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Abstract 

Age-related macular degeneration (AMD) is a leading cause of blindness, and dry AMD has no effective 

treatment.  Retinal constructs comprising retinal pigment epithelium (RPE) cells supported by electrospun 

scaffolds have been investigated to treat dry AMD.  However, electrospun scaffolds studied to-date do not mimic 

the structural microenvironment of human Bruch’s membrane (BM), essential for native-like RPE monolayers.  

The aim of this study was to develop a structurally biomimetic scaffold designed to support a functional RPE 

monolayer, comprising porous, electrospun nanofibrous membranes (ENMs), coated with laminin, mimicking 

the inner collagenous layer (ICL) and basal RPE lamina respectively, the cell supporting layers of the BM.  In 

vitro evaluation showed 70 nm PLLA ENMs adsorbed high amounts of laminin and supported functional RPE 

monolayers, exhibiting 3D polygonal-cobblestone morphology, apical microvilli, basal infoldings, high 

transepithelial resistance (TER), phagocytic activity and expression of signature RPE markers.  70 nm PLLA 

ENMs were successfully implanted into the subretinal space of RCS-rdy+p+/LAV rats, also commonly know as 

rdy rats.  At week 4, in the absence of immunosuppressants, implanted PLLA ENMs were surrounded by a 

significantly low number of activated microglial cells, compared to week 1, indicating no adverse long-term 

immune response.  In conclusion, we successfully designed and tested ENMs emulating the RPE cell supporting 

layers of the BM, and found 70 nm PLLA ENMs to be best suited as scaffolds for fabricating retinal constructs. 

 

 

Keywords: age-related macular degeneration (AMD), Bruch’s membrane (BM), 70 nm electrospun nanofibrous 

membranes (ENMs), human retinal pigment epithelium (hRPE) cells, RPE functionality, subretinal implantation 
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1. Introduction 

Age related macular degeneration (AMD) is a leading cause of vision loss in the developed world [1-3], 

with more than 14 million people suffering from blindness or severe visual impairment [1-3]. The two subtypes 

of AMD include: dry (non-neovascular), and wet (neovascular) AMD [2-4]. Dry AMD accounts for a majority 

of cases and has no effective treatment [1,4]. While wet AMD is progressive and partially controlled via 

intravitreal anti-VEGF injections [1,4]. The initial pathologic damage in dry AMD results from age-accumulated 

dysfunction of the Bruch’s membrane (BM) and retinal pigment epithelium (RPE) cells [1,5]. 

Native human BM is a 5 µm thick, semi-permeable membrane, composed of five layers, including a basal 

RPE lamina membrane, an inner collagenous layer (ICL), an elastin layer (EL), an outer collagenous layer 

(OCL), and a basement membrane of the choriocapillaris [6,7]. The semi-permeable nature of the BM helps 

regulate the diffusion of biomolecules, nutrients, oxygen, fluids and metabolic waste between the retina and the 

underlying choroid [3,6,7]. The BM also provides physical support for the adhesion, and formation of a 

functional RPE monolayer, and acts as a barrier, inhibiting cell migration between the choroid and retina [3,6,7]. 

RPE cells have distinct apical microvilli and basal infoldings, and are responsible for absorption of stray light, 

maintenance of the visual cycle, phagocytosis of shed photoreceptor outer segments (POS) and secretion of 

various cytokines to maintain retinal function [3,8,9]. The RPE monolayer and BM together are essential for 

maintaining the health and function of photoreceptors, which send visual signals to the optic nerve and brain 

[3,8,9]. Damage to RPE cells and BM leads to photoreceptor dysfunction, leading to vision reduction, and 

eventually photoreceptor death and vision loss [3,8]. Therapies that replace diseased RPE cells with functional 

cells are promising [8,9]. In AMD patients, however, age-related changes to the ICL negatively impacts 

attachment and survival of injected RPE cells [5,6,8], causing them to clump, triggering retinal fibrosis [3,8]. 

Researchers have re-engineered young human BMs to support RPE cells by refurbishing with laminin, 

vitronectin or fibronectin after appropriate tissue processing [10-12]. Limited donor tissue and disease 

transmission, however, makes refurbished BMs an impractical solution to treat dry AMD [8]. Studies have 

shown the basal RPE lamina and ICL layers to be critical for RPE cell proliferation and function, with support 

for RPE cells decreasing, further the layer is from the basal RPE lamina membrane [11,12]. It is therefore 

critical to design and develop biomimetic scaffolds that can replace diseased BMs, capable of supporting a 

functional RPE monolayer. Such a biomimetic scaffold needs to be biocompatible, possess mechanical 

properties that aids in subretinal implantation, and mirror the microenvironment of RPE cell supporting layers 

[3]. Various groups have used synthetic, polymer based electrospun membranes as scaffolds to support RPE 

monolayers [13-17]. These scaffolds have a wide range of physical properties, but do not mimic the 

microenvironment of the RPE cell supporting layers, required for development of a functional RPE monolayer 

[1,6,18,19]. The best published synthetic membrane possess an average fibre diameter of 130 nm [13] which is 

two-fold larger than the average fibre diameter (70 nm [6,7]) of the collagen fibres that constitute the ICL. 

Our aim was to design, develop and evaluate synthetic biomimetic-like scaffolds, comprising porous, 

electrospun nanofibrous membranes (ENMs), coated with laminin best suited for retinal tissue engineering. The 
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laminin coating will mimic the basal RPE lamina membrane, a 0.15 µm thick meshwork of fine fibers [6,7], 

facilitating RPE cell adhesion [3,8,20]. While porous ENMs will mimic the ICL, a 1.4 µm thick semi-permeable 

collagen membrane [6,7], supporting the diffusion of nutrients and oxygen to, and metabolic waste from the 

overlaying RPE monolayer [3,8]. We also tested the biocompatibility of the best ENM, evaluated via in vivo 

studies, by implanting it into the subretinal space of RCS-rdy+p+/LAV rats, a functional-RPE strain commonly 

known as rdy rats. The polymers used to fabricate the ICL included poly(ε-caprolactone) (PCL), poly(L-lactide-

co-glycolide) (PLGA), poly(L-lactide-co-D,L-lactide) (PLDLA) and poly(L-lactide) (PLLA), which are 

biocompatible and biodegradable [21]. These polymers possess varying hydrophobic properties, which will 

affect the adsorption [22-24] and conformation [25,26] of laminin on their surfaces. The mechanical properties 

of these polymers have been shown to influence cell fate [27-29]. We hypothesize that the combined effects of 

laminin adsorption and optimal mechanical properties, coupled with the creation of a synthetic, porous ICL-like 

nano-structure could positively influence RPE cells creating a functional monolayer. 

 

2. Materials and methods 

2.1 Characterization of polymers 

PCL was purchased from Sigma Aldrich, USA. PLLA, PLGA (85:15 L-lactide:glycolide) and PLDLA 

(70:30 L-lactide:D,L-lactide) were purchased from Corbion, the Netherlands. Number average molecular weight 

(Mn) and polydispersity index (PDI) were measured using a Viscotek 270max Separation Module, equipped with 

a refractive index (RI) detector. Two PolyAnalytik columns with an exclusion limit of 20·106 g·mol-1 were used 

in series. The calibration curve based on the RI detector was constructed using a polystyrene standard (7 - 844 

kDa). Tetrahydrofuran (THF) at 40 °C was used as the mobile phase, and results were analyzed using Astra 

v4.90.07 software (Wyatt Technology, USA). Mettler Toledo DSC1 System was used to measure thermal 

properties, including glass transition temperature (Tg), melting point (Tm) and heat of fusion (∆Hf). Here, 

polymers were taken through two heating cycles (-80 °C - 200 °C) and one cooling cycle (200 °C to -80 °C), at a 

10 °C min-1 heating rate with a 3 min hold time at each end point. Tg was determined from the second heating 

cycle, while Tm and ∆Hf were determined from the first heating cycle. The minimum of the endotherm curve in 

the first heating cycle was taken as Tm, while area bound by the endotherm normalized to the mass of the 

polymer sample was used to calculate ∆Hf. Polymer crystallinity (Xc) was calculated by dividing the measured 

∆Hf value by ∆Ho
 for purely crystalline PLLA (93.1 J·g-1 [30]), and purely crystalline PCL (139.5 J·g-1 [31]). 

 

2.2 Fabrication of electrospun nanofibrous membranes (ENMs) 

PCL, PLGA, PLDLA and PLLA were dissolved in a solution of 1,1,1,3,3,3-hexafluoro-2-isopropanol 

(HFIP, Sigma Aldrich, USA) and phosphate buffer solution (1x PBS, Invitrogen, USA) as listed in Table 1. The 

electrospinning apparatus consisted of a syringe pump (New Era Pump Systems Inc., USA), high voltage 

generator (Gamma Voltage Research, USA) and a rotating mandrel. The mandrel was connected to an electric 

motor and rotated at 100 rpm (linear velocity: 0.42 m·s-1). Polymer solutions were pumped at a flow rate of 1 
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mL·min-1 through a 23 G blunt tip needle (Livingstone International, Australia). The air gap between the needle 

and mandrel was 15 cm and a voltage of 1 kV·cm-1 was applied. Electrospun membranes were collected on the 

mandrel and stored in a vacuum desiccator until required. 

 

2.3 Physiochemical characterization of ENMs 

2.3.1 Assessment of average fibre diameter, membrane thickness and porosity of ENMs 

Flat and cross-sections samples of ENMs were mounted on stubs, gold sputter coated (JEOL Smart 

Coater, USA) and imaged using a JCM-5000 NeoScope Benchtop SEM (Jeol, USA) equipped with JCM-5000 

NeoScope software. From SEM images of flat samples 100 fibres (n = 100) per ENM were analyzed to 

determine average fibre diameter, and 50 measurements (n = 50) per ENM were analyzed for porosity. Similarly, 

50 cross-sectional measurements (n = 50) per ENM were analyzed to determine average membrane thickness. 

 

2.3.2 Assessment of wettability of ENMs 

Wettability of ENMs were evaluated using the sessile drop method, where 20 µL of deionized water 

(Merck Millipore, USA) was dropped onto the ENMs and allowed to stabilize for 10 seconds. The shape of the 

water droplets on each of the ENMs was recorded and the angle between the tangent of the water droplet and 

surface of the ENM was measured using an optical contact angle meter (OCA20, Dataphysics Instruments 

GmbH, Germany). Contact angles were measured at ten different locations (n = 10) for each ENM. 

 

2.3.3 Assessment of topography, surface roughness, surface stiffness and modulus of ENMs 

2D and 3D images, surface roughness and mechanical properties of ENMs were measured using a MFP-

3D Infinity Atomic force microscope (AFM, Asylum Research, USA). 2D and 3D images were captured in 

tapping mode, in air using an ETALON cantilever (resonant frequency: 145 Hz and spring constant: 3.5 N·m-1). 

Topography images of ENMs (n = 6) were processed using Asylum Research Analysis (Asylum Research, USA) 

to determine surface roughness. Mechanical properties of ENMs were determined in contact mode in an aqueous 

environment using a SiNi cantilever (spring constant: 0.27 N·m-1). Moduli of ENMs were calculated by fitting 

force curves using the Oliver-Pharr model (rate: 1 µm·s-1 and load: 5 nN). Approximately, 100 force curves at 

six different locations (n = 6) on the surface of each ENM were used to determine mechanical properties. 

 

2.3.4 Assessment of laminin adsorption on the surface of ENMs 

Controls (tissue culture treated coverslips, Nunc™ Thermanox™ Coverslips, 15 mm, Thermo Scientific, 

USA) and ENMs were coated with 300 µL of mouse laminin (20 µg·mL-1, Cat# 23017-015, Gibco, USA), 

incubated for 4 h at 37 °C and 5% CO2, and then fixed in 4% paraformaldehyde (PFA, Sigma Aldrich, USA) for 

15 min. Samples were incubated with primary laminin antibody (1:100, Cat# ab11575, Abcam, USA), 

reconstituted in cold 3% bovine serum albumin (BSA, Sigma Aldrich, USA). Samples were incubated for 1 h at 

room temperature (RT) with Alexa Fluor® 488 conjugated secondary antibody (1:400, Invitrogen, USA), and 
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imaged using a confocal microscope (Nikon C1, Nikon Instruments Inc., USA). Laminin adsorption was also 

assessed using a micro-BCA™ protein assay kit (Thermo Scientific, USA). Controls and ENMs coated with 20 

µg·mL-1 laminin were incubated for 4 h at 37 °C and 5% CO2, and washed thrice with 1x PBS. 500 µL of sodium 

dodecyl sulfate (SDS, 10 mg·mL-1, Sigma Aldrich, USA) was added, and samples sonicated for 20 min. 

Concentration of laminin in SDS solutions were measured using absorbance at 560 nm against a standard 

laminin curve using a plate reader (Turner Biosystems, USA). Laminin adsorption was determined from six 

independent samples (n = 6) in triplicate (technical replicates) for each ENM and control. 

 

2.4 In vitro studies 

2.4.1 Culturing and seeding of human retinal pigment epithelium (hRPE) cells  

Clonetics™ human RPE cells (hRPE cells, passage 3, Lonza, USA) were grown in T-75 flasks (Thermo 

Scientific, USA) coated with 20 µg·mL-1 of laminin for three population doublings. Controls and ENMs affixed 

to CellCrownTM24 (Scaffdex, Finland) were sterilized via gamma irradiation (25 kGy, Steritech, Australia), 

coated with 300 µL of laminin (20 µg·mL-1, Gibco, USA) and incubated for 4 h at 37 °C and 5% CO2. Supported 

by literature [2,15-17], hRPE cells were seeded at 10,000 cells·cm-2 onto sterilized controls and ENMs, and 

cultured in Retinal Pigment Epithelial Cell Growth Media (RtEGM™, Lonza, USA) supplemented with 

RtEGM™ SingleQuots® (Lonza, USA), containing 2% L-glutamine, 2% fetal bovine serum, 0.5% basic 

fibroblast growth factor, and 0.1% gentamicin sulphate and amphotericin-b (Lonza, USA). The RtEGM™ 

supplemented culture medium was changed every second day. 

 

2.4.2 Scanning electron microscope (SEM) assessment of hRPE cells on ENMs 

Prior to SEM imaging, hRPE cells cultured in laminin coated 24-well plates (controls, Thermo Scientific, 

USA) and ENMs were fixed in cold 3% glutaraldehyde (Sigma Aldrich, USA). Samples were dehydrated using 

graded (30%, 50%, 70%, 80%, 90%, 95% and 100%) ethanol solutions, chemically dried using 

hexamethyldisilazane (HMDS, Sigma Aldrich, USA), and finally air-dried. Dry samples were mounted on 

stainless steel stubs, gold sputter coated, and imaged using a SEM as described in Section 2.3.1. 

 

2.4.3 Assessment of hRPE cell proliferation and cytotoxicity of ENMs  

hRPE cell proliferation and cytotoxicity of ENMs were assessed using WST-1 cell proliferation reagent 

(Roche Diagnostics, Switzerland), performed 4 h after cell seeding, and on days 1, 3, 7 and 14. On the test day, 

media was replaced with 900 µL of fresh RtEGM™ supplemented culture media and 100 µL of WST-1 reagent, 

and incubated at 37 °C and 5% CO2 for 4 h. 100 µL of media from each test group was transferred to a 96-well 

plate and absorbance was measured at 450 nm using a plate reader (Turner Biosystems, USA). Cell proliferation 

and cytotoxicity were determined from six independent samples (n = 6) for each ENM and control (laminin 

coated 24-well tissue culture plates) in triplicate (technical replicate). 
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2.4.4 Assessment of transepithelial electrical resistance (TER) of hRPE monolayers on ENMs 

TER (Ω·cm2) of hRPE monolayers cultured on ENMs were determined using a STX2 electrode (World 

Precision Instruments, USA) connected to an epithelial volt/ohm meter (World Precision Instruments, USA). 

TER was determined from six independent samples (n = 6) in triplicate (technical replicate) for each ENM, and 

corrected for background resistance, obtained from cell-free ENMs in RtEGM™ supplemented culture medium. 

 

2.4.5 Assessment of gene expression of hRPE monolayers on ENMs 

Total RNA from hRPE monolayers cultured on ENMs and controls (24-well tissue culture plates) were 

extracted using PureZOL™ RNA (BioRad, USA). RNA concentration and A260:A280 ratio were quantified 

using a NanoDrop 2000c (Thermo Scientific, USA). One microgram of RNA was reverse transcribed using 

iScript™ cDNA (BioRad, USA) and quantitative PCR (qPCR) analysis was carried out with SsoFast™ 

EvaGreen® Supermix (BioRad, USA) on a Corbett Rotor-Gene 6000 RT-PCR thermocycler (Qiagen, USA). 

qPCR data was determined from four independent samples (n = 4) in triplicate (technical replicate) for each 

ENM and control. Gene expression data were normalized to GAPDH (Gene ID: 2597), and presented as fold-

change relative to week 2 controls. The oligo sequences used in this study are listed in Table 2. 

 

2.4.6 Immunohistochemical (IHC) assessment of hRPE monolayers on ENMs 

hRPE monolayers cultured on controls (laminin coated tissue culture treated coverslips), and ENMs were 

fixed in 4% PFA for 15 min at RT, permeabilized with 0.1% TritonX-100 (Sigma Aldrich, USA) for 15 min, and 

blocked in cold 3% BSA. Samples were incubated with primary antibodies Cytokeratin 18 (1:100, Cat# 

ab82254, Abcam, USA), Ki67 (1:400, Cat# ab15580, Abcam, USA), ZO1 (1:100, Cat# 617-300, Invitrogen, 

USA), MITF (1:500, Cat# ab12039, Abcam, USA), MCT1 (1:50, Cat# ab90582, Abcam, USA) and MerTK 

(1:25, Cat# PA5-15028, Invitrogen, USA), reconstituted in cold 3% BSA. Samples were washed with 1x PBS 

and incubated for 1 h at RT in the dark with appropriate Alexa Fluor® conjugated secondary antibodies (1:200, 

Alexa Fluor® 488, and Alexa Fluor® 568, Invitrogen, USA), counter-stained with DAPI (1:500, Cat# D1306, 

Invitrogen, USA), and imaged using a Nikon C1 confocal microscope. 

 

2.4.7 Phagocytosis assay for hRPE cells on ENMs 

At week 8, hRPE monolayers cultured on controls (24-well, laminin coated tissue culture plates) and 

ENMs were incubated with 1 mL of RtEGM™ supplemented culture medium, containing Cy3-conjugated 

polystyrene beads (1·108 beads·mL-1, diameter 1 µm, Invitrogen, USA) for 6 h. Samples were washed multiple 

times with 1x PBS, treated with 1x trypsin (Gibco, USA), and re-seeded as single cells on laminin coated tissue 

culture treated coverslips to exclude false positive staining caused by externally bound beads. Re-seeded cells 

were cultured overnight, and fixed with 4% PFA for 15 min at RT, permeabilized with 0.1% TritonX-100 for 15 

min and blocked in cold 3% BSA. Samples were incubated overnight at 4 ºC with MerTK (1:25), following 

which they were washed with 1x PBS and incubated for 1 h at RT in the dark with Alexa Fluor® 568 conjugated 
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secondary antibody (1:100). Samples were also stained for F-actin using Alexa Fluor® 488 conjugated 

Phalloidin (1:50, Cat# A12379, Invitrogen, USA) and DAPI (1:500) for 1 h in the dark at RT, and imaged using 

a Nikon C1 confocal microscope. Number of ingested beads per cell was determined from one hundred (n = 100) 

independent cell measurements for each ENM and control. A cut-off of ten beads per cell was used to determine 

percentage-phagocytizing cells for each condition. 

 

2.4.8 Transmission electron microscope (TEM) assessment of hRPE monolayers on PLLA ENMs 

hRPE monolayers cultured on PLLA ENMs were washed with 1x PBS, fixed in cold 3% glutaraldehyde, 

and further postfixed in 1% osmium tetroxide (Sigma Aldrich, USA). Samples were dehydrated through a series 

of graded (30%, 50%, 70%, 80%, 90%, 95% and 100%) ethanol solutions, infiltrated with resin using a Pelco 

Biowave (Ted Pella Inc., USA), and polymerized overnight at 60 °C. 80 nm sections were cut using a Leica UC6 

ultramicrotome (Leica Microsystems Pty Ltd, Australia), contrasted with uranyl acetate and lead citrate, and 

imaged using a Joel 1011 Transmission Electron Microscope (TEM, Joel, USA) at 80 kV. TEM images were 

captured using a Morada G2 digital camera (Olympus, USA). 

 

2.5 In vivo studies 

2.5.1 Subretinal implantation of PLLA ENMs 

Subretinal surgeries in rdy rats (congenic, non-dystrophic, controls for Royal College of Surgeons rats) 

were done in accordance with the University of Melbourne Animal Experimentation Ethics Committee (Ethics # 

1312958.4), and the Association for Research in Vision and Ophthalmology (ARVO) statement. 10 µm thick 

PLLA ENMs were encapsulated in 20 µL gelatin (20 w/v%, Sigma Aldrich, USA), cooled at 4 °C for 5 min, and 

cut into 0.8 mm discs. Rdy rats were anesthetized with a mixture of ketamine (60 mg/kg, Provet, Australia) and 

xylazine (5 mg/kg, Provet, Australia). Ocular surfaces were administered Alcaine (0.5%, Alcon Laboratories, 

Australia), and under microscopic observation eyes were rotated to expose the sclera, and insertions made with a 

33 G needle. Insertions were widened, and with a 33 G needle gelatin encased ENMs were surgically implanted 

into the subretinal space of rdy rats. In most cases ENMs were bilaterally implanted with a single ENM per eye. 

The rats were monitored for 5 days post-surgery, and then divided into two groups (week 1 and week 4) with n = 

10 per group. A separate cohort of rdy rats (n = 6), where the subretinal surgery alone was performed served as 

age-matched sham operated controls. The rdy rats were not administered immunosuppressants. 

 

2.5.2 In vivo retinal imaging of implanted PLLA ENMs 

At week 1, post-implantation the position of PLLA ENMs in the subretinal space of rdy rats were 

determined using Ocular Coherence Tomography (OCT) and fundus imaging. Rats were anaesthetized, and their 

eyes were kept lubricated throughout imaging (0.3% Genteal, Alcon Laboratories, Australia). OCT and fundus 

images were taken using a Micron III rodent fundus camera (Phoenix Research Labs, USA) using specialty 

Micron III (Phoenix Research Labs, USA) and Streampix (Norpix Inc., Canada) software, respectively. 
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2.5.3 Histology and IHC assessment of laminin coated PLLA ENMs 

Anaesthetized rdy rats implanted with laminin coated PLLA ENMs, and sham operated controls were 

sacrificed with an intracardial injection (100 µL, Lethabarb, Virbac Pty Ltd., Australia). Eyes for paraffin 

sectioning were fixed overnight in an ethanol solution, containing 4% PFA, 5% acetic acid and 3% sucrose, and 

dehydrated through a series of graded (70%, 95% and 100%) ethanol solutions. Eyes were then cleared in xylene 

and embedded in paraffin. 5 µm thick paraffin sections were cut, dewaxed and rehydrated in ethanol (100%, 

90% and 70%), and stained with hematoxylin and eosin (H&E). IHC samples were fixed in 4% PFA for 30 min 

at RT and cryoprotected in a series (10% and 20%) of sucrose solutions,  and incubated in cold 30% sucrose 

overnight. Cryoprotected samples were embedded in Tissue-Tek OCT (Sakura Seiki, Japan) and frozen in cold 

isopentane (Fisher Scientific, UK). Frozen samples were cut into 14 µm sections using a cryostat (Hyrax C60, 

Germany), and incubated with primary antibodies Iba1 (1:1500, Cat# NCNP24, Wako Pure Chemical Industries, 

Japan) and calretinin (1:400, Cat# ab92341, Abcam, USA) overnight in a humidified chamber. Sections were 

washed with 1x PBS and incubated in the dark for 1 h in a humid environment with appropriate Alexa Fluor® 

conjugated secondary antibodies (1:400, Alexa Fluor® 488 and Alexa Fluor® 568, Invitrogen, USA). IHC 

sections were counter-stained with Hoechst (0.1 mg mL-1, Cat# 33258, Sigma Aldrich, Australia), and imaged 

using a confocal microscope (Zeiss LSM800, Germany). The number of activated microglial cells (Iba1 staining) 

was determined within a 1.25 mm2 rectangle, centered on implanted ENMs at weeks 1 and 4, and rosettes in 

sham operated controls. Thickness of the outer nuclear layer (ONL) was determined by measuring the distance 

between the inner and outer margins of the ONL, and by counting the number of rows of cell bodies in the ONL. 

Thickness measurements were done in three sections (left, middle and right) directly above implanted ENMs at 

weeks 1 and 4 (n = 10) and sham operated controls (n = 6), and then averaged. 

 

2.6 Statistical analysis 

Numerical data generated is presented as mean ± standard error (SE), and analyzed using IBM SPSS 

Version 24 (IBM, USA). Results were compared statistically amongst different groups at each time point using 

repeated measures ANOVA with Fisher’s least significant difference (LSD) post-hoc test. Results were also 

compared between experimental groups at different time points using two-way analysis of variance and Fisher’s 

LSD post-hoc test. For all statistical tests significance was associated with p < 0.05. 

 

3. Results and discussion 

3.1 Polymer properties 

Monomer compositions for PLGA and PLDLA were obtained from data sheets provided by Corbion. Mn, 

PDI and thermal properties of polymers are listed in Table 3. All polymers investigated in this study exhibited 

Mn > 100 kDa. High Mn ensured a Tg > 37 °C, except for PCL, which is known to have a low Tg [32] (Table 3). 

PLLA recorded the highest Tg and Tm, while PCL recorded the highest Xc. PLGA and PLDLA recorded low Xc 

and Tm compared to PLLA due to copolymerization of L-lactide with glycolide and D,L-lactide. These results 
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are in accordance with published literature [33,34]. Studies have shown polyesters that possess Mn > 100 kDa, 

coupled with high thermal properties, exhibited slow hydrolytic degradation (> 12 months) [30,31,33-35], which 

in our case is desirable as this would lead to negligible acid accumulation within the subretinal space, and also 

preserve the microarchitecture of the biomimetic-like ENMs, aiding RPE cells to form a functional monolayer. 

Further, the high Mn enabled formation of ENMs on the nanometer scale, described in the next section. 

 

3.2 Evaluation of ENM properties 

3.2.1 Physiochemical properties of ENMs 

SEM images (Figure 1A-1D) confirmed successfully fabrication of defect-free, randomly aligned non-

woven ENMs. All ENMs exhibited a tight fibre distribution (Figure 1A’-1D’), and an average fibre diameter ≤ 

70 nm (Table 4). These results are similar to the physical characteristics of the collagen fibres that constitute the 

ICL [1,6], thereby mimicking the RPE cell supporting layer of native human BM. Average thicknesses of ENMs 

were close to 1 µm (Table 4 and Figure 1A”-1D”), one quarter that of native human BM [1,6], giving us enough 

leeway to increase the thickness of ENMs, if required for clinical applications. Average porosities of ENMs 

determined from SEM images were > 45% (Table 4). The porous nature of the ENMs makes them permeable, 

which will facilitate exchange of nutrients and metabolites, required for a healthy, polarized RPE monolayer [3]. 

These consistent physical parameters of the ENMs, matching the physical parameters of the ICL were achieved 

by optimizing the electrospinning process for each of the polymers investigated in this study (Table 1). 

From the topography images (Figure 2), surface roughness (RMS) for ENMs were determined to be > 250 

nm (Table 4), significantly higher compared to other substrates, both electrospun membranes and films used as 

scaffolds for RPE cells [36,37]. The high RMS of our ENMs was a result of the 70 nm electrospun fibre building 

blocks, which could help mirror the ICL, and also increase laminin adsorption [38-40], positively influencing 

RPE cell attachment and monolayer formation [3,4,9]. 

PCL ENMs recorded a low (p < 0.05) contact angle measurement compared to PLLA ENMs (Table 4). 

Contact angle measurements indicate PCL was the least hydrophobic membrane, followed by PLGA and 

PLDLA, while PLLA was the most hydrophobic. The hydrophobic nature of PLLA ENMs is due to its chemical 

structure, particularly the presence of pendant methyl groups, which in turn increases its tacticity 

(stereochemistry) and Xc (38%) [30,35]. Furthermore, surface roughness can also increase observed contact 

angles measurements for polymer surfaces, when RMS is < 0.1 µm and equilibrium contact angle > 86 ° [41], 

possibly accounting for our high contact angle measurements. Nevertheless, wettability of ENMs is an important 

physical parameter as it can directly influence the ability of ENMs to adsorb and maintain laminin on its surface, 

which in turn influences RPE cell attachment, spreading and monolayer formation [22-24]. 

Surface stiffness of ENMs is influenced by geometry and polymer properties. In this study ENMs were 

designed to mimic the ICL, possessing a similar topography and surface roughness (Table 4). Surface stiffness 

was therefore influenced by the intrinsic properties of the polymers, with PLDLA and PLLA ENMs exhibiting 

the highest (p < 0.05) values. High surface stiffness for PLDLA and PLLA ENMs is due to the presence of L-



  

 11

lactide in the polymer (Table 3), where increasing amounts of L-lactide increase Tg, Tm and Xc [34,35], in turn 

increasing stiffness. The stiffness of PLDLA and PLLA ENMs were significantly higher compared to other 

synthetic BMs [14], and significantly lower compared to collagen based BMs [16]. 

The modulus of PLLA ENMs was found to be significantly higher (p < 0.05), compared to all other 

ENMs investigated in this study, and also significantly higher compared to the reported moduli of other synthetic 

scaffolds [37,42], but significantly lower compared to collagen based BMs [16] used to support RPE cells. 

There is a lack of good data pertaining to the mechanical properties of native BM, and no data pertaining to the 

mechanical properties of the ICL, primarily because it is hard to source young, healthy tissue. Chan et al., [43] 

estimated the modulus of native BM to be 7 - 19 MPa from four donors aged 22, 31, 75 and 83 years. This data 

lacks sufficient power to extrapolate statistical analysis, making it hard to compare with our ENMs. The high 

modulus of PLLA ENMs, like surface stiffness is due its high Xc and high Mn, coupled with its stereochemistry 

[34,35], which in turn increased its modulus. The surface stiffness and modulus of ENMs are important physical 

parameters, directly influencing the conformation of adsorbed laminin [25,26], in turn influencing RPE cell 

attachment, and monolayer formation, and also directly influencing cell fate [27-29]. 

 

3.2.2 Laminin adsorption on ENMs 

Laminin, an extracellular protein is synthesized by RPE cells, and is found lining the top of the ICL 

[6,20,44,45]. Human BMs contain laminin-521, laminin-511, laminin-332 and laminin-111 [44]. Aisenbrey et 

al., [44] showed laminin-111 and -332 promoted RPE cell attachment and maturation, while laminin-511 and -

521 encouraged migration. Researchers have investigated the use of various xeno-free protein coatings, and their 

importance on different RPE cells particularly in fabricating functional retinal constructs [3,44-46]. As proof of 

principle we used mouse laminin, composed largely of laminin-111 [44]. Quantitative measurements showed 

significantly low (p < 0.05) amounts of laminin adsorbed to the controls compared to ENMs (Figure 3), further 

supported by qualitative, IHC assessments (Figure 3). Several groups have reported high protein adsorption on 

nano-structured 3D substrates compared to 2D substrates [38-40]. Recently, Hammarin et al., [39] reported that 

laminin adsorbed significantly more to nanowires than to flat surfaces, primarily due to geometrical effects. The 

geometry of our ENMs are similar to the geometry of nanowires used in the Hammarin et al., [39] study, which 

could be the driving force for increased laminin adsorption on the surface of our ENMs. 

Laminin adsorption on the surface of ENMs increased with increasing contact angle measurements (Table 

4), with PLDLA and PLLA ENMs adsorbing high amounts of laminin (Figure 3). This increased laminin 

adsorption is driven by the hydrophobic nature of PLDLA and PLLA ENMs [30,35]. In solution, laminin 

interacts with water molecules to lower its entropy creating a folded structure, where the hydrophobic amino 

acid side chains (non-polar groups) occupy the interior of the folded protein structure [22-24]. PCL ENMs 

exhibited the lowest contact angle measurement (Table 4), an indication of its hydrophilic nature compared to 

PLDLA and PLLA. The relatively hydrophilic interaction between the surface of the PCL ENMs and water 

molecules may have created a large energy barrier for laminin to overcome to adsorb to PCL ENMs [22-24], 
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while the hydrophobic interaction between the surfaces of the PLDLA and PLLA ENMs, and water molecules 

likely created a thermodynamically favourable state apt for increased laminin adsorption [22-24]. Del Priore et 

al., [20] reported that coating the ICL with 4 µg·cm-2 of laminin increased RPE attachment, which is similar to 

our concentrations for PLGA, PLDLA and PLLA based ENMs (Figure 3). The increased adsorption of laminin 

on PLDLA and PLLA ENMs is encouraging, as laminin is known to mediate RPE cell attachment [20,44,47,48] 

via integrin β1 subunits on the RPE cell surface [10]. 

 

3.3 In vitro studies 

3.3.1 SEM images of hRPE cells on ENMs 

Figure 4, shows hRPE cells cultured on ENMs and 2D controls (24-well laminin coated tissue culture 

plates). At week 1, hRPE cells cultured on ENMs were 100% confluent (Figure 4B-4E) compared to 2D 

controls, which were < 50% confluent (Figure 4A), indicating high cell attachment on ENMs, a vital property for 

the clinical application of synthetic BMs [3,6,7]. At week 1, hRPE cells cultured on ENMs, exhibited early signs 

of microvilli formation, particularly on PLLA ENMs (Figure 4E”). At week 2, all conditions exhibited complete 

RPE monolayers (Figure 4F-4J), but only hRPE cells cultured on 70 nm ENMs exhibited apical microvilli 

(Figure 4G’-4J’ and 4G”-4J”). At week 4, hRPE cells growing on 70 nm ENMs exhibited a mature monolayer 

(Figure 4L-4O) with a 3D polygonal-cobblestone structure, and a well-formed, dense apical microvilli (Figure 

4L’-4O’ and 4L”-4O”), compared to hRPE cells cultured on controls (Figure 4K’ and 4K”). At week 8, hRPE 

cells cultured on 2D controls exhibited apical microvilli (Figure 4P’ and 4P”); first exhibited at week 2 by hRPE 

cells cultured on 70 nm ENMs (Figure 4G’-4J’ and 4G”-4J”). At week 8, 70 nm ENMs continued to support 

mature RPE monolayers (Figure 4Q-4T), exhibiting 3D polygonal-cobblestone structure, and dense apical 

microvilli (Figure 4Q’-4T’ and 4Q”-4T”), critical for barrier function, a characteristic of mature RPE 

monolayers [3,7]. SEM results suggest that laminin coated ENMs are aptly suited for hRPE culture compared to 

2D laminin coated surfaces, which is in accordance with published literature [4,14,15,17,36], and that a 

minimum of four weeks of in vitro culture is required for mature hRPE monolayer formation. 

The early formation of hRPE monolayers on ENMs can be attributed to increased laminin adsorption, and 

microenvironments emulating the ICL of native human BM [18,19]. The high surface stiffness and modulus of 

PLDLA and PLLA ENMs likely caused conformational changes in the adsorbed laminin, leading to increased 

exposure of laminin cell-binding domains [25,26], creating an ideal surface for hRPE cells to form a mature 

monolayer. hRPE cells could also be responding to surface mechanical cues, possibly transmitted via 

mechanotransduction from the surface of PLLA ENMs via focal adhesion sites to integrin receptors present in 

hRPE cell membranes [27-29]. The SEM results support the need for a biomimetic, nanofibrous scaffold, 

particularly a laminin coated 70 nm PLLA ENM which is capable of supporting a mature hRPE monolayer with 

dense apical microvilli, required for effective phagocytosis of shed POS [3,8,9]. 
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3.3.2 hRPE cell proliferation and cytotoxicity of ENMs 

The WST-1 cell proliferation reagent is designed for spectrophotometric quantification of cell 

proliferation, growth, viability, and chemosensitivity to external factors. An increase in viable cells results in an 

increase in mitochondrial activity, which leads to an increase in the amount of formazan dye formed, directly 

correlating to the number of metabolically active cells. This assay can therefore be used as a proxy for cell 

number [15], and valid if metabolic effects of experimental variables are smaller than the effect on cell numbers. 

WST-1 results (Figure 5) showed hRPE cells to be metabolically active on all surfaces, indicating laminin 

coated ENMs supported hRPE cell proliferation. Over the 14 day culture period, PLLA ENMs significantly (p < 

0.05) promoted hRPE cell proliferation compared to all other conditions. The high metabolic activity of hRPE 

cells proliferating on 70 nm PLLA ENMs can be attributed to high surface stiffness and modulus, similar to a 

recent study by White et al., [2] which showed ARPE-19 cells to possess high metabolic activity, and spread 

more homogenously on high modulus scaffolds. Additionally, increased laminin adsorption (Figure 3), and 

probable ideal laminin conformation on the surface of PLLA ENMs could have further augmented initial RPE 

cell adhesion and proliferation [25,26]. These results, coupled with the SEM results (Figure 4), validate the 

ability of ENMs to support hRPE cell metabolism and proliferation, and hence non-cytotoxic to RPE cells. 

 

3.3.3 TER of hRPE monolayers on ENMs 

hRPE cells cultured on ENMs first exhibited TER values at week 1, at the onset of RPE monolayer 

formation determined via light microscopy. Thereafter TER increased with time through week 8 (Figure 6), 

indicative of tight junction formation within a confluent RPE monolayer, where confluency is supported by SEM 

images (Figure 4). At weeks 1 and 2, hRPE monolayers cultured on PLDLA and PLLA ENMs exhibited 

significantly higher (p < 0.05) TER values compared to those cultured on PCL and PLGA (Figure 6). At weeks 

3, 4 and 8, hRPE monolayers cultured on PLLA ENMs exhibited the highest (p < 0.05) TER values (Figure 6). 

At week 3, hRPE monolayers cultured on PLLA ENMs recorded a TER of 200 Ω·cm2, similar to TER recorded 

for hRPE cells in situ [49,50], which further increased to 270 Ω·cm2 at week 8 (Figure 6). Increase in TER with 

time, particularly for hRPE cells cultured on PLLA ENMs, indicates tight junction formation, a characteristic 

functional attribute of mature RPE monolayers [3,50], and is likely due to its high modulus and biomimetic-like 

nature [18,19]. These results strongly demonstrate the ability of PLLA ENMs to support RPE monolayers and 

barrier function over long-term culture. 

 

3.3.4 Gene expression of hRPE monolayers on ENMs 

To further study suitability of ENMs as scaffolds for retinal cells, gene expression of hRPE cells cultured 

on ENMs was performed. PMEL17 a marker of mature RPE cells regulates and is expressed in association with 

melanogenesis [51,52]. ZO1 assists in formation of multi-protein complexes at cytoplasmic surfaces of 

intercellular junctions, tight junctions, and is a marker of RPE cell monolayers [53,54]. BEST1 a RPE 

membrane protein regulates both, chloride and Ca2+ channels [53,55]. RPE65 is a mature RPE protein required 
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for cis-trans isomerization of retinol in the RPE-photoreceptor vitamin A cycle [53,56]. RPE cells secrete PEDF 

and VEGF preferably from their apical and basal surfaces, respectively [53,57]. PEDF is neurotrophic and anti-

angiogenic, and low levels of PEDF in the RPE basal region can prevent neovascularization [57]. VEGF is 

necessary for maintenance of endothelial cells in the choriocapillaris [57], and an increase in its critical threshold 

concentration will induce neovascularization [57]. RPE cells phagocytose shed POS daily, and activation of 

MerTK and LAMP2 in RPE cells is critical for efficient engulfment and processing of shed POS [53,58]. 

In this study, hRPE cells cultured in 24-well, laminin coated tissue culture plates at week 2 served as 

controls, and the results in Figure 7 are presented as fold-change normalized to week 2 controls. The results 

demonstrated that hRPE monolayers cultured on laminin coated ENMs expressed all RPE genes as early as week 

2, after which their expressions significantly increased. At week 4, there were significant increases (p < 0.05) in 

expressions of PMEL17, ZO1, BEST1, PEDF and VEGF compared to week 2 (Figure 7A, 7B, 7C, 7E and 7F). 

Although not statistically significant increased expressions were observed for RPE65, MerTK and LAMP2 at 

week 4, compared to week 2. At week 8, hRPE cells cultured on ENMs and controls exhibited significant 

increases (p < 0.05) for all RPE genes compared to weeks 2 and 4 (Figure 7A-7H). Even though there are some 

significant differences in gene expression between the four ENMs at specific time points, it is difficult to say 

with certainty, based on qPCR results alone, that a particular type of polymer based ENM is best suited for hRPE 

cells. The increased expression and maintenance of RPE genes over long-term culture however, suggests that 

hRPE cells attached, proliferated and formed functional monolayers on all ENMs. 

In accordance with results for hRPE cell attachment and proliferation, and TER, the long-term expression 

of signature RPE genes is possibly due to the construction of a synthetic, laminin coated, biomimetic-like ICL 

mimicking the RPE cell supporting layers [18,19] of the BM. The gene expression of growth factors points to 

the possible potential of ENMs being able to support a RPE monolayer characterized with polarized secretion of 

VEGF and PEDF, required for the maintenance of a healthy retina [57]. Future in vitro experiments using 

TranswellsTM will quantify concentration and secretion polarity of PEDF and VEGF for RPE monolayers 

cultured on ENMs, which will add to the utility of 70 nm ENMs as scaffolds for retinal cells. 

 

3.3.5 IHC assessment of hRPE monolayers on ENMs 

At week 2, controls (laminin coated tissue culture treated coverslips) and laminin coated 70 nm ENMs 

stained positive for signature RPE markers. Positive staining of Cytokeratin18 (Figure 8A-8E) at week 2 showed 

ENMs preserving the epithelia phenotype of hRPE cells [59], while nuclear expression of Ki67 (Figure 8A-8E) 

showed ENMs supported hRPE cell proliferation [60], leading to hRPE monolayers at week 2. Further, at week 

2, ZO1 was expressed (Figure 8F-8J) at the intercellular membrane, and within the hRPE cell cytoplasm and 

nucleus, where it is synthesized and later transported to intercellular membranes, indicative of maturing RPE 

monolayers [53,54]. The early (week 2) positive nuclear staining of MITF, which controls the expression of 

genes essential for normal melanin synthesis (Figure 8K-8O) is further indicative of RPE linage specificity [53]. 
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At week 4, Cytokeratin18 staining (Figure 8A’-8E’) for both controls and ENMs were significantly 

obscured by the presence of melanin in the apical cytoplasm. Expression of Cytokeratin18 however, confirmed 

that ENMs preserved and maintained RPE epithelia phenotype. The absence of Ki67 at week 4, suggested a halt 

in hRPE cell proliferation [60] (Figure 8A’-8E’). At week 4, positive ZO1 staining (Figure 8F’-8J’) at the 

intercellular membrane is reminiscent of mature RPE monolayers [53,54], particularly in hRPE cells cultured on 

PLLA (Figure 8J’) and PLDLA (Figure 8I’) ENMs. At week 4, MITF was expressed and localized in the nuclei 

of hRPE cells cultured on ENMs (Figure 8K’-8O’), further confirming lineage specificity [53]. 

At week 8, continued Cytokeratin18 expression (Figure 8A”-8E”) confirmed ENMs could preserve RPE 

epithelial phenotype in long-term culture. As with week 4, there was no expression of Ki67 at week 8 (Figure 

8A”-8E”). Continued ZO1 staining at week 8 (Figure 8F”-8J”) ratifies the ability of EMNs to maintain mature 

RPE monolayers. Expression of ZO1 was particularly high in hRPE cells cultured on PLLA (Figure 8J”) and 

PLDLA (Figure 8I”) ENMs, which exhibited tightly formed hRPE monolayers with characteristic polygonal 

RPE cell structures [3,4,9]. As with week 4, there was continued expression and localization of MITF in the 

nuclei of hRPE cells at week 8 (Figure 8K”-8O”) confirming lineage specificity [53]. 

At week 8, hRPE cells cultured on ENMs and control stained positive for MCT1 (Figure 8P”-8T”). Proper 

localization of MCT1 at the apical surface [61] for hRPE cells cultured on ENMs demonstrates that these cells 

are actively involved in the transport of lactate and pyruvate required for maintenance of a healthy retina [61]. 

Further, at week 8, hRPE cells cultured on controls and ENMs stained positive for MerTK (Figure 8U”-8Y”), 

required for efficient engulfment and processing of shed POS [58]. Expression of MerTK was evenly distributed 

and localized in the cytoplasm for hRPE cells cultured on ENMs, particularly PLLA (Figure 8Y”) and PLDLA 

(Figure 8X”) ENMs, which could lead to these cells possessing a high phagocytic activity. 

Counter staining with DAPI showed hRPE cell nuclei were centrally located with no overlapping, 

supporting our claim of hRPE monolayer formation on ENMs. The presence of signature RPE markers in 

expected temporal and spatial locations assessed by IHC, supports the qPCR results, and indeed compliments 

results obtained for hRPE cell attachment and proliferation, SEM, and TER, and can be credited to the creation 

of biomimetic-like scaffolds that resembles the RPE cell supporting layers [18,19] of native human BM. 

 

3.3.6 Phagocytic capability of hRPE cells cultured on ENMs 

The capacity of RPE cells to phagocytose shed POS is a vital physiological function necessary for 

maintenance of healthy and functional photoreceptors [3,7,9]. At week 8, results showed hRPE cells cultured on 

all ENMs and controls to phagocytose, confirmed by digestion of polystyrene latex beads and positive 

expression of MerTK (Figure 9A-9E). We acknowledge beads are not the best substitute for POS to evaluate 

RPE cell phagocytosis, and are only used as supporting evidence for functional and molecular assays, including 

TER (Figure 6), qPCR (Figure 7) and IHC (Figure 8). To overcome the limitation of the beads, phagocytosing 

hRPE cells were stained for MerTK, a gene turned on during phagocytosis of shed POS [53,58]. MerTK 

expression was found in both the cytoplasm and nucleus for all conditions, when hRPE monolayers were 
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disrupted with trypsin and re-seeded as single cells (Figure 9A-9E), which otherwise is specifically localized in 

the cytoplasm [58] (Figure 8U”-8Y”). The co-localization of MerTK in the cytoplasm and nucleus in single 

hRPE cells maybe because they reverted to partial immaturity when trypsinized.  

hRPE cells cultured on PLLA ENMs, which exhibited the highest modulus (48 MPa, Table 4), ingested 

significantly more beads per cell compared to all the other conditions, and also exhibited the highest percentage 

of phagocytosing cells (Figure 9F). FAK has been shown to play an important role in MerTK activation, thereby 

influencing RPE cell phagocytosis [58,62]. Activation of FAK in RPE cells is directly triggered by integrins 

involved in cytoskeletal reorganization [58,62]. hRPE monolayers cultured on PLLA ENMs may have 

undergone cytoskeletal reorganization, activating FAK, in turn activating MerTK, thereby increasing its 

phagocytic capacity. Our results are contrary to the study by Boochoon et al., [63] where ARPE-19 cells 

exhibited decreased phagocytosis when grown on gels possessing a high elastic modulus. These gels, however, 

were non-porous [63], and did not mimic the RPE cell supporting layers of the BM. Mimicking the native extra-

cellular matrix (ECM), particularly for retinal constructs is an important design criteria, as it is well established 

that scaffold microenvironment, coupled with its mechanical properties dictates cellular function [18,19]. The 

absence of a native-like microenvironment in the study conducted by Boochoon et al., [63] might have caused 

ARPE-19 cells to exhibit decreased phagocytic activity when cultured on firm gels. Additionally, high laminin 

adsorption augmented by the possibility of ideal laminin conformation on the surface of PLLA ENMs [25,26], 

could have caused hRPE cells investigated in our study to exhibit increased phagocytic activity. 

The human fovea is responsible for sharp central vision, and is packed with ca. 30 cones per RPE cell 

[64], requiring each RPE cell to phagocytosis ca. 30 shed POS daily. hRPE cells cultured on laminin coated 70 

nm PLLA ENMs ingested 101 ± 11 beads per cell, which is significantly more (p < 0.05) compared to all the 

other conditions (Figure 9F), and well above the physiological requirement of healthy RPE cells in the fovea. 

This increased phagocytic activity for hRPE cells cultured on 70 nm PLLA ENMs is supported by significantly 

high (p < 0.05) gene expression of MerTK (Figure 7G) and LAMP2 (Figure 7H), critical for efficient processing 

of shed POS [58,62], coupled with consistent and localized distribution of MerTK in the cytoplasm of mature 

hRPE monolayers grown on PLLA ENMs (Figure 8Y”). These results further substantiate the ability of laminin 

coated 70 nm PLLA ENMs to support functional hRPE monolayers over long-term culture. 

 

3.3.7 TEM images of hRPE monolayers on PLLA ENMs 

From the in vitro results, it is clear that laminin coated 70 nm PLLA ENMs were best suited for hRPE 

cells, which were further assessed using TEM. At week 4, TEM images confirmed a healthy and mature hRPE 

monolayer on the surface of PLLA ENMs (Figure 10A), including apical microvilli (MV, Figure 10A and 10A’), 

and basal infoldings (IF, Figure 10A”), characteristic of native RPE cells. At week 4, TEM images (Figure 10A, 

10A’ and 10A”) confirmed the presence of smooth (SER), and rough endoplasmic reticulum (RER), cytoplasmic 

mitochondria (CM), and cell nucleus (CN). At week 8, hRPE cells cultured on PLLA ENMs continued to exhibit 

apical microvilli (Figure 10B and 10B’) and basal infoldings (Figure 10B”) characteristic of native RPE cells, 
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coupled with cellular organelles as seen in week 4 (Figure 10), and is in accordance with published literature 

[3,5,46]. Unlike Pilgrim et al., [65] our TEM results did not show focal and diffuse deposits containing lipids, 

proteins or calcium. hRPE cells used in our study were passage 3, this coupled with 8 weeks of culture might 

have impeded deposit formation. If deposits accumulated with increased culture time, we hypothesis the porous 

nature of our ENMs may allow most deposits to flow through it and into the culture media, which will be 

confirmed in future studies. Importantly, the TEM results coupled with all the in vitro results supports our 

hypothesis that the combined effects of laminin, optimal mechanical properties and the creation of a synthetic, 

biomimetic-like ICL will positively influence hRPE cells to form a functional, native-like monolayer. 

 

3.4 In vivo studies 

3.4.1 Subretinal implantation of PLLA ENMs  

To test biocompatibility, we developed a surgical technique to reproducibly implant only PLLA ENMs 

flat into the subretinal space of rdy rats. To this effect, 10 µm PLLA ENMs were encapsulated in 20 w/v% 

gelatin, cooled at 4 °C for 5 min, and then cut into 0.8 mm discs. The gelatin encapsulating the ENMs hardened 

when cooled, increasing the rigidity and improving handling, while the circular shape of the ENMs helped 

reduce tissue damage during subretinal implantation. At 37 °C (internal body temperature) the gelatin dissolved 

and was cleared, leaving only PLLA ENMs within the subretinal space. At week 1, fundus imaging and OCT 

scans showed the implanted laminin coated PLLA ENMs (Figure 11A and 11A’) were stable for conformation 

and location within the subretinal space. Retinal integrity was assessed from both OCT images (Figure 11A’) 

and H&E sections (Figure 11C and 11D), which showed mild disruption of the retinal structures due to 

implantation of PLLA ENMs, compared to sham operated controls (Figure 11B). In summary, the surgical 

technique we developed resulted in successful and reproducible implantation of PLLA ENMs, flat within the 

subretinal space of rdy rats, similar to surgical techniques developed in previous studies [17,66,67]. 

 

3.4.2 Biocompatibility of PLLA ENMs 

To evaluate biocompatibility of PLLA ENMs, including the laminin coating and sandwiching gelatin, 

sections of sham operated controls, and implanted eyes were assessed histologically via H&E, and 

immunofluorescence for Iba1 (red), calretinin (green) and Hoechst (blue) at weeks 1 and 4, post-implantation. 

Hoechst and calretinin were used to assess the structure of the retina, where Hoechst was used to stain cell nuclei 

in the outer (ONL) and inner nuclear (INL) layers, while calretinin was used as a marker for amacrine and 

ganglion cell bodies, as well as their processes in the inner plexiform layer (IPL) and ganglion cell layer (GCL).  

10 µm thick PLLA ENMs were used in the in vivo study, which are 2 fold thicker than native human BM 

(5 µm thick [6,7]), ensuring they were implanted flat in the subretinal space. The space limitation of the 

subretinal space requires retinal scaffolds to be thin (5 - 90 µm [8]), which our PLLA ENMs are making them 

clinically viable. Within the subretinal space, based on Vroman Effect [68] the laminin coating could be 

desorbed and replaced by less motile proteins that have an affinity for PLLA. Alternatively, in the absence of 
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immunosuppressants given enough time the invading microglial cells could remodel the laminin coating. The 

high Mn PLLA used undergoes slow hydrolytic degradation [30,31,33-35], and in vivo this could account for 

negligible acid accumulation, thereby preserving the porosity of the implanted PLLA ENMs. In AMD patients, 

treated with a tissue-engineered retinal construct, we hypothesize the overlaying RPE cells could synthesize their 

own ECM, which in turn could support the overlaying retinal cells, and takeover from the degrading PLLA 

ENM [18]. Unlike the study by Stanzel et al., [69], our in vivo studies using PLLA ENMs only did not show 

retinal destruction (Figure 11). Furthermore, in vitro studies showed gelatin dissolved in 30 min without 

negatively affecting hRPE monolayers (data not shown). This non-inflammatory response could be due to 

gelatin’s thermoresponsive property [69], and the low volume used to encapsulate the PLLA ENMs, causing it to 

be cleared fast from within the subretinal space. 

Microglial cells are normally confined to inner retinal layers where they perform maintenance and 

immunological roles [17,67]. Biocompatibility studies typically use immunosuppressants to counter the effect of 

microglial activation [15,17], which masks the true measure of biocompatibility. It is important to acknowledge 

our biocompatibility study was done in the absence of immunosuppressants, and that PLLA ENMs were 

implanted trans-sclerally, damaging the outer and inner retina, thereby compromising the immune-privilege of 

the rdy rat’s eye. As seen in H&E sections, immunofluorescent staining also exhibited retinal disruption due to 

implanted PLLA ENMs, similar to sham operated controls (Figure 11B’-11D’). Further, at weeks 1 and 4 post-

implantation whorls and rosettes were exhibited (Figure 11C’-11D’), which is a typical reaction when 

connections between POS and RPE cells are interrupted. 

Inflammatory responses to implanted PLLA ENMs were assessed via immunofluorescent staining of 

microglial cells using ionized Ca2+ binding adapter molecule-1 (Iba1). Iba1 staining showed microglial response 

at weeks 1 and 4, post-implantation of PLLA ENMs (Figure 11C’-11D’), caused by compromising the immune-

privilege of the rat’s eye, in turn leading to immediate microglial activation, proliferation and migration [17,67] 

towards the implanted PLLA ENM. Interestingly, the number of activated microglial cells significantly dropped 

(p < 0.05) at week 4 compared to week 1, and was similar to sham operated controls (Figure 11B’ - 11D’ and 

Figure 11E). A study by Antognazza et al., [67] showed microglial activation to drop to a level similar to sham 

operated controls after 5 months, while our study showed a significant drop at week 4, indicating the possible 

biocompatibility of the laminin coated PLLA ENMs within the subretinal space. Recently, Koss et al., [70] 

implanted retinal constructs subretinally in Yucatán pig eyes, using an intravitreal surgical approach. In humans, 

this surgical approach coupled with the administration of immunosuppressants, may not induce strong microglial 

activation and migration towards an implanted retinal construct aimed at treating dry AMD. 

At week 1, post-implantation of PLLA ENMs no significant decrease (p < 0.05) in ONL thickness was 

observed compared to sham operated controls (Figure 11F), which could be due to trans-implant nutrient 

transport, supported by the porous nature of the ENM, a vital design characteristic for retinal scaffolds [3,8]. At 

week 4, a significant decrease (p < 0.05) in ONL thickness was observed (Figure 11F), which compared to other 

studies [15,17,67] show a complete loss of the ONL at week 4. ONL thinning occurred at the distal end above 
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the implanted PLLA ENMs and away from the insertion site, primarily caused due to interruptions between the 

ONL and RPE cells by implanted ENMs. The in vivo results, coupled with in vitro results validates the use of 

porous, laminin coated 70 nm PLLA ENMs as a scaffold in the fabrication of cell-loaded retinal constructs. 

 

4. Conclusion 

Synthetic, ENMs with average fibre diameters ≤ 70 nm, the first of their kind reported in literature as 

scaffolds for RPE cells, with thicknesses ca. 1 µm and porosities > 45%, were successfully fabricated from PCL, 

PLGA, PLDLA and PLLA, and coated with laminin to mimic the RPE cell supporting layers of native human 

BM. We found laminin coated 70 nm PLLA ENMs not only accelerated hRPE cell proliferation, but also 

promoted the formation of a functional hRPE monolayer on its surface. 10 µm thick, laminin coated 70 nm 

PLLA ENMs were successfully implanted into the subretinal space of rdy rats, which at week 4 in the absence of 

immunosuppressants were surrounded by a significantly low number of activated microglial cells compared to 

week 1, with no adverse immune response, and a thin yet distinctive ONL. In conclusion, porous laminin coated 

70 nm PLLA ENMs are therefore suitable scaffolds to support functional hRPE monolayers. Future work will 

focus on developing a tissue-engineered retinal construct, comprising human embryonic stem cell derived retinal 

cells supported by PLLA ENM aimed at treating dry AMD. 
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Table 1: Electrospinning Parameters for Fabrication of Nanofibrous Membranes 

 

Table 2: List of Oligo Sequences for each of the Genes and GAPDH  

Gene Sense Antisense 

GAPDH AGA AGG CTG GGG CTC ATT TG AGG GGC CAT CCA CAG TCT TC 
PMEL17 GTT GAT GGC TGT GGT CCT TG CAG TGA CTG CTG CTA TGT GG 
ZO1 CAA CAT ACA GTG ACG CTT CAC A CAC TAT TGA CGT TTC CCC ACT C 
BEST1 CAT GAG CTG GAC CTC GTT GT CCA ACA GGG ACA CCT GCA AA 
RPE65 CAA GGC TGA CAC AGG CAA GA TTG ACG AGG CCC TGA AAA GA 
PEDF TTC AAA GTC CCC GTG AAC AAG GAG AGC CCG GTG AAT GAT GG 
VEGF GCA GAA TCA TCA CGA AGT GGT TAT GTG CTG GCC TTG GTG AG 
MerTK GCC CGG ACA GGG AGC TT TGC CTC AGT GAT AGC TCT ACG 
LAMP2 TGG CAA TGA TAC TTG TCT GCT G ACG GAG CCA TTA ACC AAA TAC AT 

 

Table 3: Physical and Chemical Properties of Polymers 

 

Table 4: Surface and Physical Properties of Electrospun Nanofibrous Membranes (ENMs) 

 
  

Electrospinning Parameters 
Polymers 

PCL PLGA PLDLA PLLA 

Polymer Concentration (w/v%) 4 1 0.5 0.5 
Solvents HFIP:PBS (v/v%) 9:1 9:1  9:1 9:1 
Flow rates (mL/hr) 1 1 1 1 
Voltage (kV) 15 15 15 15 
Working Distance (cm) 15 15 15 15 

Polymers 
Monomer 

Composition 
Mn (kDa) PDI Tg (°C) Tm (°C) Xc (%) 

PCL 100 121 1.5 - 61 62 50 
PLGA 85:15 134 1.4 54 130 26 

PLDLA 70:30 148 1.3 58 144 30 
PLLA 100 142 1.2 66 180 38 

Polymers 
Fibre 

Diameter 

(nm) 

Membrane 

Thickness 

(µm) 

Porosity 

(%) 

Contact 

Angle (°) 

Surface 

Roughness 

(RMS) (nm) 

Surface 

Stiffness 

(N/m) 

Modulus 

(MPa) 

PCL 64 ± 2 1.01 ± 0.03 50 ± 2 89 ± 4 * 261 ± 4  0.48 ± 0.02 16 ± 1 ** 
PLGA 70 ± 8 1.03 ± 0.03 49 ± 2 105 ± 3 ** 258 ± 9 0.51 ± 0.04 25 ± 4 

PLDLA 67 ± 2 1.04 ± 0.03 49 ± 2 110 ± 2 264 ± 5 0.72 ± 0.06 * 31 ± 6 ** 
PLLA 65 ± 2 1.06 ± 0.03 51 ± 2 118 ± 2 ** 269 ± 6 0.84 ± 0.05 * 48 ± 5 * 

n = 100 for fibre diameters, n = 50 for membrane thickness, n = 50 for porosity, n = 10 for contact angle, and n 
= 6 for surface roughness, surface stiffness and modulus, where n is number of samples per group. 
Data presented as mean ± SE 
** denotes statistically difference between groups (p < 0.05)  
* denotes a significant difference from other groups (p < 0.05). 



  

 24

Figure Captions 

Figure 1: SEM images depicting electrospun fibre diameter (Fig. 1A-1D), and membrane thicknesses for the 
ENMs (the yellow arrows indicated the top and bottom surfaces of the ENMs, Fig. 1A”-1D”), and fibre diameter 
distribution (Fig. 1A’-1D’). Fig. 1A-1D scale bar 20 µm, and Fig. 1A”-1D” scale bar 2 µm. 
 

Figure 2: 2D and 3D Atomic force microscopy (AFM) images of the ENMs. Area analyzed 10 µm x 10 µm. 
 

Figure 3: Adsorption of laminin on the surface of the ENMs and controls. Data expressed as the mean ± SE, 
and n = 6 per group. ** denotes significant difference between groups (p < 0.05). * denotes significant 
difference from all other groups (p < 0.05). Scale bar 50 µm for all images. 
 

Figure 4: SEM images of hRPE cells cultured on the ENMs and controls. Fig. 4A-4E, 4A’-4E’ and 4A”-4E” 
represent Week 1. Fig. 4F-4J, 4F’-4J’ and 4F”-4J” represent Week 2. Fig. 4K-4O, 4K’-4O’ and 4K”-4O” 
represents Week 4, and Fig. 4P-4T, 4P’-4T’ and 4P”-4T” represents Week 8. Fig. 4A-4T scale bar 200 µm, Fig. 
4A’-4T’ scale bar 10 µm, and Fig. 4A”-4T” scale bar 5 µm. 
 

Figure 5: WST-1 assay for hRPE cells cultured on ENMs and controls. Data expressed as the mean ± SE, and 
n = 6 per group, per time point. *** denotes significant difference between each of the time points (p < 

0.05). ** denotes significant difference between groups at each time point (p < 0.05). * denotes significant 
difference from all other groups at each time point (p < 0.05). 
 

Figure 6: TER measurements of hRPE cells cultured on the ENMs. Data expressed as the mean ± SE, and n = 
6 per group, per time point. *** denotes significant difference from all other time points (p < 0.05). ** 
denotes significant difference between groups at each time point (p < 0.05). * denotes significant difference 
from all other groups at each time point (p < 0.05). 
 

Figure 7: Gene expression of hRPE cells cultured on the ENMs normalized to week 2 controls. Data expressed 
as the mean ± SE, and n = 4 per group, per time point. *** denotes significant difference between time points 
(p < 0.05). * denotes significant difference from all other groups at each time point (p < 0.05). 
 

Figure 8: Immunohistochemical assessment of hRPE cells cultured on the ENMs and controls. Fig. 8A-8O 
represent Week 2. Fig. 8A’-8O’ represent Week 4. Fig. 8A”-8Y” represents Week 8. Fig. 8A-8E, Fig. 8A’-8E’ 
and 8A”-8E” represent Cytokeratin18 (Ck18) and Ki67. Fig. 8F-8J, Fig. 8F’-8J’ and 8F”-8J” represent ZO1. Fig. 
8K-8O, Fig. 8K’-8O’ and 8K”-8O” represent MITF. Fig. 8P”-8T” represent MCT1, and Fig. 8U”-Y” represent 
MerTK. Scale bar 50 µm for all images. 
 

Figure 9: Phagocytosis of hRPE cells cultured on the ENMs and controls at Week 8. Fig. 9A-9E represent 
trypsinized single hRPE cells obtained from intact hRPE monolayers (blue arrows: non phagocytosed beads, and 
black arrows: phagocytosed beads). Fig. 9F represents number of beads phagocytosed per hRPE cell, and 
percentage phagocytosing cells. Data expressed as the mean ± SE, and n = 100 per group. * denotes 
significant difference from all other groups (p < 0.05). Scale bar 50 µm for all images. 
 

Figure 10: TEM images of hRPE cells cultured on the PLLA ENMs. Fig. 9A-9A” represent Week 4. Fig. 9B-
9B” represent Week 8. Fig. 9A and 9B scale bar 5 µm. Fig. 9A’, 9A”, 9B’ and 9B” scale bar 2 µm. 
 

Figure 11: In vivo assessment of implanted 70 nm PLLA ENMs. Fig. 11A and 11A’ represent fundus and OCT 
at Week 1. Fig. 11B-11D represent H&E, and Fig. 11B’-11D’ represent immunofluorescent staining for sham 
controls and rat eyes implanted with PLLA ENMs at Weeks 1 and 4. * in figures depict position of implanted 
PLLA ENMs. Fig. 11E represents quantitative analysis of microglial cells (Iba1) for sham operated controls and 
rat eyes implanted with PLLA ENMs at Weeks 1 and 4. Fig. 11F represents thickness and # of rows of cells in 
the ONL for sham operated controls and rat eyes implanted with PLLA ENMs at Weeks 1 and 4. Fig. 11B-11D 
scale bar 50 µm. Fig. 11B’-11D’ scale bar 200 µm. * in Fig. 11E and 11F denotes significant difference from 
all other groups (p < 0.05). ENM: electrospun nanofibrous membrane, ONL: outer nuclear layer, INL: inner 
nuclear layer, IPL: inner plexiform layer and GCL: ganglion cell layer. 
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Age related macular degeneration (AMD) is a leading cause of vision loss in the developed world, with an 
increasing number of people suffering from blindness or severe visual impairment. Transplantation of retinal 
pigment epithelium (RPE) cells supported on a synthetic, biomimetic-like Bruch’s membrane (BM) is 
considered a promising treatment. However, the synthetic scaffolds used do not mimic the microenvironment of 
the RPE cell supporting layers, required for the development of a functional RPE monolayer. This study 
indicated that porous, laminin coated, 70 nm PLLA ENMs supported functional RPE monolayers, exhibiting 3D 
polygonal-cobblestone morphology, apical microvilli, basal infoldings, high transepithelial resistance (TER), 
phagocytic activity and expression of signature RPE markers. These findings indicate the potential clinical use of 
porous, laminin coated, 70 nm PLLA ENMs in fabricating retinal constructs aimed at treating dry AMD. 
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