle size of polymeric nanospheres on 

intravitreal kinetics’, Ophthalmic research. Karger Publishers, 33(1), pp. 31–36. 



96 

Sampat, K. M. and Garg, S. J. (2010) ‘Complications of intravitreal injections’, 

Current opinion in ophthalmology. LWW, 21(3), pp. 178–183. doi: 

10.1097/ICU.0b013e328338679a. 

Sanford, M. (2013) ‘Fluocinolone acetonide intravitreal implant (Iluvien®)’, Drugs. 

Springer, 73(2), pp. 187–193. 

Schmitt, J. M. (1999) ‘Optical coherence tomography (OCT): a review’, IEEE Journal 

of selected topics in quantum electronics. IEEE, 5(4), pp. 1205–1215. 

Schmitt, M. et al. (2019) ‘Intravitreal Pharmacokinetics in Mice: SPECT/CT Imaging 

and Scaling to Rabbits and Humans’, Molecular pharmaceutics. ACS Publications, 

16(10), pp. 4399–4404. 

Schmitt, W. (2017) ‘Estimation of Intra-vitreal Half-Lifes in the Rabbit Eye with 

Semi-mechanistic Equations’, Pharmaceutical Research. Pharmaceutical Research, 

pp. 49–57. doi: 10.1007/s11095-016-2037-7. 

Schmitz-Valckenberg, S. et al. (2008) ‘Fundus autofluorescence imaging: review 

and perspectives’, Retina. LWW, 28(3), pp. 385–409. 

Sebag, J. (1987) ‘Ageing of the vitreous’, Eye. Nature Publishing Group, 1(2), pp. 

254–262. 

Sebag, J. et al. (1994) ‘Effects of pentoxifylline on choroidal blood flow in 

nonproliferative diabetic retinopathy’, Angiology. Sage Publications Sage CA: 

Thousand Oaks, CA, 45(6), pp. 429–433. 

Sha, O. and Kwong, W. H. (2006) ‘Postnatal developmental changes of vitreous 

and lens volumes in Sprague-Dawley rats’, Neuroembryology and Aging. Karger 

Publishers, 4(4), pp. 183–188. 

Shah, M. et al. (2019) ‘Translational Preclinical Pharmacologic Disease Models for 

Ophthalmic Drug Development’, Pharmaceutical research. Springer, 36(4), p. 58. 

Shahidi, M. et al. (2010) ‘Retinal tissue oxygen tension imaging in the rat’, 

Investigative ophthalmology & visual science. The Association for Research in Vision 

and Ophthalmology, 51(9), pp. 4766–4770. 

Shatz, W. et al. (2016) ‘Contribution of Antibody Hydrodynamic Size to Vitreal 

Clearance Revealed through Rabbit Studies Using a Species-Matched Fab’. doi: 

10.1021/acs.molpharmaceut.6b00345. 

Shih, Y.-Y. I. et al. (2013) ‘Quantitative retinal and choroidal blood flow during 

light, dark adaptation and flicker light stimulation in rats using fluorescent 

microspheres’, Current eye research. Taylor & Francis, 38(2), pp. 292–298. 

SHOEMAKER, R. E. (1949) ‘Intravitreal use of streptomycin’, Archives of 

Ophthalmology. American Medical Association, 41(5), pp. 629–632. 

Short, B. G. (2008) ‘Safety evaluation of ocular drug delivery formulations: 

techniques and practical considerations’, Toxicologic pathology. Sage Publications, 

36(1), pp. 49–62. 

Sinapis, C. I. et al. (2011) ‘Pharmacokinetics of intravitreal bevacizumab (Avastin®) 

in rabbits’, Clinical Ophthalmology (Auckland, NZ). Dove Press, 5, p. 697. 

Skondra, D. et al. (2012) ‘Near infrared autofluorescence imaging of retinal 

diseases’, in Seminars in ophthalmology. Taylor & Francis, pp. 202–208. 



97 

Smith, D. W., Lee, C.-J. and Gardiner, B. S. (2020) ‘No flow through the vitreous 

humor: How strong is the evidence?’, Progress in retinal and eye research. Elsevier, p. 

100845. 

Smith, P. (1889) ‘Erasmus Wilson Lectures on the Pathology of Glaucoma’, British 

medical journal. BMJ Publishing Group, 1(1475), p. 759. 

Snyder, R. W. and Glasser, D. B. (1994) ‘Antibiotic therapy for ocular infection.’, 

Western journal of medicine. BMJ Publishing Group, 161(6), p. 579. 

Song, H. B. et al. (2017) ‘Intraocular application of gold nanodisks optically tuned 

for optical coherence tomography: inhibitory effect on retinal neovascularization 

without unbearable toxicity’, Nanomedicine: Nanotechnology, Biology, and Medicine. 

Elsevier Inc., 13(6), pp. 1901–1911. doi: 10.1016/j.nano.2017.03.016. 

Spaide, R. F. (2007) ‘Autofluorescence from the outer retina and subretinal space’, 

Atlas of fundus autofluorescence imaging. Springer, pp. 241–311. 

Talevi, A. and Quiroga, P. A. M. (2018) ADME Processes in Pharmaceutical Sciences: 

Dosage, Design, and Pharmacotherapy Success. Springer. 

Tavakoli, S., Kari, O. K., et al. (2020) ‘Diffusion and Protein Corona Formation of 

Lipid-Based Nanoparticles in the Vitreous Humor: Profiling and Pharmacokinetic 

Considerations’, Molecular Pharmaceutics. ACS Publications. 

Tavakoli, S., Peynshaert, K., et al. (2020) ‘Ocular barriers to retinal delivery of 

intravitreal liposomes: Impact of vitreoretinal interface’, Journal of Controlled Release. 

Elsevier. 

Tavakoli, S. et al. (2022) ‘Liposomal sunitinib for ocular drug delivery: A potential 

treatment for choroidal neovascularization’, International Journal of Pharmaceutics. 

Elsevier, 620, p. 121725. 

Toris, C. B. (2008) ‘Aqueous humor dynamics I: measurement methods and 

animal studies’, Current Topics in Membranes. Elsevier, 62(08), pp. 193–229. doi: 

10.1016/S1063-5823(08)00407-9. 

Tremblay, C. et al. (1985) ‘Reduced toxicity of liposome-associated amphotericin 

B injected intravitreally in rabbits.’, Investigative ophthalmology & visual science. The 

Association for Research in Vision and Ophthalmology, 26(5), pp. 711–718. 

U.S. Food and Drug Administration (2015) ‘Endotoxin testing recommendations 

for single-use intraocular ophthalmic devices - Guidance for industry and Food and 

Drug Administration staff’. 

Urtti, A. (2006) ‘Challenges and obstacles of ocular pharmacokinetics and drug 

delivery’, Advanced Drug Delivery Reviews, 58(11), pp. 1131–1135. doi: 

10.1016/j.addr.2006.07.027. 

Ussery III, F. M. et al. (1988) ‘Intravitreal ganciclovir in the treatment of AIDS-

associated cytomegalovirus retinitis’, Ophthalmology. Elsevier, 95(5), pp. 640–648. 

Vieira, R., Sousa-Pinto, B. and Figueira, L. (2020) ‘Efficacy and safety of 

corticosteroid implants in non-infectious uveitis: a systematic review with network 

meta-analysis’, Ocular Immunology and Inflammation. Taylor & Francis, pp. 1–8. 

Waltman, S. R. and Kaufman, H. E. (1970) ‘A new objective slit lamp 

fluorophotometer’, Investigative Ophthalmology & Visual Science. The Association for 



98 

Research in Vision and Ophthalmology, 9(4), pp. 247–249. 

Wheeler, J. R. (1946) ‘History of ophthalmology through the ages’, The British 

journal of ophthalmology. BMJ Publishing Group, 30(5), p. 264. 

Wilson, D. F. et al. (2006) ‘Imaging oxygen pressure in the rodent retina by 

phosphorescence lifetime’, in Oxygen transport to tissue XXVII. Springer, pp. 119–124. 

Xu, J. et al. (2007) ‘Inhibitory efficacy of intravitreal dexamethasone acetate-

loaded PLGA nanoparticles on choroidal neovascularization in a laser-induced rat 

model’, Journal of ocular pharmacology and therapeutics. Mary Ann Liebert, Inc. 2 

Madison Avenue Larchmont, NY 10538 USA, 23(6), pp. 527–540. 

Xu, Q. et al. (2013) ‘Nanoparticle diffusion in, and microrheology of, the bovine 

vitreous ex vivo’, Journal of controlled release. Elsevier, 167(1), pp. 76–84. 

Xu, Q. et al. (2020) ‘Monitoring the topical delivery of ultrasmall gold 

nanoparticles using optical coherence tomography’, Skin Research and Technology. 

Wiley Online Library, 26(2), pp. 263–268. 

Yang, C. (2005) ‘Molecular Contrast Optical Coherence Tomography: A Review¶’, 

Photochemistry and Photobiology. Wiley Online Library, 81(2), pp. 215–237. 

Yannuzzi, L. A. et al. (2004) ‘Ophthalmic fundus imaging: today and beyond’, 

American journal of ophthalmology. Elsevier, 137(3), pp. 511–524. 

Yazdani, M. et al. (2019) ‘Tear metabolomics in dry eye disease: a review’, 

International journal of molecular sciences. Multidisciplinary Digital Publishing 

Institute, 20(15), p. 3755. 

Yellepeddi, V. K. and Palakurthi, S. (2016) ‘Recent advances in topical ocular drug 

delivery’, Journal of Ocular Pharmacology and Therapeutics. Mary Ann Liebert, Inc. 140 

Huguenot Street, 3rd Floor New Rochelle, NY 10801 USA, 32(2), pp. 67–82. 

Yuan, S. et al. (2009) ‘Co-registered optical coherence tomography and 

fluorescence molecular imaging for simultaneous morphological and molecular 

imaging’, Physics in Medicine & Biology. IOP Publishing, 55(1), p. 191. 

Zeimer, R. C. (1990) ‘Assessment of Posterior Segment Transport by Vitreous 

Fluorophotometry’, in Noninvasive Diagnostic Techniques in Ophthalmology. Springer, 

pp. 366–389. 

Zeng, S. et al. (1993) ‘Intravitreal pharmacokinetics of liposome-encapsulated 

amikacin in a rabbit model’, Ophthalmology. Elsevier, 100(11), pp. 1640–1644. doi: 

10.1016/S0161-6420(93)31423-5. 

Zhang, L. et al. (2009) ‘Pharmacokinetics and tolerance study of intravitreal 

injection of dexamethasone-loaded nanoparticles in rabbits’, pp. 175–183. 

Zhou, X. et al. (2021) ‘Rescue the retina after the ischemic injury by polymer-

mediated intracellular superoxide dismutase delivery’, Biomaterials. Elsevier, 268, p. 

120600. 

Zhu, Q. et al. (2008) ‘Vitreous levels of bevacizumab and vascular endothelial 

growth factor-A in patients with choroidal neovascularization’, Ophthalmology. 

Elsevier, 115(10), pp. 1750–1755. 

Zimmer, A. K. et al. (1994) ‘Hydrocortisone delivery to healthy and inflamed eyes 

using a micellar polysorbate 80 solution or albumin nanoparticles’, International 



99 

journal of pharmaceutics. Elsevier, 110(3), pp. 211–222. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

Appendix 





Publication I 

























Publication II 
 





















Publication III 
 





























Publication IV 
 





























Publication V 
 























































Dissertations in 
Health Sciences

PUBLICATIONS OF 
THE UNIVERSITY OF EASTERN FINLAND

uef.fi

PUBLICATIONS OF 
THE UNIVERSITY OF EASTERN FINLAND

Dissertations in Health Sciences

ISBN 978-952-61-4591-4
ISSN 1798-5706

Pharmacokinetics is one of the main features 
to be assessed in the development of 

effective and safe therapeutics and drug 
delivery systems for treatment of retinal 

diseases. In this thesis we utilized non-invasive 
optical techniques to assess the vitreal 

pharmacokinetics of labeled compounds and 
nanomaterials in preclinical animal models. 

The provided kinetic insights into intravitreally 
injected compounds can be used in future for 

development of novel retinal drug delivery 
applications.  

AMIR SADEGHI BOROUJENI

AMIR SADEGHI BOROUJENI

CHARACTERIZING INTRAVITREAL 
PHARMACOKINETICS OF 
MACROMOLECULES AND 

NANOPARTICULATE SYSTEMS 
USING NON-INVASIVE 

FLUORESCENCE AND OPTICAL 
TECHNIQUES


	UEF_Amir_Sadeghi_Boroujeni_kansi
	UEF_Amir_Sadeghi_Boroujeni_pages_v2
	1 Article_1_e_k
	1.docx
	2.pdf

	2 Article_2_e_k
	3.docx
	4.pdf
	Blank Page

	3 Article_3_e_k
	6.docx
	7.pdf
	Blank Page

	4 Article_4_e_k
	8.docx
	9.pdf
	Blank Page

	5 Article_5_e_k
	11.docx
	12.pdf
	Blank Page

	Blank Page
	Blank Page
	Blank Page
	Blank Page

	Blank Page
	Blank Page



