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ABSTRACT 

 

Ocular disease treatment with pharmaceutical agents poses a unique set of challenges that 

can be attributed to the distinctive anatomy of the eye.  Novel methods to overcome the 

barriers of the eye to deliver therapeutics are an area of focus for both academic and 

industrial researchers.  In this dissertation, an in vitro model of the posterior ocular 

epithelial barrier was leveraged to characterize drug transport using microfabricated 

polymer devices.  The influence of planar microdevice geometry on macromolecule 

permeability was investigated.  Planar microdevices enhanced the transport of large 

molecular weight dextrans in a size dependent fashion.  This phenomena was initiated by 

a non-toxic interaction between the microdevices and retinal tight junction proteins, 

suggesting that increased transport occurs via a paracellular pathway.  Chitosan surface 

modified planar devices did not demonstrate a comparable permeability enhancing effect.   

 

A comparison between supermicro, micro- and nanofiber films was conducted to 

elucidate the impact device size has on macromolecule drug transport.  Our results 

demonstrated increased permeability, through a paracellular initiated mechanism, in the 

presence of micro- and nanofiber films but not supermicro fiber films.  Further, drug 

properties such as molecule shape, charge and size demonstrated that they could enhance 

or diminish transport irrespective of device size.  Which provided valuable insight into 

drug classes that would be best served by this delivery modality.  Finally, co-delivery of a 

therapeutic and verapamil, an efflux pump inhibitor, was investigated as a strategy for 

enhancing permeability of small molecules.  Our results displayed a drug permeability 
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reduction in the presence of verapamil; suggesting that transporter protein localization as 

well as inhibitor specificity are important variables for the success of a small molecule 

co-delivery approach.  The aforementioned experiments demonstrate distinct techniques 

for modulating drug transport across the ocular barrier using microfabricated polymer 

devices.  Further, the observed trends can be used to design enhanced delivery systems 

for the administration of ocular therapeutics. 
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Chapter 1: Introduction  

 

1.1 Motivation   

Diseases of the anterior and posterior eye impact 14.25 million people globally.  A 

brief list of these diseases includes: Diabetic retinopathy, Glaucoma, Retinal Vein 

Occlusion, Uveitis, Wet and Dry Age Related Macular Degeneration [1,2].  In each of 

these diseases the quality of life is dramatically impacted.  Failure to treat these 

ailments causes severe visual impairment and eventually total vision loss.  More than 

2 million people in the United States are impacted by Age Related Macular 

Degeneration (AMD) [3].   The initial phases of AMD impact central vision causing 

difficulty with daily tasks such as reading, writing and cooking.  While peripheral 

vision is initially largely unaffected, in the later stages of AMD total vision loss is 

common [4].  

 

AMD has been studied extensively with substantial advances being made into 

understanding the etiology of the condition.  High levels of vascular endothelial 

growth factor (VEGF) have been implicated in the pathology of ocular neovascular 

disorders such as AMD and Diabetic Retinopathy [5].   This knowledge combined 

with advances in biotechnology has enabled researchers to design efficacious 

pharmaceutical treatments [6].   As a result, four anti-VEGF treatments have been 

gaining traction as the standard of care; specifically Ranibizumab (Lucentis®), 

Bevacizumab (Avastin®), Pegaptanib (Macugen®) and Aflibercept (Eylea®).    
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The standard of care for delivery of ocular therapeutics varies from the anterior to 

posterior section of the eye and with the physiochemical properties of the 

pharmaceutical agent.  Drugs meant for the front of the eye are typically formulated 

as liquids and administered via eye drops.  For the posterior eye many delivery 

techniques such as systemic, transcleral and suprachoroidal administration have been 

attempted [7–9].  However, the primary standard of care is direct delivery into the 

vitreous via injection.  Repeated intravitreal injections have been known to cause a 

variety of complications including endophthalmitis and retinal detachment [10,11].  

As a result novel ocular drug delivery approaches are currently being explored.   

 

1.2 Ocular Physiology and Drug Delivery Barriers 

The anterior barriers of the eye can be broken into three compartments: the tear film, 

cornea and conjunctiva.  The tear film is the first barrier encountered when attempting 

to deliver therapeutics to the anterior eye.  The turnover of lacrimal fluid prevents 

substantial drug residence time on the surface of the eye.  This results in limited 

permeability and low bioavailability of the therapeutic [12,13].  The cornea is 

comprised of five distinct layers; the endothelium, Descemet’s membrane, the stroma, 

Bowman’s membrane and the epithelium (Fig. 1.1).  Each layer acts as an 

independent barrier to molecules of different physical properties.  As a result 

therapeutics must be carefully formulated to avoid the transport limiting properties of 

each layer.  Two layers provide the majority of molecule restriction; the epithelium 

and stroma. Hydrophilic molecules are limited by the corneal epithelium and 

extremely lipophilic molecules are limited by the stroma.  Due to the structure of 
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these tissues small molecules (< 600 Daltons) which are lipophilic in nature are 

primarily absorbed via the cornea [14–17].  Finally, the ocular mucous membrane 

known as the conjunctiva limits transport primarily through the conjunctival 

epithelium.  While an ideal location for the transport of hydrophilic molecules, 

bioavailability remains low due to systemic circulation losses [18].   

 

Figure 1.1: Schematic representation of the eye.  Exploded section includes detailed view of the five 
corneal layers. 
 

The posterior eye is separated from the anterior eye by the lens, iris and ciliary body 

(Fig. 1.2).  It is comprised of the vitreous humor, retina, choroid and sclera.  The 

sclera is a thick matrix of collagen and proteoglycans which serves as the outer most 

layer of the eye.  It is an avascular structure of variable thickness comprised of the 

lamina fuscia, stroma and episclera.  It is known to be permeable to macromolecules 

up to 69 kDa [8,17,19].   The choroid is a highly vascularized network sandwiched 

between the sclera and retina.  It is comprised of the Bruch’s Membrane, 

choriocapillaries, two layers of larger choroidal vessels (Haller’s and Sattler’s) and 

the suprachoroid [19–21].  
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The vitreous is a transparent viscous fluid that influences the shape of the eyeball.  It 

is in direct contact with the retina which is comprised of the inner limiting membrane, 

nine layers of the neural retina and the retinal pigment epithelium [19,22,23].   Drug 

transport to the posterior eye is very difficult due to the numerous barriers posed by 

the anterior segment, sclera, choroid, inner and outer blood retinal barriers.   

 

Figure 1.2: Schematic representation of the eye.  Exploded section includes detailed view of the neural 
retina and outer blood retinal barrier.   
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The inner blood retinal barrier is comprised of tight junctions formed between 

adjacent endothelial cells.  This barrier controls movement of molecules and fluid 

between retinal tissues and the vascular structure of the eye.  The inner blood retinal 

barrier (iBRB) is also the primary impediment for the transport of macromolecules 

which are administered systemically [13,18,22].   The outer blood retinal barrier 

(oBRB) is comprised of tight junctions formed between adjacent epithelial cells of the 

Retinal Pigment Epithelial (RPE) layer.  These tight junctions limit the paracellular 

movement of molecules between the apical and basolateral sides of the RPE.  The 

basolateral side of the RPE is adjacent to the Bruch’s membrane and separates the 

capillaries of the choroid from the neural retina.  The primary role of the RPE is to 

transport nutrients from the blood to the outer neural retina and absorb scattered light 

[24].  As such it plays a critical role in ensuring the health and proper function of the 

retina.  It is poorly permeable to large as well as small molecules and has an extensive 

transporter network to selectively confer passage of molecules between the apical and 

basolateral sides [25–27]. 

 

Transport of drugs through ocular tissues occurs via transcellular or paracellular 

transport. Transcellular transport occurs as molecules move across the cellular 

membrane via one of three mechanisms: passive diffusion, carrier mediated transport, 

and endocytic processes [28,29].  Passive transcellular diffusion is the dominant 

transport route for lipophilic low molecular weight therapeutics and is driven by the 

concentration gradient across the cell.  Carrier mediated transport leverages 

membrane transport proteins to shuttle substrates across the cell layer irrespective of 
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the concentration gradient [28,29].  This method of transport is commonly used by 

small molecules that are less than 500 Daltons [28].  Endocytosis is the dominant 

transcellular transport route for large molecular weight therapeutics however it is a 

highly saturable process.    

 

Carrier mediated transport is dependent on the quantity of transporters in the cell 

membrane and the affinity between the therapeutic and transporters.  Transporters 

serve an important role in various tissues and are responsible for the movement of a 

plethora of substrates including xenobiotics, nutrients and waste [19].  Transporters 

have been extensively studied in the major organs associated with first pass 

metabolism, biliary and renal elimination. However the prevalence and role of 

transporters in ocular transport has only recently been investigated.   Amino acid 

transporters such as SLC7, SLC6 and the SLC1 glutamate transporter family have 

been identified in several retinal pigment epithelial cell lines [18].  Of interest is the 

variability in expression and behavior of these well-studied transporters in ocular cell 

models, such as the absence of oligopeptide transporters (e.g. SLC15) that have been 

implicated in the transport of many xenobiotics.  Further, organic cation transporter 

substrates such as the glaucoma therapeutic brimonidine, have displayed atypical 

kinetics in vitro and in vivo suggesting that transporters in the retina may have 

different or overlapping mechanisms [18,30].  This is of grave importance as several 

small molecule ocular therapeutics are substrates for the aforementioned transporters 

[18,25,31]. 
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Endocytosis is believed to be the primary cellular internalization mechanism for 

macromolecules.  Phagocytosis and pinocytosis are two sub-classifications of the 

endocytic transport process.  Phagocytosis is performed by specialized cells therefore 

it is an unlikely retinal epithelial transport mechanism.  Conversely with pinocytosis, 

large molecules can either bind to a specific membrane receptor or to a non-specific 

membrane receptor [28,32].  The membrane then forms an invagination and inward 

channel to internalize the molecule and provide a pathway for the macromolecule to 

travel out of the cell.  These processes are called receptor mediated, absorptive or 

fluid-phase pinocytosis.  While some macromolecules are internalized by pinocytosis 

there is always the risk that their structure will be disrupted by lysosomes prior to 

being released on the basolateral side of the epithelial barrier [28,32,33].  As a result 

it is more likely that macromolecules which are successfully transported 

transcellularly use a receptor-mediated endocytosis or transcytosis process.  These 

pathways are still being investigated but to date transferrin, FcRN, Caveolin-1 and 

Clathrin mediated endocytosis have been implicated in ocular transport [32–34].  

 

Paracellular transport occurs as molecules move between adjacent cells that are 

secured to each other through tight junction proteins, adherens junctions and 

desmosomes [35].  This pathway is the dominant route for hydrophilic small 

molecules and large molecules that have a hydrodynamic radius smaller than 5 

nanometers [33,36–38].  Electron microscopy conducted by numerous groups has 

concluded that tight junctions are an interlaced arrangement of focal contacts between 

the plasma membranes of neighboring cells [23,35,39].  Tight junctions are 
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comprised of claudins, occludins and junctional adhesion molecules (JAM).  Zonula 

occludens are often classified as tight junction proteins however, they behave more 

like linkers between occludin and the filaments of actin found in the cytoskeleton 

[40,41].  There are numerous subtypes of tight junction proteins; to date twenty-four 

have been identified just for claudin [41,42].  However, protein expression and 

function varies between epithelial cell lines.  Certain epithelial cell lines exhibit more 

characteristics of permeability than others based on the subtype and subtype ratio of 

tight junction proteins expressed [43,44].  Research has shown that paracellular 

transport can be regulated by manipulation of the tight junction proteins [40,45].  It is 

believed that cellular signaling mechanisms influence tight junction behavior but this 

is still an area that is being actively investigated [46].  

 

The physiochemical properties of a therapeutic play a significant role in influencing 

the dominant transport mechanism of a drug across or between cells. Some examples 

of these properties include lipid solubility, partition coefficient, drug ionization, 

molecular weight, aqueous solubility and chemical stability [47,48].  These physical 

properties are also a key determinant of the rate of passive paracellular drug 

permeation. 

 

While advances have been made in our understanding of ocular pharmacokinetics of 

small and large molecules, the influence of drug delivery devices, and biomaterial 

architecture has not been extensively studied.  In this work, human retinal pigment 

epithelial (RPE) cell models were used to explore the mechanisms of small and 
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macromolecule transport when encapsulated in microscale planar devices (Chapters 2 

& 5), delivered in the presence of surface modified microdevices (Chapter 3), or 

delivered using micro- and nanotopography (Chapter 4). 
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Chapter 2: Planar Microdevices for Large Molecule Transport Across Retinal 

Pigment Epithelial Cells 

 

2.1 Background 

Age-related macular degeneration, a disease of the posterior eye, is the leading cause of 

vision loss in adults over the age of 60 in developed nations [3].  In the United States, the 

number of people affected by this disease exceeds 2 million and is expected to double by 

the year 2020 due to the aging baby boomer population [3].  Recent advances in the 

biotechnology industry have provided patients with highly effective monoclonal antibody 

and antibody fragment treatments, such as Ranibizumab, for this debilitating disease.   

 

Ocular administration of therapeutics is one of the greatest challenges in the field of drug 

delivery due to the numerous barriers protecting the eye.  The standard of care for ocular 

drug delivery is topical application of liquids or gels.   However, this method of 

administration is not effective in delivering large molecules to the posterior segment of 

the eye.  The limited contact time, distance and limited permeability between the anterior 

and posterior segments lead to poor absorption and correspondingly low bioavailability 

of the therapeutic [11–14,31,49].  Additionally, the tight junctions of the retinal pigment 

epithelium (RPE) and endothelial cells make intravenous delivery of large molecules 

unrealistic.  While low bioavailability at the site of action is a primary concern, off-target 

effects such as toxicity are also a deterrent to this mode of delivery.  As a result, the 

primary treatment employed to address posterior segment diseases is intravitreal injection 
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[11]. This highly invasive method can cause complications if conducted erroneously and 

often results in a lack of patient compliance.     

 

A variety of alternative therapies have been developed to address these challenges; they 

include implantable drug reservoirs, which must be surgically removed, as well as 

biodegradable microspheres and thermo-responsive gels to sustain therapeutic drug levels 

in the eye [11,27,50–54].   In addition, several approaches have examined methods to 

facilitate the permeability of drugs across cellular barriers, including nanoparticles and 

permeation enhancers.  For example, previous studies in rabbits demonstrated that drug 

uptake in the cornea is enhanced when nanoparticles with a chitosan coating are 

employed to deliver a small molecule [55–58].  Researchers have begun to incorporate 

our existing knowledge of retinal physiology to improve drug delivery [59,60].  Recent 

studies have increased the transport of small molecule drugs by using newly discovered 

retinal membrane transporters [61–63].  Receptor-mediated endocytosis has been 

investigated for the transport of large molecules leveraging the recently discovered 

neonatal Fc receptor (FcRN) and transferrin receptor [33,34,64–69].  Unfortunately, these 

approaches are highly dependent on molecular structure.  For example Ranibizumab, an 

antibody fragment, will not be internalized via FcRN endocytosis due to its missing Fc 

region [70,71].   

 

Interest in disrupting barrier function has led to the use of small interfering RNA (siRNA) 

to target the tight junction proteins claudin and occludin [39,72,73].  However, use of 

siRNA in vivo is contentious due to concerns about the efficiency of intracellular 
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delivery, reversibility and off-target effects.  To date, the effect of device architecture to 

modulate the retinal barrier, for large molecule drug transport, has not been investigated.   

 

Using established microfabrication techniques, we have developed SU-8/ 

Poly(ethyleneglycol)dimethacrylate (PEGDMA) planar microdevices, which maximize 

contact surface area, provide consistent drug volumes and can be used to unidirectionally 

deliver large molecule therapeutics.  SU-8 was chosen because it is a well-characterized 

negative photoresist that can easily be patterned into complex structures with specific 

dimensions [74,75].  PEGDMA is a biocompatible and commonly used hydrogel, which 

permits the safe encapsulation of a therapeutic and tunable release in the presence of an 

aqueous solution [76–80]. 

 

These devices have previously been successful in delivering small molecules across an 

intestinal epithelial cell line, specifically human colorectal adenocarcinoma (Caco-2) 

epithelial cells [81–84].  In this work, we extend our research to the delivery of large 

molecules across two human retinal pigment epithelial cell types, an adult retinal 

epithelial cell line (ARPE-19) and fetal retinal epithelial primary cells (hfRPE).  ARPE-

19 cells have been extensively studied, demonstrate in vivo physiological characteristics 

of retinal tissue, and can be both easily acquired and cultured [85–87].  When compared 

to the broader set of spontaneously immortalized human retinal epithelial cell lines, it is 

the preferred choice for the aforementioned reasons.   However, previous studies have 

demonstrated that primary cell lines retain more morphological and physiological 

characteristics than spontaneously immortalized cell lines [87].  For this reason a primary 
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culture of hfRPE cells were used to generate an understanding of how well the results 

from these transport studies would translate to an in vivo model.   Both types of cells are 

established and accepted, in vitro models for retinal drug delivery.    

 

2.2 Materials & Methods 

2.2.1 Materials: 

ARPE-19 cells were obtained from American Type Culture Collection (ATCC) and 

human fetal retinal pigment epithelial cells (hfRPE) were kindly donated by the National 

Eye Institute laboratory of Sheldon Miller Ph.D.   Dulbecco’s modified eagle medium 

(DMEM:F12 [1:1]) for cell culture, Fetal Bovine Serum, Penicillin-streptomycin 

antibiotic solution, PBS and mouse laminin were obtained from the UCSF Cell Culture 

Facility.  Fetal Bovine Serum for the hfRPE cells was obtained from Atlanta Biologicals 

and all remaining media components were obtained from Sigma-Aldrich [87].   Transwell 

inserts and FITC dextran spanning molecular weights of 4 to 150 kDa were obtained 

from Sigma-Aldrich.  The hydrogel precursor solution, comprised of PEGDMA (750 

mol. wt.), dimethoxy-phenyl acetophenone (DMPA) and polyvinylpyrrolidone (PVP) 

was purchased from Sigma-Aldrich.   The SU-8 photoresist was purchased from 

Microchem (Newton, MA).   

 

2.2.2 Cell Culture:  

The ARPE-19 cell line was derived from the normal eyes of a 19 year-old male. The cells 

were grown in a T-75 flask with a 1:1 mixture of DMEM:F12 high glucose media 

containing 10% Fetal Bovine Serum (FBS) and 1% Penicillin-streptomycin antibiotic 
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solution. The in vitro retinal model was constructed using a 24-well, high density 0.4µm 

transwell filter insert and plate assembly.  The transwell filter inserts were coated with a 

1:10 mouse laminin-DMEM:F12 serum free mixture and allowed to dry overnight in a 

cell culture hood.  The ARPE-19 cells were seeded on the filters at a density of 4.5 x 105 

per insert.   The media used for the transwell inserts is the same as described above with 

the exception of the fetal bovine serum, which is added at 1% of the total volume.  All 

cells were maintained at 37°C in 5% CO2.  ARPE-19 cells were used between passages 

25 and 35.    

 

Passage 0 flasks were provided with hfRPE cells derived from the eyes of a 16-18 weeks 

of gestation fetal donor.  Briefly, the cells were grown in a T-75 flask with a Minimal 

Essential Medium-Alpha (MEM-!) mixture of media containing 5% heat inactivated 

FBS, N1 supplement (1:100 mL/mL), glutamine-penicillin-streptomycin (1:100 mL/mL), 

nonessential amino acid solution (1:100 mL/mL), hydrocortisone (20 !g/L), taurine (250 

mg/L) and triiodo-thyronin (0.013!g/L) [87].  The in vitro retinal model was constructed 

using a 24-well, high density 0.4µm transwell filter insert and plate assembly.  The 

transwell filter inserts were coated with a human extracellular matrix from human 

placenta in serum free MEM-! media, UV cured for 2 hours and allowed to dry 

overnight in a cell culture hood.  The hfRPE cells were seeded on the filters at a density 

of 40 x 104 per insert. All cells were maintained at 37°C in 5% CO2.  The hfRPE cells 

were seeded onto the inserts at passage 1 and were grown to confluence over a 6-8 week 

period. 
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2.2.3 Device Fabrication:  

The body of the microdevice was fabricated as previously described [81,82].  Briefly, 

SU-8 was spun onto a silicon wafer and a reservoir was patterned using a two-mask 

photolithography process.  After removal of residual photoresist with an SU-8 developer 

the wafer was cleaned thrice with deionized water followed by an isopropanol rinse.  The 

wafer was then blown dry with nitrogen and baked for 2 minutes at 95°C to remove all 

impurities.  A hydrogel solution of PEGDMA (750 mol. wt.; 2 mL) was mixed with the 

photoinitiator dimethoxy-phenyl acetophenone (DMPA; 200 !L of 60 mg/mL) in 

monomer polyvinylpyrrolidone (PVP).  FITC conjugated dextran (200 !L of 20 mg/mL) 

of varying molecular weights was mixed with the hydrogel solution.  This solution was 

then spun onto the SU-8 microdevice and exposed to UV-light to cross-link the hydrogel 

in the device reservoir. 

 

2.2.4 Transport Studies: 

ARPE-19 and hfRPE cells were grown to confluency on porous transwell filter inserts in 

a 24-well plate.  Confluency was measured using transepithelial electrical resistance 

(TEER).  All transport studies were conducted on cells grown for four to eight weeks on 

transwell filter inserts.  Equal concentrations (13 µg/mL) of the desired therapeutic (4, 40 

and 150 kDa FITC dextran) were deposited in the apical chamber of the transwell filter in 

one of three forms: a standard bolus, a hydrogel bolus, or a planar microdevice.  Cells 

alone and empty planar microdevices were used as controls.  At periodic time points the 

entire volume of the basolateral chamber was removed and replaced with fresh Phosphate 

Buffered Saline (PBS).  The samples were then probed for the concentration of FITC 
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dextran, transferred to the basolateral chamber, using a fluorimeter.   Prior to 

commencement of the transport studies the inserts were washed two times in PBS and 

transferred to a new 24-well plate.  The media was replaced with phenol red free DMEM: 

F12 to prevent interference with the fluorimeter measurements. 

 

2.2.5 Analytical Techniques:  

The confluency of the ARPE-19 and hfRPE cells was measured using the World 

Precision Instruments transepithelial electrical resistance (TEER) device.  Measurements 

were taken weekly until confluency was reached at approximately four and six weeks for 

ARPE-19 and hfRPE respectively.  The concentration of FITC-conjugated agents 

released from the microdevice was measured with a Packard FluoroCount fluorimeter.   

 

2.2.6 Immunofluorescence: 

ARPE-19 and hfRPE cells on transwell filter inserts were stained for the tight junction 

protein zonula occludens-1 (ZO-1) immediately after the conclusion of the permeability 

studies.  The cells were fixed for 30 minutes in 4% formaldehyde-PBS solution at 4°C 

and washed three times with PBS.  The cells were then permeabilized and blocked 

overnight with a 1% BSA- 0.1% Triton X solution.  A ZO-1 rabbit polyclonal antibody 

(Invitrogen) was diluted 1:100 in blocking solution and incubated with the samples 

overnight at 4°C.  After washing three times with PBS an Alexa Fluor secondary 

antibody (Invitrogen) was incubated for 1 hour at 4°C.  The samples were then mounted 

for spinning disk confocal imaging. 
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2.2.7 qPCR for ZO-1, Occludin and MRP-1 Expression: 

Cell lysis, reverse transcription and quantitative polymerase chain reaction (qPCR) were 

performed using the Fast SYBR Green kit as outlined in the manufacturers instructions.  

Lysis was conducted within one hour post conclusion of the transport studies.  The 

experiments were performed with three biological replicates (n=3) and mRNA expression 

was probed with three technical replicates for each respective biological replicate.  The 

expression of GAPDH (forward 5’CTCTCTGCTCCTCCTGTTCG-3’, reverse 

5’GCCCAATACGACCAAATCC-3’),  ZO-1 (forward 

5’TGTGAGTCCTTCAGCTGTGG-3’, reverse 5’TTTCCTGCTCAACTCCTTCG-3’), 

Occludin (forward 5’ACCGAATCATTATGCACCAAG-3’, reverse 

5’AGATGGCAATGCACATCACAA-3’) and MRP-1 (forward 

5’CTGTTTTGTTTTCGGGTTCC-3’, reverse 5’GATGGTGGACTGGATGAGGT-3’) 

was analyzed using the specified primer sequences.   The results were normalized to 

GAPDH transcript levels in untreated cells using the ""Ct method.  

 

2.2.8 MTT Assay: 

ARPE-19 and hfRPE cells were seeded at a density per well of 5 x 103 cells in a 96-well 

plate.  The cells were allowed to grow for 48 hours in standard culture conditions.  Both 

cell types were then incubated at 37°C and 5% CO2  with and without SU-8/PEGDMA 

planar microdevices for 24 hours.  Post incubation the cells were washed thrice with PBS 

to remove the planar devices.  The cells were then allowed to recover for 24 hours in 

standard culture conditions using phenol red free media.  Post recovery 20 µl of MTT 

solution was added to each well and incubated at 37°C for 4 hours.  A volume of 200 µl 
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of sodium dodecyl sulfate (SDS) solubilization solution was added to the inserts post 

incubation.  Sample absorbance was measured spectrophotometrically at 570 nm and 

again at 690 nm to account for the background absorbance of the 96-well plate.   

 

2.2.9 Statistical Analysis: 

Data are reported as average values plus or minus standard deviation. All data sets were 

analyzed with a single factor analysis of variance (ANOVA) test followed by the Student 

t-test. P-values of less than 0.05 were considered statistically significant unless explicitly 

stated otherwise. 

 

2.3 Results & Discussion 

2.3.1 Device Characterization: 

Planar microdevices made with an SU-8 base and a poly(ethyleneglycol)dimethacrylate 

(PEGDMA) reservoir were fabricated using standard photolithography methods as 

outlined in figure 2.1a.  As displayed in figure 2.1b, we successfully created the desired 

device geometry of a 150 x 150 µm base and 70 x 70 µm reservoir. We then used 

profilometry to verify the depth of the device reservoir and confirm that photoresist 

which was not crosslinked was successfully removed during the development process.  

Based on the desired drug loading concentration the reservoir depth was tuned to 40 

micrometers as confirmed using scanning electron microscopy (Fig. 2.S1).      

 

Using the photolithography process flow outlined in figure 2.1c, FITC dextrans with a 

molecular weight ranging 4, 40 and 150 kDa were incorporated into a PEGDMA and 
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photoinitiator mixture.  The SU-8 patterned silicon wafer was then coated with the 

aforementioned hydrogel mixture using spin coating, and crosslinked in the 70 x 70 µm 

device reservoirs as depicted in figure 2.1c.  Figure 2.1d demonstrates the successful 

encapsulation of the FITC labeled dextran. Corresponding elution studies confirmed that 

FITC dextran could be released from the devices over a four-hour period when placed in 

an aqueous solution (Fig. 2.S2). 

 

 

Figure 2.1  SU-8 Device Fabrication Process and PEGDMA Hydrogel Encapsulation. (a) Schematic 
representation of fabrication using standard photolithography and a two-mask process to generate a 
reservoir structure.  (b) Bright field image of SU-8 device with defined features.  (c) Schematic 
representation of PEGDMA Hydrogel being crosslinked in the device reservoir   (d) Image of encapsulated 
FITC conjugated drug [4 kDa dextran].  
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2.3.2 Cell Viability: 

The devices were incubated on the two types of retinal pigment epithelial (RPE) cells for 

twelve hours and cell viability was determined with the colorimetric MTT assay.  ARPE-

19 and hfRPE cells not exposed to planar microdevices were used as the control.  The 

results suggested that the devices were not toxic to the cells (Fig. 2.2a, b).  This was also 

confirmed via cell imaging of the ZO-1 tight junctions both with and without the 

presence of a device.  In the absence of a device the cellular tight junctions were 

continuous and displayed no signs of disruption (Fig. 2.2c).   Upon comparison to the 

stained cells in the presence of an empty planar microdevice one could see no significant 

difference in cell morphology (Fig. 2.2d).  This supports the assertion that these devices 

were not toxic to RPE cells and that an adverse cellular reaction was not the cause of the 

increased transport witnessed in the presence of the planar microdevices. 
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Figure 2.2  MTT Assay.  MTT assay of (a) ARPE-19 and (b) hfRPE incubation with and without 
devices confirms cell viability.  ARPE-19 zonula occludens 1 (ZO-1) staining confirms formation of 
tight junctions (c) without devices and (d) with devices. All data is presented as +/- standard deviation.  
An asterisk (*) indicates statistical significance with respect to the untreated cells with a P-value of less 
than 0.05.   
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traditional bolus of FITC dextran.  This bolus was deposited using a micropipette.  In 

figure 2.3b, the apical chamber is filled with FITC dextran loaded planar microdevices.  

The devices are removed from the wafer using a sterile razor and suspended in PBS.  

They are then deposited in the apical chamber using a micropipette where they settle onto 

the epithelial cell layer.  The asymmetric design of the devices facilitates a higher 

concentration of FITC dextran at the epithelial cell surface. 

 

 

Figure 2.3  Permeability Studies Experimental Setup. (a) Schematic representation of a transwell insert 
with bolus drug being deposited in the apical chamber.  (b) Schematic representation of drug loaded SU-
8/PEGDMA planar microdevices being deposited in the apical chamber of a transwell insert. 
 

Permeability studies using FITC dextran were conducted across a monolayer of ARPE-19 

cells which were grown to confluence on the apical side of high density porous transwell 
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encapsulation of FITC dextran in the planar microdevice significantly enhanced its 

transport compared to the traditional bolus drug deposition alone. This trend was 

observed for 4 kDa, 40 kDa and 150 kDa FITC dextran samples (Fig. 2.4a, b, c).  As 

expected, the amount of FITC dextran transported across the monolayer of ARPE-19 

cells decreased as molecular weight increased (Fig. 2.4d).  These data suggest that planar 

microdevices could be of value for the delivery of biologics/proteins, which span a range 

of sizes, such as Insulin (6 kDa) to Bevacizumab (149 kDa).  The planar architecture, 

unidirectional elution and increased contact time between the device and RPE cells likely 

contributed to the enhanced transport.  Additionally, the difference in FITC dextran 

transported, between the device and the bolus, decreased with increasing molecular 

weight.  This observation led us to conclude, that while these devices could be used to 

transport high molecular weight therapeutics, there is an upper size limit for the optimal 

transport effect. Additionally, this upper limit could be attributed to the hydrogel mesh 

size.  It is well established that variations in polymer molecular weight as well as polymer 

and photoinitiator concentration have a direct impact on hydrogel mesh size [51].   As a 

result all devices were made with PEGDMA of a single molecular weight and consistent 

concentrations.  The mesh size of the crosslinked hydrogel is 6 to 20 nanometers in a 

dehydrated state.  The hydrodynamic radii of the FITC dextrans used in this manuscript 

are 1.4, 4.5 and 8.5 nanometers and correspond to 4, 40 and 150 kDa FITC dextran 

respectively.  The mesh size is large enough to permit diffusion of the three types of 

dextrans in a swollen state.  However, the ratio of mesh size to hydrodynamic radius was 

not designed to remain constant with the increasing molecular weight of the FITC 

dextrans.  Thus the rate of transport reduction, with increasing payload molecular weight, 
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could also be attributed to the three distinct ratios of pore size to dextran hydrodynamic 

radius. 

 

 

 

Figure 2.4  ARPE-19 Permeability Studies. Transport of FITC dextran across a monolayer of ARPE-19 
cells grown on transwell inserts using a traditional bolus and planar hydrogel devices.  FITC dextran of 
varying molecular weights (a) 4 kDa, (b) 40 kDa, (c) 150 kDa was deposited in the apical chamber and 
encapsulated in planar SU-8/PEDGMA devices for each experiment.  (d) The concentration of drug 
transported is molecular weight dependent.  An asterisk (*) indicates statistical significance with respect to 
the traditional bolus conditions.  All data is presented as +/- standard deviation. 
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While ARPE-19 cells are the accepted model for retinal drug transport due to their ease 

of acquisition and propagation, we have extended our work to a primary cell line, 

specifically human fetal retinal pigment epithelial cells (hfRPE).  Given the 

morphological and physiological characteristics of hfRPE’s, this culture may better 

mimic some of the interactions that occur in vivo and as such is an appropriate extension 

of our work.  Further this primary culture has been employed to understand how well the 

results from our transport studies would translate to an in vivo model.  Passage 1 of the 

hfRPE cells were grown to confluence on the apical side of high density porous transwell 

filter inserts (qty: 24, n=4) over a 6 to 8 week period.  In the hfRPE experiments we 

observed the same trend between the hydrogel device and traditional bolus that was seen 

when delivering FITC dextran across ARPE-19 cells.  The hydrogel-loaded microdevices 

outperformed the traditional bolus in the 4 kDa, 40 kDa and 150 kDa experiments (Fig. 

2.5a, b, c).  Additionally the amount of dextran transported across the hfRPE cells, 

decreased with the increasing molecular weight of the FITC dextran encapsulated in the 

hydrogel-loaded microdevices (Fig. 2.5d).  These results have led us to conclude that our 

planar microdevices can be used to successfully transport large molecules across different 

types of retinal epithelial cells.  Of greater significance is the consistent performance of 

the device and its drug transport across these two in vitro RPE models.  Further this 

suggests that these planar microdevices could be effective in transporting therapeutics in 

an in vivo model.  
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Figure 2.5  hfRPE Permeability Studies. Transport of FITC dextran across a monolayer of hfRPE cells 
grown on transwell inserts using a traditional bolus and planar hydrogel devices.  FITC dextran of varying 
molecular weights (a) 4 kDa, (b) 40 kDa, (c) 150 kDa was deposited in the apical chamber and 
encapsulated in the uncoated planar SU-8/PEDGMA devices for each experiment.  (d) The concentration of 
drug transported is molecular weight dependent.  An asterisk (*) indicates statistical significance with 
respect to the traditional bolus conditions.  All data is presented as +/- standard deviation. 
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Expression of both ZO-1 and Occludin mRNA in the presence of the traditional bolus 

was significantly higher than all of the other delivery modes for the 40 kDa experiments 

(Fig. 2.6a).  This was consistent with the 4 kDa dextran experiments and supports the 

observed reduced transport of FITC dextran when administered via traditional bolus as 

compared to microdevice delivery (Fig. 2.5a, b, c).  The hydrogel-loaded microdevice 

and empty device both reduced ZO-1 and Occludin mRNA compared to untreated hfRPE 

cells. This observation led us to conclude that the devices helped facilitate transport of a 

40 kDa molecule via a paracellular pathway by triggering the decreased production of 

two tight junction proteins.  Since all microdevices are cleaned, prior to contact with the 

cells, it is unlikely that trace chemicals from the fabrication process caused a reduction in 

gene expression.  It is probable that direct contact between the topography of the planar 

device and the cell membrane initiated a signaling mechanism, which reduced tight 

junction gene expression [46,91,92].  

 

 

Figure 2.6  Quantitative PCR Studies (hfRPE).  Relative gene expression of (a) tight junction proteins post 
planar microdevice permeability study [40 kDa FITC dextran].  (b) Relative gene expression of MRP-1 
efflux transporter protein post planar microdevice permeability study [40 kDa FITC dextran].  All data is 
normalized by the gene expression of the control (untreated cells) and presented as mean +/- standard 
deviation. An asterisk (*) indicates statistical significance with respect to the traditional bolus of less than 
0.05 and a hash mark (#) indicates statistical significance with respect to the traditional bolus of less than 
0.07. 
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Based on the possibility that a mechanism other than paracellular transport could be 

involved, the cells were also probed for gene expression of the efflux transporter 

multidrug resistance protein (MRP-1).  MRP-1 has broad substrate specificity and is 

highly expressed in retinal cells [25,61,93–95].  The traditional bolus showed a slightly 

decreased expression of MRP-1 mRNA as compared to the hydrogel-loaded and empty 

microdevices (Fig. 2.6b).  There was however, no statistically significant difference in 

MRP-1 expression between the three routes of drug delivery.  This suggests that MRP-1 

does not play a major role in the facilitation nor hindrance of the FITC dextran transport.  

Combined with the ZO-1 and Occludin data, this suggests that the paracellular pathway 

plays a major role in the transport of FITC dextran to the basolateral chamber.  This is 

consistent with what was expected given the size of the molecules, despite the substrate 

specificity of FITC to the MRP-1 efflux transporter.  Building on these data, future work 

will target a broader set of efflux and influx transporters to understand the role they play 

in large molecule drug transport in the presence of planar microdevices. 

 

2.4 Conclusion 

A planar microdevice has successfully transported large molecules, with molecular 

weights of therapeutic significance, across both ARPE-19 and hfRPE cells in vitro.  The 

microdevices increased the delivery of FITC dextran across an ARPE-19 and hfRPE 

barrier as compared to bolus administration in a molecular weight dependent fashion.  

This was achieved through a device triggered paracellular pathway while maintaining the 
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integrity of the retinal cell monolayers.  Further studies to understand the dominant 

paracellular mechanism and corresponding signaling cascade are necessary. 
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Chapter 3: Surface-Modified Planar Microdevices for Large Molecule Transport 

Across Retinal Pigment Epithelial Cells 

 

3.1 Background 

Prior to the use of microfabricated devices to improve drug delivery, permeation 

enhancers were studied extensively.  The most commonly investigated formulations 

include Tween20, ethylenediaminetetra acetic acid (EDTA), dimethylsulphoxide 

(DMSO) and cyclodextrin.  Their use has been found to increase the bioavailability of a 

diverse set of small molecules in ocular applications [96–98].  However, these 

compounds were regularly implicated in causing irreversible damage to cell barrier 

integrity [66].  Additionally, due to the importance of therapeutic residence time for 

increased bioavailability, mucoadhesive formulations for drug delivery have been 

explored [99,100].      

 

An alternative to these compounds is Chitosan, a polysaccharide with demonstrated 

permeation enhancing properties in epithelial cell lines [58].  Chitosan is a naturally 

occurring polymer that is derived from the deacetylation of chitin found in the shells of 

crustaceans [101,102].  It is regularly considered for use in drug delivery applications due 

to several attractive features.  These features include biocompatibility, mucoadhesive 

properties, known enzymatic degradation pathways and its ease of acquisition [103–106].  

Further chitosan is highly stable and can be incorporated into delivery systems in a 

variety of formulations such as particles, hydrogels, liquid gels and films [52,103,107–

109].  De Campos et al demonstrated a 10-fold increase in transport of cyclosporine-A 
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using chitosan nanoparticles in an in vivo rabbit experiment [110].  Prednisolone 

bioavailability was also enhanced using self-assembled chitosan nanoparticles [111].  

Small molecules have historically been the therapeutic of choice for delivery using 

chitosan.  Recently, several groups have investigated macromolecule delivery of vaccines 

and dextrans using chitosan formulated microparticles [56,112].  

 

Chitosan is able to enhance permeability due to the interaction of its cationic amino acid 

groups with the negatively charged membrane of epithelial cells [58,113,114].  It is 

believed that this leads to a relocation of the epithelial tight junction proteins ZO-1 and 

occludin, thus permitting increased paracellular transport [56,57,105,115].  Chitosan’s 

mucoadhesive properties are primarily caused by an electrostatic attraction [57,105,116].   

 

Building upon our success in transporting large molecular weight dextrans with planar 

microdevices (Chapter 2) we incorporated chitosan to investigate a dual permeation 

enhancing effect.  The subsequent experiments investigate the transport of a 

commercially available therapeutic (Lucentis®) using a chitosan planar device.  We also 

explore the impact of chitosan devices in the transport of three distinct molecular weight 

FITC Dextrans.  

 

3.2 Materials & Methods 

3.2.1 Materials: 

ARPE-19 cells were obtained from American Type Culture Collection (ATCC).   

Dulbecco’s modified eagle medium (DMEM:F12 [1:1]) for cell culture, Fetal Bovine 
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Serum, Penicillin-streptomycin antibiotic solution, PBS and mouse laminin were 

obtained from the UCSF Cell Culture Facility.  Ranibizumab (Lucentis®) was 

manufactured by Genentech (South San Francisco, CA).  Transwell inserts, Chitosan and 

FITC dextran spanning molecular weights of 4 to 150 kDa were obtained from Sigma-

Aldrich.  The EZ-Link Sulfo-NHS-LC-Biotin and corresponding FITC-avidin were 

purchased from Thermo Fisher Scientific.  FluoroTag FITC conjugation kit for antibodies 

was purchased from Sigma-Aldrich.  The hydrogel precursor solution, comprised of 

PEGDMA (750 mol. wt.), dimethoxy-phenyl acetophenone (DMPA) and 

polyvinylpyrrolidone (PVP) was purchased from Sigma-Aldrich.   The SU-8 photoresist 

was purchased from Microchem (Newton, MA).   

 

3.2.2 Cell Culture:  

The ARPE-19 cell line was derived from the normal eyes of a 19 year-old male. The cells 

were grown in a T-75 flask with a 1:1 mixture of DMEM:F12 high glucose media 

containing 10% Fetal Bovine Serum (FBS) and 1% Penicillin-streptomycin antibiotic 

solution. The in vitro retinal model was constructed using a 24-well, high density 0.4µm 

transwell filter insert and plate assembly.  The transwell filter inserts were coated with a 

1:10 mouse laminin-DMEM:F12 serum free mixture and allowed to dry overnight in a 

cell culture hood.  The ARPE-19 cells were seeded on the filters at a density of 4.5 x 105 

per insert.   The media used for the transwell inserts, is the same as described above with 

the exception of the fetal bovine serum, which is added at 1% of the total volume.  All 

cells were maintained at 37°C in 5% CO2.  ARPE-19 cells were used between passages 

25 and 35.    
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3.2.3 Device Fabrication & Surface Modification:  

The body of the microdevice was fabricated from SU-8 and a PEGDMA hydrogel using 

photolithography as described in Chapter 2 (Section 2.2.3).  After successful fabrication 

of a drug loaded hydrogel device chitosan was conjugated to the top surface of the planar 

device.  A stock solution of chitosan was made by adding it to 1% HCl to obtain a 1.6 % 

w/v solution.  This solution was mixed overnight using a stir bar and was mixed in this 

fashion prior to each use.  In a separate falcon tube 1 mL of the chitosan-1% HCl stock 

solution was added to 3 mL of PBS and vortexed.   Approximately 1 mL of the combined 

solution was deposited on top of the wafer until the devices were fully covered.  The 

wafer was then allowed to dry overnight at 4°C.  For visualization, 5 mg of EZ-Link 

Sulfo-NHS-LC-Biotin is added to the chitosan solution, vortexed and then deposited on 

the device covered wafer prior to drying as described above.  The devices were then 

washed three times with PBS and blocked with 1% BSA for 30 minutes. A 1 mg/mL 

concentration of FITC-avidin was mixed with PBS at a 1:200 ratio.  The devices were 

then incubated in this solution overnight.  After incubation the device covered wafer was 

washed three times PBS prior to imaging. 

 

3.2.4 FITC Conjugation: 

Lucentis® at a concentration of 10 mg/ml was generously donated by Robert Bhisitkul 

M.D., Ph.D. of UCSF.  Fluorescein isothiocyanate (FITC) was conjugated to the antibody 

fragment, Lucentis®, using the FluoroTag conjugation kit from Sigma.   The conjugation 

was conducted in accordance with the protocol provided by Sigma.  Breifly, Lucentis® 
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was transferred out of its native 10 mM histidine buffer via dialysis overnight into PBS.   

A sodium carbonate-bicarbonate buffer (0.1 M) was used to reconstitute 2 mg of FITC.  

This FITC solution (10:1) was added dropwise to the Lucentis solution under gentle 

stirring.  The solution was protected from light and allowed to mix at room temperature 

for 2 hours.  All unbound FITC was then separated from the FITC conjugated Lucentis 

using a Sephadex G-25M column into glass vials.  Each elution sample was probed using 

UV spectroscopy at 280 and 495 nm.  Samples with absorbance values greater than 0.4 at 

280 nm were pooled into a single vial; all others were discarded. 

 

3.2.5 Transport Studies: 

ARPE-19 cells were grown to confluence on porous transwell filter inserts in a 24-well 

plate.  Confluency was measured using transepithelial electrical resistance (TEER).  All 

transport studies were conducted on cells grown for four to six weeks on transwell filter 

inserts.  Equal concentrations (13 µg/mL) of the desired therapeutic (FITC Lucentis or 4, 

40 and 150 kDa FITC dextran) were deposited in the apical chamber of the transwell 

filter in one of three forms: a standard bolus, an uncoated or a chitosan coated planar 

microdevice.  Cells alone and empty planar microdevices were used as controls.  At 

periodic time points the entire volume of the basolateral chamber was removed and 

replaced with fresh Phosphate Buffered Saline (PBS).  The samples were then probed for 

the concentration of FITC dextran, transferred to the basolateral chamber, using a 

fluorimeter.   Prior to commencement of the transport studies the inserts were washed 

two times in PBS and transferred to a new 24-well plate.  The media was replaced with 

phenol red free DMEM: F12 to prevent interference with the fluorimeter measurements. 
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3.2.6 Analytical Techniques:  

The confluency of the ARPE-19 cells was measured using the World Precision 

Instruments transepithelial electrical resistance (TEER) device.  Measurements were 

taken weekly until confluence was reached at approximately four weeks.  The 

concentration of FITC-conjugated agents released from the microdevice was measured 

with a Packard FluoroCount fluorimeter.   

 

3.3 Results & Discussion 

3.3.1 Chitosan was Successfully Conjugated to Planar SU-8/PEGDMA Microdevices: 

An existing drug loaded SU-8/PEGDMA microdevice was coated with the mucoadhesive 

and permeation enhancing agent chitosan (Fig. 3.1a).  The coating is evenly distributed 

along the top surface of the individual devices.  Additionally, there are traces of chitosan 

between devices which is anticipated based on the deposition process (Fig. 3.1b).  

chitosan distribution on top of the reservoirs is uneven and sparse.  It is plausible that a 

low affinity exists between chitosan and PEGDMA.  However, this coating discrepancy 

should not undermine the drug absorption enhancement effect of chitosan.     
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Figure 3.1  Chitosan SU-8/PEGDMA Device Fabrication Process. (a) Schematic representation of 
chitosan attachment to a SU-8/PEGDMA planar microdevice. (b) Image of FITC labeled chitosan 
affixed to the surface of an SU-8/PEGDMA device.   
 

3.3.2 FITC Lucentis Transport is Not Enhanced By Chitosan Devices: 

Transport of FITC Lucentis in the presence of a chitosan coated and uncoated device is 

comparable to bolus deposition alone (Fig. 3.2).  As time progresses the amount of bolus 

FITC Lucentis transported begins to outperform both devices.  Chitosan coating of the 

microdevice does not yield an improvement in drug transport irrespective of the 

permeation enhancing properties and unidirectional drug delivery design of the chitosan 

device.  The chitosan device does begin to display a marginal improvement in drug 

transported relative to the uncoated device as the time course progresses.   Surprisingly, 

the uncoated planar device does not enhance transport of FITC Lucentis relative to the 

traditional bolus.  This is in stark contrast to the FITC Dextran transport trend observed in 

chapter 2 (Fig. 2.4 and 2.5).  FITC Lucentis is a 48 kDa antibody fragment which we 

hypothesized would perform in a comparable fashion as the 40 kDa FITC Dextran.  The 8 

kDa increase in molecular weight should not justify the observed transport discrepancy as 

the 150 kDa FITC Dextran encapsulated in a hydrogel device also outperformed its 

respective traditional bolus.   
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Figure 3.2  FITC Lucentis® Permeability Studies. Transport of FITC Lucentis® across a monolayer 
of ARPE-19 cells grown on transwell inserts using a traditional bolus, chitosan coated and uncoated 
planar SU-8/PEDGMA devices.  All data is presented as +/- standard deviation. 

 

3.3.3 FITC Dextran Transport is Not Enhanced by Chitosan Devices: 

In figure 3.3 the transport of FITC Dextran encapsulated in a chitosan coated device is 

compared to an uncoated device.  The uncoated device outperforms the chitosan device 

throughout the 4 and 40 kDa FITC Dextran experimental time course (Fig. 3.3a, b).  It 

appears as if the presence of chitosan decreases the amount of drug transported.  

However, the difference in performance between the chitosan coated and uncoated device 

is negligible at 150 kDa (Fig. 3.3c).  This is in stark contrast to a pronounced transport 

difference observed with the 40 kDa FITC Dextran coated and uncoated devices.  This 

might suggest that the differences in transport seen with chitosan are negated at higher 

molecular weights due to size-dependent molecular interactions, which may retard 

elution from the hydrogel.  It is also plausible that the method of chitosan incorporation 
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into the delivery device and chitosan concentration may play a critical a role in enhancing 

permeability [117].  The layer of chitosan increases the distance that an encapsulated 

drug must travel relative to the uncoated device.  As a result the limited permeability 

observed could be due to an insufficient experimental time course.  Further, the enhanced 

transport observed by De Campos et al in rabbit corneal epithelial cell lines occurred 

using nanoparticles that were fabricated primarily from Chitosan [110].  Additionally, the 

permeability phenomena observed by Dodane et al in Caco-2 cells was concentration 

dependent [55].  A planar device made entirely from chitosan might perform equivalently 

if not better than the SU-8/PEGDMA planar device. 

 

 

Figure 3.3  FITC Dextran Permeability Studies. Transport of FITC dextran across a monolayer of ARPE-
19 cells grown on transwell inserts using chitosan coated and uncoated planar SU-8/PEDGMA devices.  
FITC dextran of varying molecular weights (a) 4 kDa, (b) 40 kDa, (c) 150 kDa was encapsulated in the 
uncoated planar SU-8/PEDGMA devices and deposited in the apical chamber for each experiment.  The 
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concentration of drug transported is molecular weight dependent.  All data is presented as +/- standard 
deviation. 
 

3.4 Conclusion 

Preliminary studies demonstrated the ability to conjugate chitosan to a drug loaded SU-

8/PEGDMA planar microdevice.  The chitosan devices did not enhance the transport of 

FITC conjugated large molecules, relative to uncoated devices, across a monolayer of 

ARPE-19 cells.  Chitosan may still be a viable permeation enhancing agent to use in 

conjunction with a microdevice.  However, an alternative fabrication process must be 

investigated to guarantee an equivalent drug elution profile relative to the device control.  

Additionally, the pH sensitivity of chitosan should be explored as this would help 

determine the ideal location for drug delivery. 
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Chapter 4: Micro- and Nanostructures for Macromolecule Transport Across 

Retinal Pigment Epithelial Cells 

 

4.1 Background 

Ocular diseases adversely impact the quality of life for 14.25 million people worldwide.  

Many of these impairments can be treated with commercially available therapeutics 

including 48 kDa antibody fragment Ranibizumab (Lucentis) [1,2].  Lucentis, is a widely 

used treatment for Wet Age-related Macular Degeneration (AMD).  However, retinal 

epithelial barriers complicate delivery of such macromolecules to the treatment site 

[11,12,93].  Specifically, ZO-1 and Claudin tight junction proteins inhibit the paracellular 

transport of macromolecules [39,90,118].  To circumvent these barriers, many techniques 

have been explored to enhance ocular drug delivery.  They include but are not limited to 

the use of permeation enhancers, surface conjugation strategies, viral infection, 

macroscale reservoir systems, and micro- and nanoscale devices [52,55,66].  While, the 

distinctions between macroscale and sub-macroscale devices are relatively 

straightforward, distinctions between micro- and nanoscale efficacy has yet to be 

extensively explored.  Several methods used to fabricate these sub-macro reservoir 

systems, also known as microdevices, leverage micro- and nanofabrication techniques 

that were developed in the microelectronics industry to create devices and structures with 

precise geometries [81,82,84].  Microdevices have been designed to deliver a broad class 

of molecules using a variety of release techniques.  These include mechanical actuators 

and environmentally responsive systems [78,119–123].   The Desai lab demonstrated that 

planar microdevices increased small and large molecule transport in an intestinal and 
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ocular epithelial model [83,124].  These devices leveraged their increased residence time, 

large contact surface area and unidirectional controlled release to increase drug transport.  

Further, a cell signaling mechanism triggered by the planar device topography was 

implicated in increasing large molecule permeability via paracellular transport [124].  

Many researchers have begun to examine the effects of nanoparticle morphology on cell 

behavior [125,126].  They discovered that a variety of particle properties influence cell 

differentiation, morphology, proliferation, internalization, adhesion and protein 

expression [127–129].   These properties include particle surface charge, size, shape and 

chemistry [125,126].  Zauner et al found that nanoparticles are efficiently internalized by 

a variety of cell lines including the Caco-2 epithelial cell line [130,131].   However, there 

is still some debate about the range of sub-micron sizes that illicit the greatest uptake 

efficiency [125].  Numerous researchers have determined, in vitro, that positively charged 

particles and polysaccharides have enhanced transfection and permeation efficiency due 

to interaction with negatively charged cell membrane surfaces [55,58,88,116].   Also of 

interest is the role shape plays on drug transport and cellular transfection on both the 

micro- and nanoscale.  In addition to the well-studied spherical shaped particles, several 

researchers have found that varying the aspect ratios and axis/radius of curvatures of 

particles can have a significant influence on the rates of uptake via receptor mediated 

endocytosis [132–134].  Specifically, Gratton et al found that larger aspect ratio particles 

yielded increased uptake.  Kam et al reported enhanced paracellular transport of large 

molecules, using low aspect ratio nanostructured films in an intestinal epithelial cell 

model [91].  Both micro- and nanodevices have advantages which are size specific.  

However, to date no study has been undertaken to determine which size scale causes the 
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greatest enhancement of large molecule drug transport across ocular tissue.  With this in 

mind, we sought to examine the role of micro- or nanostructure features on ocular 

permeability.  Such topography-enhanced permeability may lead to novel treatment 

modalities but further study is necessary to optimize topographic geometry with specific 

properties of macromolecules.  Using an epithelial model of the outer blood retinal 

barrier, we determine if macromolecule transport is preferentially enhanced as fiber size-

scale is decreased from micro- to nanometers.  Additionally, the impact of 

macromolecule size and charge on transport efficacy is investigated. 

 
4.2 Materials & Methods 

4.2.1 Materials: 

Human fetal retinal pigment epithelial cells (hfRPE) were kindly donated by the National 

Eye Institute laboratory of Sheldon Miller Ph.D.   Fetal Bovine Serum (FBS) was 

obtained from Atlanta Biologicals (Flowery Branch, GA).  All remaining media 

components and FITC dextran spanning molecular weights of 40 to 150 kDa were 

obtained from Sigma-Aldrich (St. Louis, MO).  FluoroTag FITC conjugation kit for 

antibodies was purchased from Sigma-Aldrich.  Polyethylene terephthalate transwell 

inserts were purchased from Fisher Scientific (Waltham, MA).    Polypropylene x-ray 

film was purchased from Premier Lab Supply (Port St. Lucie, FL).  

Polytetrafluoroethylene (PTFE) was obtained from McMaster-Carr (Santa Fe Springs, 

CA).  Polystyrene was purchased from Sigma-Aldrich (St. Louis, MO) and polycarbonate 

filters with pore sizes of 0.4, 0.8 and 12!m were purchased from Millipore (Billerica, 

MA).  Zonula Ocludens-1 (ZO-1) rabbit polyclonal antibody and rabbit anti mouse Alexa 

Fluor 633 secondary antibody were purchased from Zymed Laboratories (San Francisco, 
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CA) and Invitrogen (Grand Island, NY) respectively. Fast SYBR Green kit was 

purchased from Life Technologies (Grand Island, NY).  Human extracellular matrix was 

purchased from VWR (Visalia, CA). Ranibizumab (Lucentis®) was manufactured by 

Genentech (South San Francisco, CA). 

 

4.2.2 Cell Culture:  

Human fetal retinal pigment epithelial (hfRPE) primary cells were provided as a gift from 

the laboratory of Dr. Sheldon Miller at the National Eye Institute of the NIH.  Passage 0 

flasks were provided with retinal cells derived from the eyes of a 16-18 weeks of 

gestation fetal donor.  Briefly, the cells were grown in MEM-! mixture of media 

containing 5% heat inactivated FBS, N1 supplement (1:100 mL/mL), glutamine-

penicillin-streptomycin (1:100 mL/mL), nonessential amino acid solution (1:100 

mL/mL), hydrocortisone (20 !g/L), taurine (250 mg/L) and triiodo-thyronin (0.013!g/L).  

High density 24-well, 0.4µm transwell filter inserts were coated with a human 

extracellular matrix from human placenta in serum free MEM-! media, UV cured for 2 

hours and allowed to dry overnight.  The hfRPE cells were seeded on the filters at a 

density of 40 x 104 cells-cm-2. All cells were maintained at 37°C in 5% CO2.  The hfRPE 

cells were seeded onto the inserts at passage 1 and were grown to confluence over a 6-8 

week period. 

 

4.2.3 Device Fabrication: 

Nano- and microfiber films were fabricated by laminating polypropylene films into 

microporous polycarbonate filter membranes in a hot roll laminator (Cheminstruments, 
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HL-100), as described previously (Fig. 4.1) [135,136].  Briefly, polystyrene, dissolved in 

toluene (10% w/v), was spin cast onto a PET backing layer mounted on glass.   The 

polystyrene was used to cap a polycarbonate filter membrane, which was then overlaid on 

pre-pressed polypropylene x-ray film.  All layers were pressed through the hot roll 

laminator at 20 psi and 210!C protected by a sheet of PTFE.  Polycarbonate filter 

membrane pore size was used to control fiber diameter, resulting in three distinct fiber 

sizes.  Polycarbonate and polystyrene was etched away in two serial washes in methylene 

chloride for 8 minutes each.   

 

4.2.4 Scanning Electron Microscopy (SEM):   

Samples of micro- and nanofiber films were coated with 10 nm of iridium before imaging 

in an Carl Zeiss Ultra 55 Field Emission Scanning Electron Microscope using an in-lens 

SE detector at a beam voltage of 2 kV and a working distance of approximately 6 mm. 

Polypropylene fiber diameter and length were measured using a series of characteristic 

SEM images and analyzed with the open source Fiji image processing software.     

 

4.2.5 Drug Conjugation: 

Lucentis (10 mg/mL) was generously donated by Robert Bhisitkul M.D., Ph.D. of UCSF.  

Fluorescein isothiocyanate (FITC) was conjugated to the antibody fragment, Lucentis, 

using the FluoroTag conjugation kit from Sigma.   The conjugation was conducted in 

accordance with the protocol provided by Sigma.  Breifly, Lucentis was transferred out of 

its native 10 mM histidine buffer via dialysis overnight into PBS.   A sodium carbonate-

bicarbonate buffer (0.1 M) was used to reconstitute 2 mg of FITC.  This FITC solution 
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(10:1) was added dropwise to the Lucentis solution under gentle stirring.  The solution 

was protected from light and allowed to mix at room temperature for 2 hours.  All 

unbound FITC was then separated from the FITC conjugated Lucentis using a Sephadex 

G-25M column into glass vials.  Each elution sample was probed using UV spectroscopy 

at 280 and 495 nanometers.  Samples with absorbance values greater than 0.4 at 280 nm 

were pooled into a single vial; all others were discarded.  Drug concentration of the FITC 

conjugated solutions were determined by using Beer Lamberts law and the published 

extinction coefficients of 1.8 cm mL/mg for Lucentis [137]. 

 

4.2.6 Transport Studies: 

Human fetal retinal pigment epithelial (hfRPE) cells were used for all transport studies.  

hfRPE mimic the morphological and physiological characteristics that occur in vivo, and 

therefore these primary cells are the preferred in vitro model of the retinal epithelium for 

permeability studies [85,87].  hfRPE cells were grown to confluency on porous transwell 

filter inserts in a 24-well plate.  Confluency was measured using a transepithelial 

electrical resistance (TEER) device (World Precision Instruments).  All transport studies 

were conducted on cells grown for six to eight weeks on transwell filter inserts.  Inserts 

were washed twice in PBS and transferred to a new 24-well plate prior to initiation of the 

transport studies.  The media was replaced with phenol red free DMEM: F12 to prevent 

interference with the fluorimeter measurements.  Equal molar concentrations of the 

desired therapeutics (FITC-Lucentis and FITC-Dextran) were deposited in the apical 

chamber of the transwell filter.  After drug deposition one of the three types of fiber films 

were placed on top of the cells (12 !m - Supermicro, 0.8 !m - Micro, 0.4 !m - Nano).  
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Film cross-sections with a diameter of 3.5 mm were used for transport studies by placing 

the fibers directly in contact with the monolayer of epithelial cells (Fig. 4.S1).  Flat 

polypropylene films, untreated cells, and cells treated with drug alone were used as 

controls, the latter mimicking the injection of a bolus in proximity to the epithelial layer.  

At each time point the entire volume of the basolateral chamber was removed and 

replaced with fresh PBS.  The samples were then probed for the concentration of FITC 

conjugated drug transported to the basolateral chamber, using a fluorimeter (Packard 

FluoroCount).    

 

4.2.7 Calculation of Apparent Permeability Coefficient:  

Apparent permeability coefficient (Papp, cm/second) is a commonly used method to 

characterize the diffusion of molecules across an in vitro tissue barrier [49].  The 

equation is as follows: Papp = Flux/(SArpeCo), where flux is the slope of the permeability 

curve for each molecule (mM/second), SArpe  is the surface area of the RPE coated 

transwell insert (cm2) and Co is the initial concentration of FITC conjugated drug loaded 

in the apical chamber (mM/cm3). 

 

4.2.8 Immunofluorescence:   

hfRPE cells, grown on transwell filter inserts, were stained for the tight junction protein 

zonula occludens-1 (ZO-1) immediately after and 24 hours post exposure to micro and 

nanoscale fiber films.  The duration of cell exposure to fiber films was 250 minutes 

without the addition of a FITC conjugated macromolecule.  Cells were fixed for 30 

minutes in 4% formaldehyde-PBS solution at 4°C and rinsed three times in PBS.  The 
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cells were then permeabilized and blocked overnight with a 1% BSA- 0.1% Triton X 

solution at 4°C.  A ZO-1 rabbit polyclonal antibody (Invitrogen) was diluted 1:100 in 

blocking solution and incubated with the samples overnight at 4°C.  After rinsing in PBS, 

the cells were incubated in the dark with an Alexa Fluor secondary antibody (Invitrogen), 

and diluted 1:100 in blocking solution for 1 hour at 4°C.  The samples were then mounted 

for spinning disk confocal imaging. 

 

4.2.9 qPCR for Membrane and Tight Junction Gene Expression:  

Cell lysis was conducted within one hour post conclusion of the transport studies.  Lysis, 

reverse transcription and qPCR were performed using the Applied Biosystems SYBR 

Green Cells-to-CT kit per the manufacturer’s instructions.  Gene expression results are 

representative of three biological replicates, each an average of three technical replicates.  

The expression of GAPDH (forward 5’CTCTCTGCTCCTCCTGTTCG-3’, reverse 

5’GCCCAATACGACCAAATCC-3’), Claudin-19 (forward 

5’CTCAGCGTAGTTGGCATGAA-3’, reverse 5’GAAGAACTCCTGGGTCACCA-3’), 

Caveolin-1 (forward 5’GCGACCCTAAACACCTCAAC-3’, reverse 

5’ATGCCGTCAAAACTGTGTGTC-3’) and Clathrin (forward 

5’GTTTGATCGCCATTCTAGCCT-3’, reverse 5’CTCCCACCACACGATTTTGCT-3’) 

was analyzed using the specified primer sequences.   The results were normalized to 

GAPDH transcript levels in untreated cells using the ""Ct method [138].  

 

4.2.10 Statistical Analysis: 
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Data are reported as average values plus or minus standard deviation. All data sets were 

analyzed with a single factor ANOVA test followed by the Student-Newman-Keuls test. 

P-values of less than 0.05 were considered statistically significant unless explicitly stated 

otherwise. 

 
4.3 Results  

4.3.1 Fabrication of Controlled Micro and Nanofiber Films: 

Polypropylene micro and nano structured thin films were fabricated using a novel 

lamination and wet etching process as described in the methods and outlined in figure 

4.1a.  During the lamination process the polypropylene is melted and forms individual 

fiber-like structures by filling the void space created by the pores in the polycarbonate 

filter membranes.  Methylene chloride was used to etch away the filter resulting in a 

polypropylene thin film with a structured surface (Fig. 4.1b).  The thin film is comprised 

of a polystyrene backing and individual micro- or nanoscale fibers made of 

polypropylene (Fig. 4.1c).  Thin films with polypropylene fibers were successfully 

fabricated with diameters in the micrometer and nanometer ranges (Fig. 4.2a, b, c).  

Three distinct fibers were generated, with diameters and lengths of 12.45 ± 0.08 !m and 

7.645 ± 0.34 !m (supermicro), 0.973 ± 0.01 !m and 6.5 ± 0.42 !m (micro), and 0.549  ± 

0.0009 !m and 5 ± 0.03 !m (nano), respectively.  These fiber geometries will be referred 

to as supermicro, micro, and nanofiber films for the remainder of the text (Fig. 4.2d).    
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Figure 4.1 Polypropylene Micro and Nanofiber Thin Film Fabrication Process. (A) Schematic 
representation of fabrication using novel lamination and wet etching process to generate micro and 
nanoscale fibers.  (B) Thin film post wet etching process (C) Scanning Electron Microscopy (SEM) 
image of a polypropylene thin film device with defined features.   
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Figure 4.2 Scanning Electron Microscopy (SEM) of Structured Polypropylene Thin Films.  (A) 
Polypropylene thin film with fibers formed from filters with pore diameters of 12 micrometers (B) 800 
nanometers, and (C) 400 nanometers. (D) Characterization of average fiber length and diameter per 
thin film.  All data is presented as +/- standard error.  
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4.3.2 Micro and Nanofibers Reversibly Disrupt hfRPE Tight Junction Morphology: 

To investigate the effect of fiber morphology on paracellular transport in hfRPE, 

monolayers were stained for the tight junction protein Zonula Occludens 1 (ZO-1) after a 

5-hour incubation with the fiber films.  As seen in figure 4.3a, ZO-1 staining of an 

untreated monolayer is uniform and uninterrupted along the periphery of each cell.  As 

the fiber dimensions decrease, ZO-1 staining becomes increasingly disrupted (Fig. 4.3b, 

c, d).  Monolayers exposed to supermicrofiber films exhibit some remodeling of the ZO-1 

protein localization in the form of sparsely distributed undulations (Fig. 4.3b).  Treatment 

with microfiber films induces more pronounced undulations, along with sparse 

interruptions in ZO-1 staining along the cell periphery (Fig. 4.3c).  However, monolayers 

treated with nanofiber films exhibit pronounced conformational changes, with numerous 

interruptions in ZO-1 peripheral staining and punctate staining mislocalized to the center 

of the cell body (Fig. 4.3d).  Moreover, these dramatic conformational changes are 

reversible.  Twenty-four hours after fiber film removal, ZO-1 staining in hfRPE 

monolayers reverts back to an uninterrupted configuration that resembles the untreated 

control (Fig. 4.3e, f, g). 
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Figure 4.3 Conformational Tight Junction Disruptions. Immunofluorescence staining of the tight 
junction protein ZO-1 in (A) Untreated Cells, (B) cells in the presence of polypropylene Supermicro, 
(C) Micro and (D) Nanofiber thin films resulted in conformational changes.  After 24 hours the tight 
junction conformation returns to a cobblestone morphology in the (E) Supermicro, (F) Micro and (G) 
Nano scenarios.  These changes provide insight into the mechanism through which the nanofibers 
enhance Lucentis transport across human fetal retinal pigment epithelial cells. 
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4.3.3 Macromolecule Size and Charge alter Microfiber Film Transport Efficacy: 

To determine the effect of fiber morphology on monolayer permeability, 40 kDa FITC 

dextran was added to the apical chamber of hfRPE monolayer cultures.  There is a 

general trend of increased permeability in the presence of structured films as compared to 

bolus control (Fig. 4.4a).  However transport of 40 kDa FITC Dextran, with and without 

structured films surpasses all other Dextran formulations (Fig. 4.4a, b).   To determine if 

fiber film-induced permeability is dependent on molecular weight, monolayers were 

treated with 150 kDa FITC Dextran.   The apparent permeability coefficient decreased for 

all treatments, including the bolus treated monolayer, as expected with an increase in 

molecular weight (Fig. 4.4a).   Monolayers treated with both the micro and nanofiber 

films exhibited a dramatic decrease in transport of 150 kDa Dextran relative to 40 kDa 

Dextran, suggesting a size limitation for transport induced by fiber film treatment.  To 

determine if fiber film-induced permeability is dependent on molecule charge, anionic 

and cationic 40 kDa FITC Dextrans were added to the apical chamber of hfRPE 

monolayers.  Compared to neutral Dextran, the apparent permeability coefficient of 

charged 40 kDa Dextrans dropped for all treatments including the bolus-treated 

monolayers (Fig. 4.4b).  However, the drop in permeability coefficients for anionic and 

cationic Dextrans differed for monolayers in contact with fiber films, indicating a charge 

preference in fiber film-induced permeability.  Though permeability to cationic Dextran 

was decreased to approximately bolus levels for all fiber film treated monolayers, 

permeability to anionic Dextran was partially retained in monolayers treated with fiber 

films, nearly 70% for monolayers treated with supermicrofiber films (Fig. 4.4c). 
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Figure 4.4 hfRPE Dextran Permeability Studies.  Transport of FITC Dextran across a monolayer of 
human fetal retinal pigment epithelial cells grown on transwell inserts using a traditional bolus, 
polypropylene supermicro, micro and nanofiber films.  Data presented as apical to basolateral apparent 
permeability coefficient.  (A) Transport of neutral 40 kDa and 150 kDa FITC Dextran  (B) Transport 
of anionic 40 kDa FITC DEAE-Dextran and cationic 40 kDa FITC CM-Dextran negates the transport 
advantage observed by the fiber films in the presence of neutral 40 kDa FITC Dextran.  (C) Direct 
comparison of transport between cationic and anionic 40 kDa FITC Dextran highlights a charge 
dependent difference for supermicro and nanofibers.  All data is presented as +/- standard deviation. 
An asterisk (*) indicates statistical significance of the supermicrofiber films with respect to the 
traditional bolus and micro conditions with a P-value of less than 0.03. A hash mark (#) indicates 
statistical significance between the respective device configurations of 40 kDa and 150 kDa neutral as 
well as 40kDa neutral, 40 kDa CM-Dextran and 40 kDa DEAE-Dextran with a P-value of less than 
0.01. Two hash marks (##) indicates statistical significance between the respective device 
configurations of 40 kDa neutral and 40 kDa CM-Dextran with a P-value of less than 0.05. 
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4.3.4 Fibers Approaching the Nanoscale Enhance FITC Lucentis Transport Across 

Human Fetal Retinal Pigment Epithelium (hfRPE): 

The data thus far indicate that uncharged macromolecules with a molecular weight close 

to 40 kDa are best suited for fiber film-induced transport across retinal pigment 

epithelium.  Lucentis is a 48 kDa antibody fragment used to treat AMD, making it an 

ideal candidate for transport enhancement via fiber film application.  To determine the 

effect of fiber films on epithelial permeability to Lucentis, hfRPE monolayers were 

treated with supermicro, micro, and nanofiber films in the presence of FITC Lucentis.   

The time course in figure 4.5a demonstrates that micro and nanofiber films induce a 

greater transport of Lucentis across hfRPE monolayers, outperforming both supermicro 

and bolus treated monolayer controls.   We found that the apparent permeability 

coefficient of FITC Lucentis in the presence of micro and nanofiber films is 1.5 times 

greater than the either the supermicrofiber films or bolus treated controls (Fig. 4.5b). 

 

 

Figure 4.5 hfRPE Lucentis Permeability Studies. Transport of FITC Lucentis across a monolayer of 
human fetal retinal pigment epithelial cells grown on transwell inserts using a traditional bolus, 
polypropylene supermicro, micro and nanofiber films.  (A) Transport of FITC Lucentis in the presence 
of the nanoscale fibers outperforms the supermicroscale fibers as time increases.  (B) The apical to 
basolateral apparent permeability coefficient for the micro and nanofiber films surpass that of the 
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supermicro fiber films as well as the bolus control.  All data is presented as +/- standard deviation.  An 
asterisk (*) indicates statistical significance of the nanofiber films with respect to the traditional bolus 
and supermicro conditions with a P-value of less than 0.05. Two asterisks (**) indicate statistical 
significance of the nanofiber films with respect to the traditional bolus and supermicro conditions with 
a P-value of less than 0.01. A hash mark (#) indicates statistical significance of the microfiber films 
with respect to the traditional bolus and supermicro conditions with a P-value of less than 0.01. 

 

4.3.5 Fibers Approaching the Nanoscale Reduce Tight Junction Specific Gene 

Expression: 

To determine the effect of nano and microfiber films on transport in hfRPE monolayers 

gene expression of the transcellular transport genes Caveolin-1 and Clathrin, and the 

paracellular transport gene Claudin-19 was analyzed [41,133,139].  Compared to control 

cells that simulate a bolus injection in vivo, gene expression of Caveolin-1 and Clathrin 

was downregulated in the presence of all three fiber films (Fig. 4.6).  However, there was 

no significant difference in gene expression of Caveolin-1 and Clathrin between the 

supermicro, micro, or nanofiber films, indicating that treatment with a fiber film 

downregulates transcellular transport genes irrespective of topography.  However, 

expression of paracellular transport gene Claudin-19 was specifically knocked down by 

treatment with films containing fibers of micron and nanoscale diameters (Fig. 4.6).  

Treatment with supermicrofiber films had no effect, indicating that tight junction 

signaling may be sensitive to fiber dimensions.  
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Figure 4.6 Quantitative PCR Studies (hfRPE).  Relative gene expression of tight junction and 
transcellular transport proteins post FITC Lucentis permeability study in the presence of supermicro, micro 
and nano fiber polypropylene films.  All data is normalized by the gene expression of the control (bolus 
treated cells) and presented as mean +/- standard deviation. An asterisk (*) indicates statistical significance 
with respect to the traditional bolus with a P-value of less than 0.01. Two asterisks (**) indicate statistical 
significance with respect to the supermicro fiber film with a P-value of less than 0.01. A hash mark (#) 
indicates statistical significance with respect to the traditional bolus with a P-value of less than 0.05. 
 

4.4 Discussion 

Understanding the role of varying topographies in the transport of large molecules is 

critical to optimizing the design of drug delivery devices.  Micro and nanofiber polymer 

films are attractive because they are flexible, easily fabricated, can be tuned to various 

geometries and made from biocompatible or bioerodable materials (Fig. 4.1).  In the 

present study, we aimed to understand what differences in macromolecular drug transport 

are mediated by micrometer versus nanometer size scales.  To conduct this study it was 

essential that any fabrication variability between micro- and nanofiber films were 

minimized.   The variability in diameter detected by SEM could be due to insufficient wet 

etching of the polycarbonate filter (Fig. 4.2d).  However, the two-bath etching process 
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makes that an unlikely scenario.  It is probable that variability in the filter pore size 

diameter contributes to these deviations.  As the manufacturer acknowledges that 

effective diameter is closely controlled while the overall filter is highly tortuous with 

some pore irregularity.   While duration of the lamination process is the main parameter 

for controlling fiber length, filter pore size is also a contributing factor.   The observed 

variability in fiber length can be attributed to this. 

 

It is well established that tight junctions restrict the movement of molecules between 

cells.  Further, Koval et al report that tight junction protein ratios influence permeability 

in epithelial cells [43,140].  A tight junction protein of significance with respect to 

conferring barrier properties is ZO-1.  In figure 4.3, the presence of micro- and 

nanofibers is clearly causing decreased expression as well as restructuring of the ZO-1 

tight junction protein.  This phenomena appears to increase with decreasing diameter and 

increasing aspect ratio of the polypropylene fibers (Fig. 4.3b, c, d).  These data support 

the conclusion that paracellular transport is enhanced in the presence of these fiber films.  

Toxicity is a common phenomena with many permeation enhancement treatments 

[66,96].  As a result, the observed tight junction remodeling reversibility (Fig. 4.3e, f, g) 

is of great importance as it suggests this treatment modality would be non-toxic to cells.   

 

It is established that transport behavior is influenced by the molecular weight, charge and 

shape of the drug [28,33].  Our experiments reinforced this known fact in the presence of 

the supermicro, micro- and nanofiber films (Fig. 4.4a, b, c).  The behavior of neutral 40 

kDa Dextran relative to its 150 kDa counterpart reinforced the known principle that 
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permeability decreases with increasing molecular weight.  Unfortunately, increases in 

molecule size appear to eliminate the benefit conferred by the supermicro, micro- and 

nanofiber films (Fig. 4.4a).  Anionic and cationic dextrans were used to understand the 

influence of charge.  The overall concentration of dextran transported in the anionic 

experiment was greater with the aid of the supermicro fibers (Fig. 4.4c), which suggests 

that anionic molecules should be a target for drug delivery using topography based 

devices.   Conversely, the permeability of cationic dextran in the presence of fiber films 

does not receive a significant enhancement, supporting the conclusion that a broad class 

of cationic molecules would not be ideal for delivery using this type of topography based 

device (Fig. 4.4c).   Overall, when charge is involved marginal intrafiber film benefit can 

be identified in the cationic experimental conditions (Fig. 4.4c).  While the permeability 

of anionic dextran is enhanced relative to cationic dextran, both charged dextrans display 

less permeability than neutral 40 kDa Dextran (Fig. 4.4b), suggesting that charge can 

hinder transport and further reinforcing the value of topographical cues to enhance drug 

permeability.  

 

Our results indicate that micro- and nanofiber films are capable of enhancing the 

transport of FITC Lucentis, a 48 kDa commercially available antibody fragment (Fig. 

4.5a).  It is observed that nanofiber films enhance permeability as compared to 

supermicro fiber films and the existing standard of bolus administration (Fig. 4.5b).  

Further, the concentration of FITC Lucentis transported in the presence of micro- and 

nanofiber films exceeds that of neutral 40 kDa Dextran by a 5-fold magnitude.  These 

data support the assertion that drug properties such as charge or structure influence 
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permeability irrespective of delivery device.  It is plausible that a combination of 

transcellular and paracellular transport pathways were triggered by the polypropylene 

fibers [46].  The equivalent downregulation of transcellular markers Caveolin-1 and 

Clathrin could suggest that non-receptor mediated endocytosis does not provide the 

primary mechanism for the increased FITC Lucentis transport observed in the presence of 

the micro- and nanofibers (Fig. 4.6).  An alternative conclusion is that the fibers could 

prohibit the use of some forms of endocytosis for FITC Lucentis transport.  The authors 

did not investigate FcRn mediated endocytosis because it is unlikely to work in the 

transport of antibody fragments such as Lucentis [70,71].  Studies conducted by Peng et 

al have established the importance of Claudin-19 in conferring barrier properties to 

hfRPE cells [41,139].  Reduced expression of this tight junction protein in the presence of 

the micro- and nanofibers but not in the supermicro fiber film could have caused the 

enhanced paracellular transport (Fig. 4.6).  

 

In summary micro- and nanofiber films with features that span a range of 500 to 1000 

nanometers could be of greater value for the delivery of biologics than supermicro fiber 

films. These fiber films enhance transport of macromolecules across hfRPE cells through 

a paracellular pathway while maintaining cellular integrity.  However, this advantage is 

negated by charge, aided by decreasing hydrodynamic radius and may be enhanced by 

molecule shape.  This data provides insight for designing combination drug-device 

delivery systems.  Further studies to understand the role of molecule shape and behavior 

of proteins with known endocytic pathways would be beneficial. 
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Chapter 5: Co-delivery with Efflux Pump Inhibitors Using Microdevices 

 

5.1 Background 

The previous chapters leveraged topography and surface chemistry to investigate the 

transport of macromolecules through paracellular pathways.  Conversely, in this chapter 

we investigate small molecule transport through transcellular pathways.  Small molecule 

absorption using membrane transporters for ocular drug delivery has recently become an 

area of focus for many researchers.  It has been established that there are numerous 

transporters present in the apical and basolateral surfaces of the retinal pigment 

epithelium [141,142].   The presence of Multidrug Resistance-Associated Protein 1 

(MRP-1), which is widely expressed in the body, is well known for its efflux pump 

properties.  MRP-1 is a member of the ABC superfamily of transporters and typically 

confers multi-drug resistance to its host tissue.  As such it will prevent a large range of 

drug substances from crossing the tissue membrane [94].  Previous studies have 

demonstrated that incubation of Caco-2 and Calu-1 cells with an efflux protein inhibitor, 

prior to administration of fluorescein or a therapeutic, will enhance the molecule 

accumulation in the cells [143].  Verapamil is a calcium channel blocker that is 

commonly used to inhibit the efflux properties of MRP-1 substrates through competitive 

inhibition [60,144].  Aukunuru et al demonstrated accumulation of N-[4-

(benzoylamino)phenylsulfonyl] glycine (BAPSG) in both ARPE-19 and hfRPE cells 

when incubated with three known MRP-1 inhibitors, including verapamil [25].   Cole et 

al were also able to demonstrate increased transport of glutathione in the presence of 

verapamil [145].  Similarly, Ueda demonstrated the ability to limit transport of guanidine, 
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a known organic cation transporter (OCT) substrate, by inhibition through brimonidine 

incubation [146].  

 

In many in vitro studies the inhibitor must be incubated with cells for a sufficient 

duration to elicit the desired permeation, enhancement or reduction, of the secondary 

drug target [147].   Some challenges with translating this combination therapy for ocular 

applications could be patient compliance with a two-step administration process and drug 

residence time.  As a result, a microdevice that could co-administer an efflux inhibitor 

and a therapeutic would be valuable.  Ainslie et al successfully demonstrated 

encapsulation of three macromolecules in a single reservoir of a planar microdevice [81].  

Extending this work Chirra et al developed a planar microdevice with three distinct 

reservoirs, which were tuned to independently release their payloads at different rates 

[83]. 

 

Building upon established Desai laboratory fabrication techniques, we investigated the 

efficacy of efflux pump inhibition using two types of microfabricated small molecule co-

delivery devices.  The subsequent experiments investigate the transport of Fluorescein 

isothiocyanate (FITC) across retinal pigment epithelial cells using a multi-reservoir 

microdevice and a hydrogel cuboid. 

 

 

 

 



! *'!

5.2 Materials & Methods 

5.2.1 Materials: 

Human fetal retinal pigment epithelial cells (hfRPE) were kindly donated by the National 

Eye Institute laboratory of Sheldon Miller Ph.D.   Fetal Bovine Serum (FBS) was 

obtained from Atlanta Biologicals (Flowery Branch, GA).  All remaining media 

components, FITC, Verapamil and transwell inserts were obtained from Sigma-Aldrich 

(St. Louis, MO).  The hydrogel precursor solution, comprised of PEGDMA (750 mol. 

wt.), dimethoxy-phenyl acetophenone (DMPA), polyvinylpyrrolidone (PVP) and 

monomer monomethyl methacrylate (MMA) was purchased from Sigma-Aldrich.   The 

poly(methyl methacrylate) (PMMA) and Shipley 1818 positive photoresist was 

purchased from Microchem (Newton, MA). 

 

5.2.2 Cell Culture:  

Human fetal retinal pigment epithelial (hfRPE) primary cells were provided as a gift from 

the laboratory of Dr. Sheldon Miller at the National Eye Institute of the NIH.  Passage 0 

flasks were provided with retinal cells derived from the eyes of a 16-18 weeks of 

gestation fetal donor.  Briefly, the cells were grown in MEM-! mixture of media 

containing 5% heat inactivated FBS, N1 supplement (1:100 mL/mL), glutamine-

penicillin-streptomycin (1:100 mL/mL), nonessential amino acid solution (1:100 

mL/mL), hydrocortisone (20 !g/L), taurine (250 mg/L) and triiodo-thyronin (0.013!g/L).  

High density 24-well, 0.4µm transwell filter inserts were coated with a human 

extracellular matrix from human placenta in serum free MEM-! media, UV cured for 2 

hours and allowed to dry overnight.  The hfRPE cells were seeded on the filters at a 
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density of 40 x 104 cells-cm-2. All cells were maintained at 37°C in 5% CO2.  The hfRPE 

cells were seeded onto the inserts at passage 1 and were grown to confluence over a 6-8 

week period.     

 

5.2.3 Uptake Assay:   

hfRPE cells were seeded in a 96-well UV transparent plate at a density of 5 x 104 

cells/well.  All cells were grown overnight and maintained at 37°C in 5% CO2.  Cells 

were washed three times in PBS before beginning the uptake assay.  hfRPE cells were 

incubated at 37°C in 5% CO2 for 15 minutes in a range of verapamil concentrations (50 

!L of 10, 100, 165, 200, 300 !M) diluted in phenol red free media.  Control wells were 

incubated in drug and phenol red free media for the same duration.  Post inhibitor 

incubation 150 !L FITC (10 !M) was added to the verapamil treated and control wells.  

After incubating for an additional 20 minutes the verapamil and FITC were aspirated 

from the wells.  All cells were washed three times in PBS and replaced with fresh phenol 

red free media.  The cells were then analyzed for the concentration of internalized FITC, 

using a Packard FluoroCount fluorimeter. 

 

5.2.4 Device Fabrication: 

The hydrogel cuboid device was fabricated using a one-mask process.  A hydrogel 

solution was spun onto a silicon wafer and a 150 x 150 !m cube was patterned via UV 

initiated crosslinking.  Two hydrogel solutions were used.  Solution one (slow release) 

was comprised of PEGDMA (750 mol. wt.; 2 mL) mixed with the photoinitiator 

dimethoxy-phenyl acetophenone (DMPA; 300 !L of 60 mg/mL) in monomer 
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monomethyl methacrylate (MMA).  Finally, FITC (600 !L of 7 mg/mL) was mixed into 

the hydrogel solution.  Solution two (fast release) was comprised of MMA (1 mL), 

PEGDMA (750 mol. wt.; 1 mL) mixed with the photoinitiator dimethoxy-phenyl 

acetophenone (DMPA; 300 !L of 60 mg/mL) in monomer monomethyl methacrylate 

(MMA).  Verapamil (600 !L of 20 mM) was mixed into the hydrogel solution.  Both 

hydrogel formulations were used in the hydrogel cuboid and multireservoir planar 

microdevices.  

 

The body of the microdevice was fabricated as previously described by Chirra et al [83].  

Briefly, a two-mask photolithography and reactive ion etching (RIE) process were used 

to create the planar device base and corresponding reservoirs in PMMA.  After removal 

of residual photoresist with a developer the wafer was cleaned thrice with deionized 

water followed by an isopropanol rinse.  The wafer was then blown dry with nitrogen and 

baked for 2 minutes at 95°C to remove all impurities prior to hydrogel loading.  The 

aforementioned FITC and verapamil loaded hydrogels were spun onto the patterned 

wafers and separately crosslinked into each reservoir using a two-mask photolithography 

process.  

 

5.2.5 Transport Studies: 

Human fetal retinal pigment epithelial (hfRPE) cells were used for all transport studies.  

hfRPE cells were grown to confluency for six to eight weeks on porous transwell filter 

inserts in a 24-well plate.  Confluency was measured using the World Precision 

Instruments transepithelial electrical resistance (TEER) device.  Inserts were washed 
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twice in PBS and transferred to a new 24-well plate prior to initiation of the transport 

studies.  The media was replaced with phenol red free DMEM: F12 to prevent 

interference with the fluorimeter measurements.  Equal concentrations of FITC were 

deposited in the apical chamber of the transwell filter in one of four forms: FITC 

Hydrogel, Verapamil-FITC Hydrogel, FITC Microdevice and Verapamil-FITC 

Microdevice.  Cells alone and a traditional bolus were used as controls.  At each time 

point the entire volume of the basolateral chamber was removed and replaced with fresh 

Phosphate Buffered Saline (PBS).  The samples were then probed for the concentration of 

FITC transferred to the basolateral chamber, using a Packard FluoroCount fluorimeter.    

 

5.2.7 qPCR for MRP-1 Gene Expression:  

Cell lysis was conducted within one hour post conclusion of the transport studies.  Lysis, 

reverse transcription and qPCR were performed using the Applied Biosystems SYBR 

Green Cells-to-CT kit per the manufacturer’s instructions.  Gene expression results are 

representative of three biological replicates, each an average of three technical replicates.  

The expression of GAPDH (forward 5’CTCTCTGCTCCTCCTGTTCG-3’, reverse 

5’GCCCAATACGACCAAATCC-3’) and MRP-1 (forward 

5’CTGTTTTGTTTTCGGGTTCC-3’, reverse 5’GATGGTGGACTGGATGAGGT-3’), 

was analyzed using the specified primer sequences.   The results were normalized to 

GAPDH transcript levels in untreated cells using the ""Ct method [138].  

 

5.2.9 Statistical Analysis: 
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Data are reported as average values plus or minus standard deviation. All data sets were 

analyzed with a single factor ANOVA test followed by the Student-Newman-Keuls test. 

P-values of less than 0.05 were considered statistically significant unless explicitly stated 

otherwise. 

 

5.3 Results & Discussion 

5.3.1 Cellular Uptake of FITC Increases in the Presence of Verapamil: 

Human fetal retinal pigment epithelial cells demonstrate an increased accumulation of 

FITC when incubated with concentrations of verapamil greater than 165 µM (Fig. 5.1).  

This substantial accumulation exceeded 500 % of the control for 165, 200 and 300 µM 

concentrations of verapamil.  Conversely, cellular uptake of FITC for the 10 and 100 µM 

verapamil conditions is equivalent to the inhibitor free controls which is consistent with 

existing literature [25].  Increasing the concentration of verapamil did not result in a 

linear increase of FITC accumulation (data not shown) suggesting that a range of 

inhibitor concentrations must be tested to guarantee efficacy of in vitro drug uptake.  This 

preliminary data provided sufficient justification to investigate co-delivery of verapamil 

and FITC in a microfabricated device.  
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Figure 5.1  FITC Uptake Assay. Accumulation of FITC in human fetal retinal pigment epithelial cells 
when incubated with and without verapamil. 
 

5.3.2 Device Characterization: 

Hydrogel cuboid devices were fabricated with two distinct formulations to engender a 

burst release of verapamil and a controlled elution of FITC (Fig. 5.2a, b).   Planar 

multireservoir microdevices were successfully fabricated using the protocol developed by 

Chirra et al [83].  Both FITC and verapamil were encapsulated in independent reservoirs 

using the aforementioned distinct hydrogel formulations (Fig. 5.2c, d).   
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Figure 5.2  Microdevice Fabrication Process. (a) Schematic representation of hydrogel cuboid fabrication 
(b) Fluorescent microscopy image of hydrogel cuboid mounted on a silicon wafer (c) Schematic 
representation of multireservoir planar microdevice fabrication adapted from Chirra 2012 [83]. (D) 
Fluorescent microscopy image of FITC and verapamil encapsulated in independent reservoirs. 
 

5.3.3 FITC Transport is Not Enhanced by Device Mediated Verapamil Co-delivery: 

Transport of FITC encapsulated in hydrogel cuboid devices exceeds that of the verapamil 

and FITC co-administered hydrogel cuboids (Fig. 5.3a).  This trend is consistent as the 

time course progresses suggesting that the co-delivery condition will not equalize with its 

respective FITC counterpart.  FITC co-administered with verapamil in a multi-reservoir 

planar microdevice also fails to deliver a larger concentration of FITC than its inhibitor 

free counterpart (Fig. 5.3b).  The independent FITC microdevice displays superior 
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transport performance starting at the first time point.  Contrary to the trend observed in 

the uptake assay, verapamil does not enhance FITC permeability in the hydrogel cuboid 

nor microdevice experimental conditions.  This discrepancy could be attributed to several 

scenarios.  While hfRPE cells are grown to confluence in the 96-well plates, cell 

polarization does not occur prior to commencement of the uptake assay.  As such 

localization of MRP-1 and other transporters, which are inhibited by verapamil, could 

vary after confluence and polarization is reached in the transwell inserts.  Such a scenario 

could explain the disparity between the uptake assay and transport study.  Further, while 

commonly used, verapamil specificity is not exclusive to MRP-1 as P-gp has also been 

implicated in its transport [30,148].  Hence, it is also plausible that verapamil 

successfully stimulated a membrane transporter to inhibit FITC permeability.  

Alternatively the traditional benefit of the verapamil could be negligible when compared 

to the transport enhancement properties of a planar microdevice.       

 

 

Figure 5.3  FITC Permeability Studies. Transport of FITC co-delivered with verapamil across a monolayer 
of hfRPE cells grown on transwell inserts using (a) hydrogel cuboid and (b) multireservoir planar 
microdevices.  All data is presented as +/- standard deviation. An asterisk (*) indicates statistical 
significance with a P-value of less than 0.054. A hash mark (#) indicates statistical significance with a P-
value of less than 0.02. 
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5.3.4 Co-delivery does not alter MRP-1 Gene Expression: 

To determine if the negligible transport of FITC from the multireservoir microdevice is 

due to increased MRP-1 expression qPCR was conducted.  hfRPE cells were treated with 

microdevices containing FITC, verapamil plus FITC, and corresponding bolus 

depositions of the same molecule combinations.  No statistically significant difference in 

gene expression was observed between the verapamil loaded and unloaded microdevices 

(Fig. 5.4).  Further, their MRP-1 gene expression was comparable to that of untreated 

hfRPE cells.  Conversely, a traditional bolus of verapamil and FITC corresponded to an 

observed 50% increase in MRP-1 gene expression.  Suggesting that verapamil can have 

an effect on polarized hfRPE cells however, it may be undetectable when delivered using 

a microdevice.  It is probable that the difference in FITC transported is not due to MRP-1.  

The role of other transporters and tight junction proteins should be explored.   

 

 



! +&!

 

Figure 5.4 Quantitative PCR Studies (hfRPE).  Relative gene expression of MRP-1 post FITC 
permeability study in the presence of multireservoir planar microdevices and traditional bolus depositions 
of FITC and verapamil.  All data is normalized by the gene expression of the control (untreated cells) and 
presented as mean +/- standard deviation. An asterisk (*) indicates statistical significance with respect to 
the untreated cells with a P-value of less than 0.01. A hash mark (#) indicates statistical significance with 
respect to the untreated cells with a P-value of less than 0.05. 
 

5.4 Conclusion 

Two types of microdevices successfully transported FITC across hfRPE cells in vitro.  

The co-delivery of verapamil did not enhance FITC transport and may have limited its 

permeability across the RPE monolayer.   Investigation into the localization of MRP-1, as 

well as other efflux transporters for which verapamil could be a substrate would help 

clarify this observation.  Further, investigating co-delivery with two molecules that 

possess exclusive specificity for known transport modalities may provide a final 

evaluation on the suitability of multi-reservoir devices for this type of treatment.  
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Supplementary Material 

 

Figure 2.S1  Planar Device SEM.  Scanning electron microscopy cross-section of a 
single planar microdevice with an empty reservoir. 
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Figure 2.S2  FITC Dextran Elution.  Elution of FITC dextran from SU-8/PEGDMA 
planar microdevices over 10.5 hours.  All experiments were conducted in PBS at 
37°C.  Error bars represent the mean +/- standard deviation.    
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Figure 4.S1  Permeability Studies Experimental Setup. (a) Schematic representation 
of a transwell insert with bolus drug being deposited in the apical chamber.  (b) 
Schematic representation of supermicro, micro or nanofiber films placed in contact 
with human fetal retinal pigment epithelial cells (hfRPE) in the presence of a FITC 
conjugated macromolecule. 
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