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This  work  evaluated  the  effect  of  acetylated  bacterial  cellulose  (ABC)  substrates  coated  with  urinary
bladder  matrix  (UBM)  on the  behavior  of  retinal  pigment  epithelium  (RPE),  as  assessed  by  cell  adhe-
sion,  proliferation  and  development  of cell  polarity  exhibiting  transepithelial  resistance  and  polygonal
shaped-cells  with  microvilli.  Acetylation  of bacterial  cellulose  (BC)  generated  a  moderate  hydrophobic
surface  (around  65◦)  while  the  adsorption  of UBM  onto these  acetylated  substrates  did  not  affect  sig-
nificantly  the  surface  hydrophobicity.  The  ABS  substrates  coated  with  UBM enabled  the  development  of
a cell  phenotype  closer  to  that  of  native  RPE  cells.  These  cells  were  able  to  express  proteins  essential
cetylated bacterial cellulose
rinary bladder matrix
etinal degenerative diseases
etinal pigment epithelium

for  their  cytoskeletal  organization  and  metabolic  function  (ZO-1  and  RPE65),  while  showing  a  polygonal
shaped  morphology  with  microvilli  and  a monolayer  configuration.  The  coated  ABC  substrates  were  also
characterized,  exhibiting  low  swelling  effect  (between  1.5–2.0  swelling/mm3), high  mechanical  strength
(2048  MPa)  and non-pyrogenicity  (2.12  EU/L).  Therefore,  the ABC  substrates  coated  with  UBM  exhibit
interesting  features  as  potential  cell carriers  in RPE  transplantation  that  ought  to  be  further  explored.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The retinal pigment epithelium (RPE) is a highly polarized
onolayer of polygonal-shaped and pigmented epithelial cells
ith apical microvilli and basolateral infoldings [1]. This mono-

ayer is maintained and stabilized by the cytoskeleton of individual
ells and their interactions at the basolateral junctional complexes
or tight junctions) [2–4]. These complexes are composed of zonu-
ar occludens-1 (ZO-1), occludin, claudins 1, 2, 5, 12 and AL [1]. RPE
erforms several complex functions essential for visual function,
amely light energy absorption, photoreceptor outer segments

hagocytosis, outer blood–retina barrier, secretion of immunosup-
ressive and growth factors [1,5]. As an outer blood–retina barrier,
he RPE prevents the transport of molecules larger than 300 kDa

∗ Corresponding author. Fax: +351 253 604429.
E-mail address: lrmr@deb.uminho.pt (L.R. Rodrigues).

1 Current address: Nuffield Laboratory of Ophthalmology, Department of Clinical
eurosciences, University of Oxford, Oxford OX3 9DU, England.
2 Current address: School of Mechanical, Materials and Mechatronics Engineering,
niversity of Wollongong, NSW 2522, Australia.

ttp://dx.doi.org/10.1016/j.colsurfb.2015.11.051
927-7765/© 2015 Elsevier B.V. All rights reserved.
via intracellular mediation [6]. To be able to perform its com-
plex functions, RPE cells have unique morphological and functional
polarity properties, with an expression and polarized distribution
of receptors, transporters, channels and enzymes (many of these
are markers of differentiated RPE) [5].

With age, the RPE may  be affected, compromising retinal
integrity and leading ultimately to retinal degenerative diseases
such as age-related macular degeneration (AMD)—the most com-
mon  cause of blindness worldwide [7]. A promising therapeutic
approach for AMD  involves the replacement of diseased RPE
by healthy stem cell-derived RPE-like cells, transplanted as an
integer epithelial sheet on a carrier substrate [8,9]. An opti-
mal  cell scaffold for RPE transplantation should simulate the
RPE natural microenvironment; allow nutrient flow and/or biode-
grade rapidly; maintain the RPE phenotype; exhibit favorable
surgical properties and biocompatibility [9]. Since the Bruch’s
membrane (BM) is also affected in AMD, the success of RPE
transplants requires the replacement of this tissue, as these RPE

cells are transplanted in a BM prosthetic substrate. Recent stud-
ies on the development of BM prosthetic substrates include
the use of polyethylene terephthalate and poly(l-lactide-co-�-

dx.doi.org/10.1016/j.colsurfb.2015.11.051
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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aprolactone); parylene (already patented for stem cell therapy
o treat diseased or damaged ocular tissue); montmorillonite
lay-based polyurethane nanocomposite; copolymers of methyl
ethacrylate and poly(ethylene glycol) methacrylate; and gelatin-

iofunctionalized polyimide membranes [10–14]. A prosthetic BM
ubstrate should be able to perform the BM’s primary functions,
amely to provide physical support for RPE; maintain the RPE
henotype; and act as a division barrier for cell migration. A BM
ubstitute should also be thin (BM is 2–4 �m thick) to prevent dis-
ortions of the retina after implantation; minimize the resistance
o nutrient diffusion from the choriocapillaris to the RPE cells; and
imit the mass of material implanted [6].

Bacterial cellulose (BC) holds unique structural and mechan-
cal properties, such as permeability to gas and fluid exchange,
iocompatibility and non-toxicity [8,12,15,16]. In fact, BC has
hown to be an interesting and versatile biomaterial, particularly
n tissue-engineered applications (tissue scaffolds and drug deliv-
ry systems) for the regeneration of damaged or diseased tissues
nd organs [17–19]. In our previous work, BC was surface-modified
sing three different approaches, namely via acetylation and
olysaccharide adsorption, using either chitosan or carboxymethyl
ellulose. The ability of these surface-modified BC substrates to pro-
ote RPE cell adhesion and proliferation in vitro was  assessed [20].

riefly, acetylation of BC (ABC) was found to decrease the swelling
nd the amount of endotoxins in the final substrate. Also, ABC
ubstrates showed the highest elastic modulus. All surface modifi-
ations of the BC substrate enhanced the adhesion and proliferation
f RPE cells. Although similar proliferation rates were observed
mong the modified substrates, ABC showed a higher initial cell
dhesion. This difference was proposed to be mainly due to the
oderately hydrophobic character of the ABC substrate. Indeed,

ptimal cell adhesion has been described to occur in moderately
ydrophobic surfaces (water contact angles in the 40–70◦ range)
21].

In this work, the ability of ABC substrates coated with an extra-
ellular matrix (ECM) to support the phenotype of RPE cells was
tudied for the first time. An ECM extracted from porcine urinary
ladder–theurinary bladder matrix (UBM), was used.

UBM has been widely studied in several pre-clinical studies
s a biologic scaffold for the reconstruction of damaged tissues
22–28]. Therefore, ABC substrates coated and non-coated with
BM were first characterized according to their surface properties

hydrophobicity, free energy, topography, chemical composition),
imensional stability (swelling and handling stability), mechanical
roperties and endotoxins content. Cell viability and cytotoxicity
ssays were performed to evaluate the ability of RPE cells to adhere
nd proliferate in the modified substrates. This work was further
xpanded by evaluating the expression of specific RPE markers
nd the development of cell polarity exhibiting transepithelial
esistance and polygonal shaped-cells with microvilli, these being
ndicators of an adequate RPE cell morphology. The markers here
tudied were the junctional ZO-1 protein and the retinal pigment
pithelium-65 (RPE65), which is a RPE specific protein involved in
he process of the visual cycle of retinal [1,4]. To the authors knowl-
dge this is the first time such a specific study was conducted using
C as a substrate for RPE cells adhesion and proliferation.

. Experimental

.1. Reagents
Analytical grade acetic anhydride, acetic acid, toluene and per-
hloric acid were purchased from Merck (United States of America,
SA), Fisher Chemical (USA), Fisher Chemical and Panreac (Spain),

espectively. Rat-tail collagen type-I was purchased from BD Bio-
s B: Biointerfaces 139 (2016) 1–9

sciences (USA). Pepsin from porcine gastric mucosa was  purchased
from Sigma–Aldrich (USA). Cell culture reagents were purchased
from Biochrom (Germany). The Pierce® BCA Protein Assay Kit, the
Pierce® limulus amebocyte lysate (LAL) chromogenic endotoxin
quantitation kit, the InvitrogenTM LIVE/DEAD Viability/Cytotoxicity
kit for mammalian cells, WhatmanTM polyethersulfone (PES) fil-
ters and Sigma Mowiol® mounting solution were purchased
from Thermo Fisher (USA). The [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
was purchased from Promega (USA). The primary antibodies rab-
bit polyclonal anti-ZO1 immunoglobulin type G (IgG, 61-7300)
and mouse monoclonal anti-RPE65 IgG (Ab13826) were purchased
from Life Technologies and Abcam, respectively. The secondary
antibodies were purchased from Life Technologies, namely goat
anti-rabbit IgG (Alexa Fluor® 488, A11034) and goat anti-mouse IgG
(Alexa Fluor® 488, A11001). The phosphate buffer saline (PBS) solu-
tion was prepared with 137 mM NaCl, 2.7 mM  KCl, 8 mM Na2HPO4,
and 2 mM KH2PO4 (pH 7.4).

2.2. Acetylated bacterial cellulose (ABC) substrates preparation

BC was produced by static culture of Gluconacetobacter xyli-
nus (ATCC® 53582TM) as previously described in Ref. [20,29–31].
Briefly, fermentation was  performed in 1 L Erlenmeyer flask with
200 mL  of Hestrin–Schramm medium for 1 month. The resulting
BC sheet was  washed at room temperature (RT) with abundant tap
water to remove residual medium, and placed for 24 h in a 1.0 M
NaOH solution to remove bacteria and pyrogens. Alkaline residues
were removed by washing thoroughly with distilled water until the
final pH of the supernatant became that of distilled water. Then, the
washed BC sheets were sliced into thin pellicles, dried in an oven
at 50 ◦C for 8 h and cut into the desired geometric shapes, all with
an average thickness of 61.5 ± 4.8 �m (and with 5 and 9 mm diam-
eter circles for 96 and 48 well plates, respectively, and 4.5 mm per
20 mm rectangles for all other assays).

BC acetylation and characterization has been published else-
where [20]. Briefly, the acetylation reaction mixture was composed
of 40 mL  acetic acid, 50 mL  toluene and 0.2 mL  perchloric acid.
Oven-dried BC samples were added at a ratio of 1 cm2 of substrate
surface area per 1 mL reaction mixture. A volume of 8 mL  of acetic
anhydride and 15 min  reaction time were used to generate a moder-
ate hydrophobic surface (water contact angle: 64.8 ± 1.9◦). The ABC
substrates were then sterilized in 100% ethanol and maintained in
sterile PBS solution until use. ABC surface was  coated with UBM,
as further described below. For the physicochemical and mechan-
ical characterization (Section 2.4) of both coated and non-coated
(control) substrates, these were again dried until constant mass.
For the cell culture assays, hydrated ABC substrates (as maintained
in sterile PBS solution) were used.

2.3. Urinary bladder matrix (UBM) preparation, characterization
and coating

UBM extraction was  performed according to the method
reported by Freytes et al. [23] and consists in separating the base-
ment membrane of the urothelial cells and subjacent lamina propria
from porcine bladders (kindly provided by a local slaughterhouse).
The urothelial cells were removed by soaking the tissue in 1.0 M
saline solution. After being washed with PBS solution and ster-
ile water, UBM sheets were lyophilized, triturated, and kept at
−20 ◦C until use. UBM was enzymatically digested immediately
before being applied onto the ABC substrates at 37 ◦C in 0.01 M HCl

solution (pH 3–4). Two  digestion conditions were studied, namely
10 g/L UBM and 1 g/L pepsin (as described by Freytes et al. [23])
and 20 g/L UBM and 3 g/L pepsin. These conditions were studied for
up to 48 h of digestion to evaluate the effect of these parameters
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n the amount and molecular mass of the solubilized protein. The
igested UBM solution was neutralized and centrifuged (20 min,
000 × g) to remove insolubilized particles and then, sterilized
y passing the solution through 0.22 �m PES filters. The protein
ontent of the digested UBM solution was analyzed by sodium
odecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
he bicinchoninic acid (BCA) quantitation method. UBM and col-
agen type-I were electrophoresed on 10% polyacrylamide gels
nder reducing conditions (5% 2-mercaptoethanol) and stained
ith Coomassie Blue for proper visualization. The BCA Protein
ssay Kit was used in accordance with the manufacturer guide-

ines, using bovine serum albumin as standard. Protein contents
ere corrected according to the pepsin concentration used. Pepsin

nactivation occurred after increasing the pH to 7.4 with 90 �L of
aOH 1 M and 1.01 mL  of 10× concentrated PBS added to 9 mL  ster-

le UBM solution. UBM gelation and coating of the ABC substrates
ccurred at 37 ◦C for 18 h at a ratio of 100 �L/cm2 ABC sample sur-
ace area. Excess of UBM solutions were used to assure maximum
aturation of the ABC nanofibers.

.4. Substrate characterization

Fourier transform IR spectroscopy in attenuated total
eflectance mode (ATR-FTIR) was performed at RT to assess
he surface chemical composition through the identification
f surface functional groups. The IR spectra generated using a
erkinElmer Spotlight 300 FTIR microscope with Spectrum 100
TIR spectrometer (USA), corresponded to the average of 100
cans measured at a resolution of 4/cm. The vibration transition
requencies of each spectrum were baseline corrected and the
bsorbance was normalized between 0 and 1. Static contact angle
easurements were performed using the sessile drop technique to

etermine the surface free energy (SFE, �) and hydrophobicity. For
FE estimation, the van Oss-Chaudhury-Good (vOCG) method was
sed. Details on this methodology are described by Gonç alves et al.
20]. Substrate thickness measurements were performed using a

itutoyo digital micrometer (N◦ 293-5, Japan). To assess substrate
welling, ABC substrates (coated and non-coated (control)) were
rst placed in PBS solution. At regular intervals for up to 12 weeks,
he substrates were collected and weighed. Simultaneously to the
ravimetric procedures, the handling stability of these substrates
as qualitatively evaluated by manipulating the membranes
ith tweezers. Since the samples presented variable thicknesses

average 61.5 ± 4.8 �m),  swelling data taken individually (twelve
eplicas) were normalized with their respective initial volume as
hown in Eq. (1), where Massdry is the initial substrates’ dry mass,
nd Masst

wet is the measured mass of the hydrated substrates at
ach time point, t.

Swelling
Volume

= Masst
wet − Massdry

Massdry × Volume
(1)

To evaluate the substrates’ mechanical properties, stress–strain
ssays were performed in tensile mode using a Shimadzu Universal
esting Machine, AG-IS with a 50 N load cell (Shimadzu Scientific
nstruments, USA) at RT and with a strain rate of 0.5 mm/min. The
amples were immersed for approximately 5 min  in distilled water
mmediately prior to the tensile tests. Maximum stress (�max) and
train-to-failure (εbreak) were determined and the elastic modulus
E) was calculated from the stress–strain data of five replicas per
ubstrate in the linear zone of elasticity, between 0 and 1% of strain.
BC substrates were analyzed for the presence of endotoxin
sing the LAL kit according to the supplier instructions. Each ster-

le ABC substrates of approximately 0.88 mm3, with and without
BM, were immersed in 40 mL  pyrogen-free water. The reaction
s B: Biointerfaces 139 (2016) 1–9 3

was stopped with 25% acetic acid and the absorbance measured at
405 nm.

2.5. Cell culture

Human RPE cells (hTERT-RPE1, ATCC CRL-4000) immortalized
by the transfection with human telomerase gene (hTERT) have
been reported to exhibit a normal RPE phenotype [32]. Cells were
grown in Dulbecco’s MEM/Ham’s F12 (1:1 mixture) culture media
supplemented with 10% v/v fetal bovine serum (FBS), 100 U/mL
penicillin and 100 �g/mL streptomycin (named DMEM/F12 com-
plete medium) at 37 ◦C in a humidified atmosphere of 95% air and
5% CO2. At confluence, hTERT-RPE cells were harvested with 0.05%
(w/v) trypsin-EDTA and were sub-cultured in the same medium.
PBS was used for all washing steps. For the viability assays, the
media used consisted of DMEM (without phenol red) supplemented
with 100 U/mL penicillin and 100 �g/mL streptomycin. Cells were
seeded on the substrates and control surfaces at a density of 40,000
cells/cm2.

2.6. Cell viability and proliferation

Cell viability was  assessed after 3, 7 and 14 days, to evaluate
cell proliferation, using the [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay and the LIVE/DEAD Viability/Cytotoxicity kit for mammalian
cells. The MTS  assay measures the metabolic activity of viable cells
via its dehydrogenase activity. Briefly, cells were washed and incu-
bated for 2 h with 20 �L MTS  solution reagent in 100 �L EM;  and
afterwards the absorbance was recorded at 490 nm in a microplate
reader. The LIVE/DEAD kit provides a two-color fluorescence cell
viability assay, based on the simultaneous determination of live
(green) and dead (red) cells with two probes, Calcein AM and
Ethidium Homodimer (EthD-1), that measure intracellular esterase
activity and loss of plasma membrane integrity, respectively. Cell
cultures from the different time intervals were incubated for 30 min
at 37 ◦C in 10% LIVE/DEAD working solution (2 �M EthD-1 and 4 �M
Calcein AM in PBS pH 7.4) in EM.  The substrates were then observed
under a Leica DMIRE2 fluorescence microscope with a DFC350FX
camera (Germany). Tissue culture polystyrene (TCP) surface was
used as positive control to evaluate cell response in ABC substrates
with and without UBM, in three independent experiments.

2.7. Immunofluorescence

RPE cell monolayers grown on glass coverslips (positive control
surface) and on ABC substrates coated with UBM  were fixed in ice-
cold methanol for 5 min  at RT and then carefully washed 3 times
in PBS, 5 min  each. Cells were incubated in permeabilization and
blocking (perm/block) solution (0.05% saponin and 0.5% BSA in PBS),
for 45 min  at RT in a humidified chamber. This perm/block solu-
tion was  also used to wash the cells between the following steps.
Cells were incubated with rabbit polyclonal antibody anti-ZO1 IgG
(1:100, Life Technologies, 61–7300) or mouse monoclonal antibody
anti-RPE65 IgG (1:200, Abcam, Ab13826) in perm/block solution
for 2 h. Samples with no primary antibody’s incubation were used
as negative control. Afterwards, cells were incubated with the
appropriate fluorophore-conjugated secondary antibodies (1:2000
in perm/block solution) for 30 min, namely goat anti-mouse IgG
for RPE65 and goat anti-rabbit IgG for ZO-1. Finally, nuclei counter-

staining using DAPI was performed and samples were embedded
with Mowiol® mounting solution under a coverslip and examined
with a LSM 710 Meta confocal laser-scanning microscope (Zeiss,
Germany).
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Fig. 1. SDS-PAGE protein profiles (left side) of the following samples: molecular mass marker; (A) rat-tail collagen type-1; (B) soluble fraction of urinary bladder matrix
(UBM) after 6 h, (C) 12 h, (D) 24 h (E) and 48 h (F) of digestion using 10 g L−1 UBM and 1 g L−1 of pepsin; soluble fraction (G) and pellet (H) of UBM for 6 h of digestion using
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0  g L−1 UBM and 1 g L−1 of pepsin; and soluble fraction of UBM after 12 h of digest
BM  soluble fraction up to 48 h of digestion in two digestion conditions: (J) 20 g L
ean  ± standard error mean of three independent assays with three replicas each).

.8. Transepithelial resistance (TER)

TER assays can be used to measure the cells epithelial barrier
unction through the quantification of the cell-polarized level. The
ER assays were performed with cells cultured in Transwell® insert
hambers and using an epithelial voltohmmeter (EVOM) according
o the protocol described by Sonoda et al. [4]. Briefly, measure-

ents with the electrodes of the EVOM were made at RT after
0 min  of stabilization, to minimize the TER fluctuation with tem-
erature. The values of TER were measured with cells in a confluent
onolayer configuration. Near the full confluent state, the FBS
as reduced to 1% to prevent cell overgrowth and to maintain

 consistent cell monolayer in culture. Net TERs were calculated
y subtracting from the experimental values the corresponding
alue of unseeded fibronectin-coated filters or filters with UBM-
oated ABC substrates. Final resistance-area products (� cm2) were
btained by the multiplication with the effective growth area.

.9. Scanning electron microscopy (SEM)

For the cell morphology analysis, substrates subjected to cell
ulture for 14 days were fixed with 2.5% glutaraldehyde in PBS pH
.4 for 1 h, washed with distilled water, dehydrated through sev-
ral ethanol changes (namely in 55, 70, 80, 90, 95 and 100%, 30 min
ach), sputtered with gold and transferred to the microscopic car-
ier. For surface observation, the substrates were only dehydrated,
putter coated with gold and transferred to the microscopic carrier
or observation under a Leica Cambridge S360 scanning electron

icroscope (Germany) with electron beam energy of 15 KV.

.10. Statistics

All results are presented as the mean ± standard error mean of
everal independent experiments. Statistical analysis of variance
ANOVA) and the Tukey multiple comparisons post-test were used
o compare results between different substrate conditions. Statis-
ical differences were assigned to groups with a p-value lower than
.05.

. Results and discussion

.1. UBM characterization

In this work, the digestion of UBM was assayed using different

rotein (UBM and pepsin) concentrations, temperature and time
upto 48 h) to evaluate the effect of such parameters on the amount
nd molecular mass of the solubilized protein fractions. The pro-
ein’s molecular mass profile of the soluble fractions was  analyzed
ing 20 g L−1 UBM and 3 g L−1 of pepsin (I). Protein concentration (right side) of the
M + 3 g L−1 pepsin and (K) 10 g L−1 UBM + 1 g L−1 pepsin (results correspond to the

by protein electrophoresis (Fig. 1A–I). The amount of protein in the
pellets and in the UBM soluble fractions were quantified using the
BCA method (Fig. 1J, K) . The results showed that when using 10 g/L
UBM and 1 g/L of pepsin, increasing the digestion times, increases
the amount of protein with lower molecular masses (Fig. 1C–F).
Well-defined bands characteristic of the collagen type-1 (Fig. 1B)
can be visualized in samples C, G and I (as digested with 20 g/L UBM
and 1 g/L pepsin), in accordance with the ones reported in the liter-
ature [23,28]. UBM digestion using 20 g/L UBM and 1 g/L of pepsin
(Fig. 1G and K) for 6 h resulted in a soluble fraction with higher pro-
tein content. However, a significant amount of protein remained in
the pellet fraction, following centrifugation (Fig. 1H). The amount
of pepsin was then increased (from 1 to 3 g/L) and digestion was
let to occur for up to 48 h as an attempt to further solubilize the
protein. Quantitative data (Fig. 1J, K) shows that a higher initial
UBM and pepsin concentration (Fig. 1J) led to higher levels of sol-
uble protein. Under these conditions, the optimum digestion time,
which corresponds to a protein release of 5.5 ± 0.2 g/L, was found
to be 12 h. This higher concentration corresponds to 20–30% (w/w)
of that of the initial (undigested) lyophilized UBM. Also, besides
the protein bands related to collagen type-1, other bands of lower
molecular masses were observed that have been reported as being
related to other elements present in UBM such as glycosaminogly-
cans and the glycoprotein fibronectin [23]. These results allowed
establishing the optimum conditions for the preparation of UBM
(20 g/L UBM and 3 g/L pepsin for 12 h of digestion) to be further
used in the surface modification of ABC substrates.

3.2. Substrate characterization

The substrates were characterized according to their surface
chemical composition, dimensional stability, mechanical strength,
surface topography, endotoxin content, surface wettability and
free energy. The ABC surface composition, based on acetate
related functional groups, was confirmed by ATR-FTIR spectroscopy
(Fig. 2A) and is presented herein as a comparison to the data
reported in Ref. [20]. The typical absorbance bands of ABC sub-
strates correspond to the ester C O stretch at 1750/cm, the
alkane-C H bending at 1355/cm, and the two  peaks relative to the
ester C O stretch at 1210 and 1025/cm [20,33,34]. After UBM coat-
ing, the substrates displayed additional absorbance bands related
to the collagen type-1, namely the amide I and amide II bands
at 1650/cm and 1560/cm, respectively. Three weaker bands that
represent amide III vibration modes centered at 1245/cm are also

characteristic of the collagen FTIR spectrum [35]. However, these
were not easily detected in the spectrum, similarly to other reports
of protein immobilization where the bulk phases IR adsorption
is strong [36]. This is due to the several hundreds of nanometers
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Fig. 2. (A) Infrared spectra, (B) swelling profile and (C) stress–strain measurements for b
mean  of twelve replicas per condition for swelling assays and five replicas per condition f

Table 1
Contact angles, estimated surface free energy components and mechanical proper-
ties  of acetylated bacterial cellulose (ABC) uncoated and coated with urinary bladder
matrix (UBM).

ABC ABC + UBM

Contact angles (◦)
WCA  64.8 ± 1.9e 49.6 ± 1.8f

FCA 43.7 ± 1.4g 42.1 ± 1. g

BCA 16.5 ± 0.6h 20.0 ± 0.7i

Surface free energy components (mN/m)
�+ 0.3 0.1
�− 13.4 31.9
� AB 4.3 3.0
� LW 42.6 41.8
�  46.9 44.8

Mechanical Properties
�max (MPa) 37.6 ± 4.4a 42.5 ± 4.3a

εbreak (%) 4.8 ± 0.5b 5.1 ± 1.4b

E (MPa) 677.5 ± 43.5c 2047.7 ± 192.3d

Abbreviations: �max; maximum stress; εbreak; elongation-at-break; E; elastic
modulus; WCA; water contact angle; FCA; formamide contact angle; BCA; bromon-
aphthalene contact angle; � +; acidic parameter; � −; basic parameter; � AB;
acid-base component; � LW; Lifshitz-van der Waals component; �; total surface
free energy. Statisticsfive replicas per substrate in the mechanical assays and two
c
i

s
n
C
t

w

tical profile for ABC substrates coated with UBM was observed in
ontact angle measurements per replica with six replicas per substrate. Equal letters
n  superscript indicate that differences are not statistically significant.

ampling depth of ATR-FTIR, comparing to only several to tens of
anometers of protein-grafted layers’ thickness. In this case, the
 O stretch at 1210/cm from the acetylation layer may  be masking
he amide III vibration bands at 1245/cm.

The substrates surface free energy and hydrophobicity (Table 1)
ere evaluated as they are known to influence protein and cellular
acterial cellulose substrates. The results correspond to the mean ± standard error
or stress–strain assays.

adhesion. The nanofibrillar nature of BC translates into a globally
irregular topography, in which the measured (apparent) contact
angle is obtained by the tangent between the liquid–vapor interface
and the apparent (as seen macroscopically during measurements)
local surface of the solid. Surface roughness and chemistry are
known to affect its wettability [37]. Although following UBM coat-
ing, ABC substrates exhibited a decrease in the water contact
angles from 64.8 ± 1.9 to 49.6 ± 1.8◦, the moderate hydrophobic
character of ABC (46.9 mN/m)  was maintained after UBM coat-
ing (44.8 mN/m). This decrease may  be due to a lower availability
of surface hydroxyl groups after UBM adsorption. The dispersive
(�LW) and polar (�AB) energy components were roughly maintained
after UBM coating. The acid–base forces (� AB) resulted mainly from
negative/basic charges (�−), which showed a strong increase from
13.4 to 31.9 mN/m after UBM coating. Therefore, the UBM adsorp-
tion onto ABC was found to mainly increase the monopolar nature
(�−) of the ABC surface.

The maintenance of the mechanical integrity (resistance to tear)
and dimensional stability (neither swelling nor degradation) are
relevant properties in RPE transplantation, since the transplant suc-
cess depends on the correct positioning of ultrathin substrates with
surgical instruments in the subretinal space [14,38]. After 4 weeks
in PBS, ABC substrates (Fig. 2B) showed some swelling character-
ized by a two-fold increase in ABCs initial dry mass; however, this
swelling stabilized afterwards. Following 20 weeks of immersion
in PBS, ABC substrates showed no signs of degradation and both
substrates were easily manipulated with tweezers. A nearly iden-
the same exposure period (data not shown).
According to its mechanical properties (Table 1 and Fig. 2C),

both samples showed similar stress–strain behavior, with stress
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llulose (ABC) and urinary bladder matrix coated ABC (ABC + UBM)  substrates.
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Fig. 4. Metabolic activity determined after 3, 7 and 14 days of HTERT-RPE cells
cultured on acetylated bacterial cellulose (ABC), ABC with urinary bladder matrix
Fig. 3. Surface scanning electron micrographs of acetylated bacterial ce

ncreasing with strain increment until the sample collapsed. The
urface coating of ABC nanfibers by UBM resulted in a 3-fold
ncrease in the elastic modulus (E). The mechanical properties
f ABC substrates coated with UBM are comparable to the ones
eported in a recent study, where nanofibrous membranes of
oly(lactic-co-glycolic acid) (PLGA) and collagen type-I (the main
omponent of UBM) were evaluated as potential BM substitutes [3].
he values obtained for the PLGA nanofibrous membrane were of
.5 ± 0.4 MPa, 28.8 ± 4.9% and 131.9 ± 13.3 MPa  for maximum ten-
ile strength, tensile strain and elastic modulus, respectively. On
he other hand, higher values were obtained from the collagen
anofibrous membrane, namely 10.8 ± 0.7 MPa, 70.0 ± 4.6% and
17.9 ± 15.3 MPa  for maximum tensile strength, tensile strain and
lastic modulus, respectively. In this work, the values obtained for
he developed BC substrates are in the same range or even higher,
hus suggesting its mechanical feasibility as a cell carrier substrate
or the potential RPE transplantation therapy in retinal degenera-
ive diseases. Also, surface scanning electron micrographs showed
orous surfaces for both substrates (Fig. 3). The porous nature of
hese substrates could be advantageous since a non-biodegradable
ubstrate has to meet the passive diffusion requirements to be con-
idered a viable BM substitute [9].

Since BC is a microbial polysaccharide, the presence of endotox-
ns in BC may  constitute a problem when considering biomedical
pplications. Endotoxins can activate RPE cells to secrete excessive
mounts of inflammatory cytokines in the retina, thus promoting
PE degeneration [40]. In the USA, the regulatory endotoxin limits
re 500 EU/L for general medical devices and 60 EU/L for devices
hat contact cerebrospinal fluid [41]. The endotoxin quantification
btained by the LAL test (determined according to the FDA guide-
ine [41]) indicated an extremely low presence of endotoxins in ABC
ubstrates, specifically 0.11 ± 0.01 and 2.12 ± 0.04 EU/L before and
fter UBM coating, respectively. UBM coating resulted in a 20-fold
ncrease in the amount of endotoxins present in the ABC substrates.
his may  be due to microbial contamination of the porcine urinary
ladders that led to the presence of endotoxins in the UBM solu-
ion. Similar endotoxin results have been reported for BC scaffolds
roduced by G. xylinus ATCC® 700198TM for tissue-engineered uri-
ary conduits [39]. From the above results, the substrates could be
lassified as non-pyrogenic and should not induce complications in
ivo. Also, purification/depyrogenation method of treating BC using
queous 1 M NaOH solution followed by rinsing with deionized
terile water [39], was found to be effective in removing endotoxins
rom the BC scaffolds.

.3. RPE cell viability and proliferation

Cell viability after 3, 7 and 14 days of cell culture on ABC
ubstrates was assessed through metabolic activity (MTS) assays
Fig. 4) and LIVE/DEAD fluorescence microscopy (Fig. 5) of viable

green staining) and compromised (red staining of nucleus) cells.
egarding the metabolic activity after 3 days in culture, a differ-
nce in the number of adhered and metabolically active cells was
bserved between the ABC surfaces (coated and non-coated with
(ABC + UBM) substrates, and tissue culture polystyrene (TCP, control surface). Three
independent assays were performed, each with six replicas per substrate condition.
Equal letters above the bars indicate results not different statistically.

UBM) and the TCP positive control. Cells cultured on the ABC sub-
strates coated with UBM substrate and TCP surface showed the
same metabolic activity after 3 days. Lower metabolic activity after
3 days was obtained for the ABC substrates without UBM coating
as compared to TCP.

After 7 and 14 days, the cells were able to further proliferate
and presented similar viability profiles as seen for the 3 days. Cells
cultured in the TCP surface, achieved a 100% confluent monolayer
configuration after 7 days. The LIVE/DEAD fluorescence micro-
graphs were coherent with the metabolic activity results, thus
confirming the positive effect of UBM in cell viability leading to
a profile similar to TCP. Additionally, while a confluent mono-
layer was  obtained in TCP after 7 days and in ABC after 14 days,
in the ABC + UBM substrates it appears to be reached between 7
and 14 days (as can also be observed in Fig. 5). The moderate
hydrophobic surface composed of amine groups from the UBM pro-
teins and acetate groups from the ABC substrates further improved
the cell response to a behavior similar to the one observed in the
TCP positive control surface. Tezcaner et al. [42] reported that RPE
cells prefer smooth rather than rough surfaces and that protein
adsorption could modify the surface roughness by smoothing its
irregularities. This might have contributed to the UBM positive
effect on the cells response. Moreover, a similar RPE cell growth
to the one obtained in the ABC substrates coated with UBM was
reported with ultrathin collagen type-1 substrates and montmoril-
lonite clay based polyurethane nanocomposite substrates [12,38].

3.4. RPE cell morphology
To evaluate the morphology of the RPE cell monolayers grown
on the ABC substrates, several cell parameters may  be assessed,
namely the expression of RPE proteins such as ZO-1 and RPE65,
the observation of a polygonal shaped cells with apical microvilli
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Fig. 5. Representative live/dead fluorescence micrographs of HTERT-RPE1 cells cultured for 3, 7, and 14 days on acetylated bacterial cellulose (ABC), ABC coated with urinary
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ladder matrix (ABC + UBM) and tissue culture polystyrene (TCP, control surface). 

nterpretation of the references to color in the text, the reader is referred to the we

n a monolayer configuration and the development of TER [1,3,4].
he RPE characteristic phenotype can be ascertained by the expres-
ion of RPE specific proteins. Immunofluorescence (IF) allows the
bservation of specific biomolecules and its cellular distribution.
wo proteins were studied: the tight junction protein ZO-1 and the
haperone RPE-specific protein 65 kDa (RPE65), which is involved
n the visual cycle of retinal. These are two of the most common RPE

arkers used to evaluate the development of differentiated prop-
rties of RPE cells in in vitro culture studies [38,43–45]. In IF assays,
TERT-RPE cells grown to confluence on glass and ABC substrates
oated with UBM (Fig. 6), were able to express the structural pro-
ein ZO-1 and the metabolism protein RPE65, in the intracellular
ide of plasma membrane and cytoplasm, respectively.

Confluent cells grown on non-coated ABC substrates were also
valuated; however, these typical RPE phenotypic features could
ot be observed (no fluorescence signal was detected, data not
hown). These results suggest that although the cells were able to
dhere and proliferate on the ABC substrates, they were not able
o develop the morphological features typical of RPE cells. Also,
his confirms the positive effect of the UBM coating, and its impor-
ant role in the development of a native RPE phenotype. Moreover,
lthough ZO-1 was clearly expressed in glass and ABC substrates
oated with UBM (Fig. 6A, B), the cells cultured in the coated ABC
ubstrates were still apparently in the process of full differentia-
ion, as there was some ZO-1 in the cell cytoplasm. Also, the RPE65
rotein was detected in the cytoplasm of both cultures (Fig. 6C, D),
hich was expressed in small amounts when compared to ARPE-19

ells and primary cells [3,38]. Therefore, the hTERT-RPE1 cells may

eed longer periods in a confluent state to further organize their
tructure and proteins, or simply lower amounts of this protein are
xpressed in this cell line. To further observe the morphology of
BC + UBM micrographs presented higher substrate fluorescence interference. (For
ion of this article).

hTERT-RPE cells cultured in the ABC substrates coated with UBM,
SEM pictures were taken (Fig. 6E–G). These results supported the
observation that the cells were able to polarize in these substrates
since microvilli and a monolayer configuration with polygonal
epithelial cell shape (white hexagon) were clearly shown. Also, an
increasing number of microvilli (white arrows) was  observed with
prolonged culture time (from 10 to 20 days seen between F and G,
Fig. 6). The achievement of a cell monolayer between 7 and 14 days,
as expected by the viability and proliferation results (Figs. 4 and 5),
was confirmed in the micrographs taken after 10 days of cell culture
(Fig. 6E, F). The development of microvilli confirmed the ability of
RPE cells to form a cell monolayer in a polarized state when cultured
in ABC substrates coated with UBM. To further assess the polarized
state of RPE cell monolayers grown in these substrates, transepithe-
lial resistance quantification assays were performed. Although only
human fetal or primary RPE cells have been described to develop
highly polarized RPE in vitro, studies on polarized RPE include the
use of immortalized human RPE cell lines, such as the ARPE19 and
D407 [4]. For sub-confluent or unpolarized RPE cells, no resistance
to the passage of current was  detected. Hence, in accordance with
the previous morphological studies (IF and SEM), TER was detected
in cells cultured in the ABC substrates coated with UBM. The aver-
age TER of cells in a confluent state maintained for 3 weeks in
Transwell® inserts with fibronectin and in ABC substrates coated
with UBM substrates was  12.0 ± 0.7 and 10.2 ± � cm2, with a max-
imum value of 17 and 13 � cm2, respectively. To our knowledge,
the TER values of hTERT-RPE cells have not been reported so far.
The TER herein presented for hTERT-RPE cells comprises low val-

ues (below 17 � cm2), lower as compared to other immortalized
cell lines (ARPE19 and D407) that were described to develop mono-
layers with TER values below 50 � cm2 [4,32,45,46]. Nonetheless,
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Fig. 6. Immunofluorescence micrographs of ZO-1 (A and B) and RPE65 (C and D) green staining and nucleus blue staining in hTERT-RPE cells grown in glass (A and C) and
in  acetylated bacterial cellulose with urinary bladder matrix (ABC + UBM) substrates (B and D). Scanning electron micrographs of hTERT-RPE cell cultured in ABC + UBM
s s obse
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ubstrates for 10 days (E and F) and 20 days (G). The cell monolayer configuration i
)  and the white hexagons highlight the polygonal shaped cells (F and G). (For inter
ersion of this article).

he lower values obtained in this work could tentatively be sup-
orted by the reported down-regulation of proteins attributed to
ell polarization in this cell line [47].

Additionally, several in vitro changes have been described in
mmortalized RPE cells, such as decreased apical microvilli and
asal infoldings, low expression or absence of RPE-specific mark-
rs, among others [2]. These changes are most likely due to the lack
f direct interaction and signaling from photoreceptors to the RPE
pical surface. In fact, primary cultures are known to better retain
he RPE native tissue physiology and morphological characteris-
ics [2]. Therefore, these cultures should be explored in the future
tudies (such as phagocytosis assays for cell function analysis) to
urther assess the substrates potential for RPE transplantation. Nev-
rtheless, the polarized RPE cell monolayers formed on the ABC
ubstrates coated with UBM, using an immortalized cell line, rein-
orce the high potential of this biomaterial as a cell carrier for RPE
ransplantation.

. Conclusion

This study demonstrated for the first time that coating ABC
ubstrates with UBM is advantageous for the adhesion and pro-
iferation of RPE cells. Notably, these coated substrates led to
he development of a cell monolayer exhibiting the desired RPE

henotype, i.e.,  polygonal shaped cells with microvilli, capable
f expressing cytoskeletal (ZO-1) and metabolic (RPE65) pro-
eins. Besides, these substrates showed low swelling degree,
o signs of hydrolytic degradation, easy manipulation, residual
rved in E, while the presence of microvilli is pointed out with white arrows (F and
ion of the references to color in this figure legend, the reader is referred to the web

content in endotoxins and high mechanical strength. The complex
requirements of cell carrier substrates for RPE transplantation have
hindered the development of viable substrates, and although many
have been studied for this purpose, rarely a substrate has shown
positive results in more advanced studies, either failing in mechanic
robustness or in promoting an adequate cell monolayer. Hence,
comparatively ABC substrates coated with UBM exhibit interesting
physicochemical features and proper mechanical properties that
together with their ability to support the phenotype of RPE cells,
represent a very promising advance in this field of study.
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