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Introduction

To this day, retinal degenerations and dystrophies remain
leading causes of severe visual impairment and blindness,
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Introduction: Visual prostheses, i.e. epiretinal stimulating arrays, are a promising therapy in treating retinal
dystrophies and degenerations. In the wake of a new generation of devices, an innovative method for
epiretinal fixation of stimulator arrays is required. We present the development of tailor-made bioadhesive
peptides (peptesives) for fixating epiretinal stimulating arrays omitting the use of traumatic retinal tacks.
Materials and methods: Binding motifs on the stimulating array (poly[chloro-p-xylylene] (Parylene C)) and
in the extracellular matrix of the retinal surface (collagens | and IV, laminin, fibronectin) were identified.
The anchor peptides cecropin A (CecA), KH1, KH2 (author’s initials) and osteopontin (OPN) were geneti-
cally fused to reporter proteins to assess their binding behavior to coated microtiter plates via fluor-
escence-based assays. Domain Z (DZ) of staphylococcal protein A was used as a separator to generate a
bioadhesive peptide. Following ISO 10993 “"biological evaluation of medical materials”’, direct and non-
direct cytotoxicity testing (L-929 and R28 retinal progenitor cells) was performed. Lastly, the fixating capa-
bilities of the peptesives were tested in proof-of-principle experiments. Results: The generation of the
bioadhesive peptide required evaluation of the N- and C-anchoring of investigated APs. The YmPh—CecA
construct showed the highest activity on Parylene C in comparison with the wildtype phytase without the
anchor peptide. eGFP—OPN was binding to all four investigated ECM proteins (collagen |, laminin > col-
lagen 1V, fibronectin). The strongest binding to collagen | was observed for eGFP—KH1, while the strongest
binding to fibronectin was observed for eGFP-KH2. The selectivity of binding was checked by
incubating eGFP—-CecA and eGFP-OPN on ECM proteins and on Parylene C, respectively. Direct and
non-direct cytotoxicity testing of the peptide cecropin-A-DZ-OPN using L-929 and R28 cells
showed good biocompatibility properties. Proof-of-concept experiments in post-mortem rabbit eyes
suggested an increased adhesion of CecA-DZ-OPN-coated stimulating arrays. Conclusion: This is the
first study to prove the applicability and biocompatibility of peptesives for the fixation of macroscopic
objects.

and suprachoroidal stimulating arrays,'® while an epiretinal
stimulating array is most frequently used in patients.'' To
grant epiretinal fixation, titanium retinal tacks
introduced.”** While holding the epiretinal array in place,

were

causing up to 50% of new-onset blindness in developed
countries." Treatment remains difficult, especially in retinal
dystrophies (i.e., retinitis pigmentosa). While efforts in gene
therapy,” optogenetic therapy® and stem cell therapy® have
been made, the therapeutic approach with the longest history
and most treated patients remains visual prostheses.”” In
principle, the efficacy has been shown by epiretinal, subretinal
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the tack causes unavoidable retinal damage and reactive
gliosis.">"® Also, a single retinal tack does not grant sufficient
retinal alignment, especially in larger epiretinal arrays.'®
Lastly, retinal tacks render the controlled and safe removal of
an epiretinal device difficult."” In the wake of a new generation
of retinal prostheses, an innovative and effective fixating
method is needed.

The immobilization of functional moieties or biochemical
groups or the fixation of microgels on surfaces has been
achieved using bioadhesives, namely anchor peptides (APs).
The functionalized surfaces include polymers such as poly-
styrene (PS), polypropylene (PP), polyethylene terephthalate

This journal is © The Royal Society of Chemistry 2022
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(PET), polyester-polyurethane and polycaprolactone (PCL),
metals such as stainless steel and gold, amorphous materials
like silicon wafers and glass, and natural surfaces like cucum-
ber and apple leaves.'®*>* Some, but not all, APs have been
derived from naturally occurring anti-microbial peptides
(AMPs), like the AP Liquid Chromatography Peak I of Bacillus
subtilis (LCI).>® Several modes of action are known, explaining
the antimicrobial activity of AMPs by e.g., the self-assembled
formation of pores in bacterial cell walls.**?

APs bind to surfaces from aqueous solutions at ambient
temperatures and under mild conditions.>® The binding pro-
perties are determined by the chemical composition of the APs
and the material properties of the surface.”® It has been shown
that AP binding to surfaces is governed by rn-x, hydrophobic
and electrostatic interactions as well as hydrogen
bonding.>”** Further influencing factors are the size and
primary and secondary structure of the APs as well as the
internal rigidity.>®>”*°

Hence, binding can be fine-tuned using protein engineer-
ing methods to tailor the binding properties to a specific appli-
cation. The substitution of negatively charged amino acids in
the AP Liquid Chromatography Peak I of Bacillus subtilis (LCI)
was shown to improve the binding on PP surfaces. Further, the
introduction of positively charged amino acids and an increase
in the grand average of hydropathy (GRAVY) led to improved
binding, underlining the importance of electrostatic as well as
hydrophobic interactions for AP binding. It was also estab-
lished that more than two substitutions would weaken the
binding ability to PP, suggesting that larger changes to the sec-
ondary structure have a negative influence on binding.*"

APs can be exploited to functionalize synthetic and natural
polymeric membranes with Poly[chloro-p-xylylene]
(Parylene C) is a commonly used polymeric coating in bio-
medical applications and, more recently, in organic electronics
due to its biocompatibility.**** Its optical transparency and
flexibility make it a suitable coating for retinal stimulating
arrays.”* With currently limited available and feasible methods
for epiretinal fixation, we investigated a recently reported
application of APs for suitability: a bioadhesive peptide (pepte-
sive) has been reported to join two chemically different
materials - stainless steel and PCL.'® Therein, APs with
different material binding properties - dermaseptin S1 (DS1)
(stainless steel binder) and LCI (PCL binder) - are genetically
fused to opposing ends of a spacer peptide, Domain Z (DZ).
The DS1-DZ-LCI peptesive successfully demonstrated the
ability to immobilize PCL micro-containers on stainless
steel.'®

The aim of this study was to demonstrate the proof-of-
concept for the “tack-free” fixation of an epiretinal very large
array for retinal stimulation (VLARS)'®** using tailor-made
peptesives. As targets for epiretinal adhesion, the extracellular
matrix (ECM) proteins collagen I (col I), collagen IV (col IV),
laminin, and fibronectin of the retinal inner limiting mem-
brane (ILM), a basal membrane separating the vitreous body
and underlying retinal cells, were identified.>*° Parylene C
coating was chosen as the binding target on the epiretinal sti-
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mulating arrays. Due to their hydrophobic properties, APs were
chosen that reportedly also bind to other hydrophobic polymer
surfaces such as PP (LCI and CecA)*® and PS (TA2, LCI and
CecA).*! Like PS, Parylene C also harbors an aromatic ring and
is hydrophobic. Hence, TA2, LCI and CecA were evaluated for
their binding capabilities to Parylene C, exploiting potentially
similar binding mechanisms like n-r and hydrophobic
interactions.

The APs were identified based upon the reported biochemi-
cal and physical properties of APs and Parylene C. They were
evaluated for their binding strength to the respective surface
by either detection of the fluorescent reporter enhanced green
fluorescent protein (eGFP) or activity detection of the reporter
protein Yersinia mollaretii ATCC 43969 phytase (YmPhytase).
eGFP constructs were used for detection on Parylene C-coated
microtiter plates (MTP). YmPhytase constructs were used for
detection on the Parylene C-coated VLARS. Here, autofluores-
cence of the array rendered eGFP detection infeasible. APs
showing binding were then genetically assembled to peptesives
binding both the retinal surface and the coated surface of the
stimulating arrays. Afterwards, the biocompatibility of the pep-
tesives was evaluated using standardized direct and non-direct
cytotoxicity testing following ISO 10993, “Biological evaluation
of medical materials”, part 5 (tests for in vitro cytotoxicity) and
part 12 (sample preparation and reference material). Lastly,
the fixating capabilities of the peptesives were tested in proof-
of-principle experiments in post-mortem rabbit eyes.

Materials and methods
Plasmids and strains

Plasmid pET28a(+) (Novagen, Darmstadt, Germany) was used
as the expression vector for AP-enhanced green fluorescent
protein (eGFP) fusion constructs. Plasmid pALXtreme-5b was
used for the expression of AP-phytase fusion constructs as pre-
viously reported."®** E. coli strain DH5a (Agilent Technologies
Inc., Santa Clara, USA) was used as a host for the cloning of
DNA constructs. E. coli strain BL21 Gold (DE3) (Agilent
Technologies Inc.) was used for the expression of eGFP fusion
constructs. E. coli strain BL21 Gold (DE3) LacI?" ** was used
for the expression of phytase fusion constructs as previously
reported."®

Generation of anchor peptide fusion constructs

APs were genetically fused to reporter proteins to assess their
binding behavior via fluorescence-based assays. eGFP and the
Yersinia mollaretii ATCC 43969 phytase (GenBank: JF911533.1;
YmPhytase) were used as reporter proteins in this study.*” The
consensus sequence H-V-F/W-Q/M-P/A-P/K has been
reported as highly affine and specific for col I binding.** In
this study, the CBM of OPN (GLRSKSKKFRRPD-
IQYPDATDEDITSHM) and the peptides HVFQPP (KHI1,
author’s initials) and HVYWMAK (KH2) were investigated. The
KH1 and KH2 sequences were chosen to include each amino
acid of the consensus sequence, respectively. AP fusion con-
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structs KH1-eGFP and eGFP-KH2 were generated via phosphor-
othioate-based ligase-independent gene cloning (PLICing).*?
KH1 and KH2 were fused to the N- and C-terminus, respectively,
to investigate the influence on binding behavior. The AP fusion
constructs eGFP-osteopontin-collagen binding motif (OPN-
CBM) and eGFP-cecropin A (CecA) were purchased in pET28a(+)
from GenScript Biotech B.V. (Leiden, The Netherlands).
N-terminal AP constructs contain an N-terminal AP, followed by
a stiff 17 amino acid helix as a spacer (17H,
AEAAAKEAAAKEAAKA)® between the AP and the C-terminal
phytase or eGFP reporter. C-terminal AP constructs contain an
N-terminal eGFP reporter, followed by the 17H spacer domain
and a tobacco etch virus (TEV) cleavage site (ENLYFQG)*® separ-
ating the C-terminal AP. The constructs 17H-TEV-eGFP and
17H-TEV-phytase were used as negative controls, respectively.

The AP-phytase constructs were generated as previously
reported.’® The AP-eGFP constructs were expressed as pre-
viously reported.>® After incubation, the cells were harvested
by centrifugation (3200g, 20 min, 4 °C, Eppendorf centrifuge
5810 R, Eppendorf AG, Hamburg, Germany). Cell pellets were
stored at —20 °C. The AP-eGFP constructs were purified as pre-
viously reported.>

Generation, expression, and purification of Domain-Z
constructs

The DZ of staphylococcal protein A" was used as a separator
between two APs to generate a bioadhesive peptide for retinal
and Parylene C binding. CecA-DZ-OPN-CBM and CecA-4 x
DZ-OPN-CBM were ordered in the pET28(a) vector and
expressed in E. coli BL21 Gold (DE3) according to the pre-
viously published procedure.*® An empty pET28(a) vector with
no insert was expressed accordingly and used as negative
control. The DZ constructs were purified using IgG Sepharose
6 Fast Flow, 10 mL columns (GE Healthcare Life Science,
Chalfont St Giles, UK).

Binding of AP-eGFP fusion constructs on ECM protein-coated
microtiter plates

MTPs coated with col I, col IV, fibronectin and laminin
respectively were purchased (Corning, New York, USA). MTPs
coated with Parylene C were prepared as described below. The
AP-eGFP fusion construct and the eGFP control containing
cell pellets were resuspended in 5 mL gcen Weight_I phosphate
buffered saline (PBS) buffer, pH 7.4. Cells were disrupted with
ultrasound (5 min total time, 15 s on/off pulses, 60% ampli-
tude, VCX 130 ultrasonic processor, Sonics & Materials Inc.,
Newton, USA) and lysate was clarified using centrifugation
(21130g, 20 min, 4 °C, Eppendorf Centrifuge 5424R). The
50 pL volume of cell-free extract (CFE) was supplemented with
50 pL of PBS buffer in a black polypropylene MTP (Greiner
Bio-One International GmbH, Frickenhausen, Germany). The
fluorescence was measured using a 96-well MTP reader, Tecan
Infinite® M1000Pro (Tecan Group, Minnedorf, Switzerland;
Aexcitation = 488 NM, Aemission = 509 nm, gain 50, 50 flashes, 400
Hz flash frequency). The CFEs were fluorescence normalized
to 500 RFU by dilution with PBS.
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Coated MTP wells were washed with 200 pL of PBS buffer
(5 min, room temperature (RT), 600 rpm) and rinsed with
200 pL of ddH,O (5 min, RT, 600 rpm; Microplate Shaker
TiMiX 5, Edmund Biihler GmbH, Bodelshausen, Germany).
The volume of 50 pL of fluorescence normalized CFE (eGFP-
AP and eGFP control) was supplemented with 50 puL of PBS
buffer and incubated in coated MTP wells (10 min, RT, 600
rpm). Binding tests with purified proteins were conducted
with a normalized protein concentration of 1 mg mL™". The
protein concentration was determined using a Pierce™ BCA
Protein Assay Kit (ThermoFisher Scientific Inc., Waltham,
USA). The incubated solution was removed and the wells were
washed twice with PBS buffer (200 pL, 5 min, RT, 600 rpm).
The residual eGFP fluorescence was measured as described
above. Triplicate blank measurements of “empty” coated MTP
wells were included to take the auto-fluorescence of coating
proteins into consideration. The average blank was subtracted
as noise before further analysis of eGFP fluorescence measure-
ments. Statistical significance was analyzed using an unpaired
t-test with Welch’s correction with data consisting of the mean
and standard deviation of all triplicate measurements.

Parylene C coating of stimulating array and microtiter plates

Parylene C (Parylene Dimer DPX-C; Specialty Coating Systems,
Indianapolis, USA) was deposited onto the VLARS using a
chemical vapor deposition (CVD) process (PDS 2010
LABCOTER 2; Specialty Coating Systems) with a final thickness
of 3 pm and patterned using a dry-etching process with oxygen
plasma. The Parylene C encapsulation serves as an additional
moisture barrier due to its hydrophobic behavior. Additionally,
Parylene C is moldable under the influence of elevated temp-
eratures, allowing for adaption to a specific surface.** MTP
wells were similarly coated using CVD with a final Parylene C
thickness of 4.5 pm.

Binding of phytase constructs on Parylene C

AP-phytase fusion constructs and phytase control containing
cell pellets were resuspended in 6 mL . pe“et_l 50 mM Tris/
HCI buffer, pH 7.4. Cells were disrupted with ultrasound
(5 min total time, 15 s on/off pulses, 60% amplitude, VCX 130
ultrasonic processor, Sonics & Materials Inc.) and lysate was
clarified using centrifugation (21130g, 20 min, 4 °C,
Eppendorf Centrifuge 5424R; Eppendorf AG). The activity of
AP-phytase fusion constructs and phytase control in solution
and on Parylene C as a binding substrate was evaluated using
the 4-methylumbelliferyl-B-o-phosphate ~ (4-MUP) assay.*?
Therefore, a 10 mM 4-MUP stock was prepared in 250 mM
sodium acetate buffer (pH 5.5, 250 mM sodium acetate, 0.01%
Tweem-20, 1 mM CacCl,) and diluted to 0.5 mM 4-MUP in
250 mM sodium acetate buffer during the activity assay. CFEs
were diluted 1:100 in 50 mM Tris/HCl buffer, pH 7.4. Next,
60 pL of diluted CFEs was supplemented with 140 pL of
250 mM sodium acetate buffer. Of this solution, 25 pL was
added to a black PP MTP and 25 pL of 4-MUP was added to a
final concentration of 0.5 mM. The activities of phytase con-
structs were evaluated in a Tecan Infinite® M1000Pro (Tecan

This journal is © The Royal Society of Chemistry 2022
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Group, Aexcitation = 360 NM, Aemission = 465 nm, gain 100, 50
flashes, 400 Hz flash frequency). AP-phytase fusion constructs
and phytase control were normalized according to their activity
by dilution in 50 mM Tris/HCI buffer, pH 7.4.

VLARS made from polyimide 2611 coated with Parylene C
were provided by the Department of Ophthalmology
(University Hospital RWTH Aachen) and the Institute of
Materials in Electrical Engineering 1 (RWTH Aachen
University)."®** The VLARS structures were cut into 5 by 5 mm
square pieces and added to sample vials with snap-caps (VWR
International, Radnor, USA). Samples were coated by the
addition of 60 pL of normalized AP-phytase constructs and
phytase controls and incubated for 10 min at 600 rpm and RT.
The solution was removed, and the samples were rinsed once
with 100 pL PBS (10 min, 600 rpm, RT) and washed twice with
100 pL 0.125 mM sodium dodecylbenzenesulfonate (LAS) to
remove any non-specifically bound protein and to reduce
phytase control binding. Next, the activity assay was started by
the addition of 600 pL of 0.5 mM 4-MUP in 250 mM sodium
acetate buffer. The activity was monitored by transferring
50 pL of the reaction solution at 30 min intervals for 3 h to a
black PP MTP, diluting with 50 pL of 250 mM sodium acetate
buffer, measuring the fluorescence using a Tecan Infinite®
M1000Pro (Tecan Group, Aexcitation = 360 NM, Aemission
465 nm, gain 100, 50 flashes, 400 Hz flash frequency). The stat-
istical significance was analyzed using an unpaired t-test with
Welch’s correction with data consisting of the mean and stan-
dard deviation of all triplicate measurements.

Direct and non-direct cytotoxicity testing

Corresponding to the standard ISO10993 “Biological evalu-
ation of medicinal devices” parts 5 and 12 and to previous
work published by Johnen et al., biocompatibility was tested
by analyzing the cell growth after direct contact as well as non-
direct contact, for which cells were incubated with the respect-
ive extractive media.” Following the standard ISO protocol,
sensitive L-929 cells were used. Additionally, the retinal precur-
sor cell line R28 was used to mimic the targeted neurosensory
retinal tissue.”®

The L-929 cells (ATCC No. CCL-1) were maintained in
minimum essential medium (MEM) with Earle’s salts
(PAN-Biotech GmbH, Aidenbach, Germany) supplemented
with 10% fetal bovine serum (FBS; PAN-Biotech GmbH), 2 mM
r-glutamine (Sigma-Aldrich, St Louis, USA), 80 p mL ™" penicil-
lin, and 80 pg mL™" streptomycin (Sigma-Aldrich) at 37 °C in a
humidified atmosphere of 95% air and 5% CO,. The retinal
precursor cell line R28, originating from an immortalized post-
natal day six rat retinal culture, was maintained in Dulbecco’s
modified Eagle’s medium (DMEM; PAN-Biotech) sup-
plemented with 10% FBS (PAN-Biotech), 5.5 mL of 100x MEM
vitamins (ThermoFisher Scientific Inc.), non-essential amino
acids (Biochrom, Berlin, Germany), 80 p mL™" penicillin, and
80 pg mL™" streptomycin (Sigma-Aldrich) at 37 °C in a humidi-
fied atmosphere of 95% air and 5% CO,. The medium was
changed twice a week. The cells were passaged once a week at
a ratio of 1:10.

This journal is © The Royal Society of Chemistry 2022
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In direct cytotoxicity testing, L-929 and R28 cells were culti-
vated on glass or peptesive-coated polyethylene at a density of
31250 cells per cm® or 10 000 cells per cm?, respectively. Cell
viability was measured after 72 h of cultivation using fluor-
escein diacetate (FDA; 5 pg mL ™" in PBS 0.1% acetone, Sigma-
Aldrich), which stains living cells green, and propidium iodide
(PI; 10 pg mL™" in PBS 0.1% acetone, Sigma-Aldrich), staining
dead cells red. Immediately after staining, cell viability was
evaluated using fluorescence microscopy (Leica DM RX
Microscope, Leica Microsystems, Wetzlar, Germany) in several
randomly selected microscopic fields. In total five runs were
conducted, each containing two cultures grown on peptesive-
coated polyethylene and one culture grown on glass as the
corresponding control. The total cell number was normalized
to the respective glass control. The number of dead cells was
calculated as the percentage of the corresponding total cell
number. Data (mean + standard deviation) were compared
with the glass control and analyzed using an unpaired two-
tailed t-test.

In non-direct cytotoxicity testing, materials were incubated
in MEM with Earle’s salts (PAN-Biotech GmbH) for L-929 cells
and DMEM (PAN-Biotech) for R28 cells at 37 °C for 72 h in a
humidified atmosphere of 95% air and 5% CO,. The extractive
media were diluted (1:1, 1:2, and 1:4) and applied to L-929
and R28 cells that were seeded at a density of 31250 cells per
cm? and pre-incubated at 37 °C for 24 h. Viability was analyzed
using the CellTiter-Glo luminescent Cell Viability Assay
(Promega, Madison, WI, USA), which is based on the quantifi-
cation of adenosine triphosphate, indicating the presence of
metabolically active cells, according to the manufacturer’s pro-
tocol. Positive and negative reference materials (RM; Hatano
Research Institute, Hadano, Japan) were used as controls: the
positive RM A shows a moderate level of cytotoxicity and con-
sists of a polyurethane film containing 0.1% zinc ethyldithio-
carbamate; RM B contains 0.25% zinc dibutyldithiocarbamate
and has a weaker cytotoxic effect; the negative RM C consists
of a high-density polyethylene film, which is not cytotoxic.
Moreover, cell culture medium containing 10% dimethyl-
sulfoxide (DMSO 10%) was used as an additional positive cyto-
toxic reference. Cells cultivated on glass were used as another
negative control. Each material was examined twice for every
dilution (1:1, 1:2, and 1:4) in a total of five runs. The mean
values for every dilution were taken for each run and used for
the statistical analysis (ordinary one-way ANOVA (Dunnett’s
multiple comparison test)).

Ex vivo proof-of-principle experiments evaluating the adhesive
capabilities in post-mortem rabbit eyes

To test the adhesive capabilities, the peptesive-coated VLARS
were implanted in post-mortem rabbit eyes, which were
obtained from the Institute of Laboratory Animal Science
(RWTH Aachen University). To reach the posterior pole, open-
sky access was performed by removing the anterior segment of
the eye at the pars plana using a surgical scalpel (No. 11;
Feather Safety Razor Co. Ltd, Osaka, Japan) and curved corneal
scissors (Geuder AG, Heidelberg, Germany). Using a 5 ml
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syringe (B. Braun Melsungen AG, Melsungen, Germany), the
vitreous body was carefully removed in its entirety, revealing
the posterior retinal pole. The coated arrays were carefully
placed on the bare retinal surface and incubated for 60 min at
room temperature without a liquid intraocular tamponade.
The adhesion was tested by carefully lifting the edges of the
array from the retinal surface using surgical forceps (Geuder
AG, Heidelberg, Germany). The results were documented with
a binocular microscope camera (M80; Leica
Microsystems, Wetzlar, Germany).

Additionally, spectral-domain optical coherence (SD-OCT)
and infrared imaging (Spectralis-OCT, Heidelberg Engineering
GmbH, Heidelberg, Germany; Spectralis software version
6.16.2; high-resolution mode; scan focus 41.12 D; camera
objective, wide field 2; scan angle, 55°; pattern size, 55 x 15°;
distance between B-scans, 145 pm; automatic real time (ART)
mode enabled) was performed on enucleated rabbit eyes after
open-sky lentectomy and vitrectomy.

system

Statistical analysis

All statistical analyses were performed with GraphPad Prism
(GraphPad Prism V7, San Diego, USA). Specific information on
the statistical tests used can be found in the corresponding
paragraphs.

Results

Anchor peptide binding to extracellular matrix proteins

Binding of AP-eGFP fusion constructs eGFP-OPN-CBM,
eGFP-KH2 and KH1-eGFP to ECM protein (col I, col IV,
laminin and fibronectin) coated MTPs was analyzed using
fluorescence measurements. The eGFP control was used to

View Article Online
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take any unspecific adsorption of the reporter protein into
consideration. After elimination of unspecific eGFP-reporter
protein adsorption and autofluorescence of the ECM-coated
MTP wells, eGFP-OPN-CBM showed strong adsorption to col I
(76.0 + 18.0 residual fluorescence units (RFU)), col IV (26.0
8.0 RFU), laminin (57.0 + 18.0 RFU), and fibronectin (42.0
7.0 RFU). Binding to col IV and fibronectin appeared to be
slightly reduced in comparison with binding to col I and
laminin. The strongest binding to col I was observed for KH1-
eGFP (160.0 + 12.0 RFU), which otherwise showed only weak
binding to laminin (6.0 + 5.0 RFU) and no observable binding
to col IV or fibronectin. The strongest fibronectin binding was
observed for eGFP-KH2 (171.0 + 36.0 RFU), which also showed
binding to col I (67.0 + 21.0 RFU) and a reduced binding to col
IV (12.0 + 3.0 RFU), but no binding to laminin (Fig. 1). To sum
up, eGFP-OPN-CBM was the only AP that showed binding
capabilities to all four investigated ECM proteins.

I+

I+

Anchor peptide binding to Parylene C

Binding of AP-phytase fusion constructs LCI-YmPh, TA2-
YmPh and CecA-YmPh to Parylene C was determined using
the 4-MUP assay. Phytase without the anchor peptide was used
as a control to account for any unspecific adsorption of the
reporter protein. The reduction of unspecific protein adsorp-
tion was achieved by washing the Parylene C coated arrays
twice with 0.125 mM LAS detergent. The activities of each
immobilized construct were measured over time and the
increase in the fluorescence signal was determined. The
respective slopes of the fluorescence signal over time were
compared with the wildtype phytase without AP. An increase in
the slope ratio Variant/WT indicated a higher increment in
fluorescence over time, suggesting a better and more wash-
resistant immobilization of phytase on Parylene C.

KH1-eGFP eGFP-OPN-CBM
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Fig. 1 Results of the eGFP—AP screening on ECM-protein-coated MTP plates. Blank and eGFP control values were subtracted from each data point
prior to analysis to compensate for autofluorescence of the ECM coating and unspecific binding of the eGFP reporter protein. KH1-eGFP shows
strong binding to collagen |, no significant binding to collagen IV and fibronectin and weak binding to laminin. eGFP—osteopontin binds to all four
tested ECM proteins, strongest on collagen 4 and laminin. eGFP—KH2 shows strong binding to fibronectin, binding to collagen IV and weak binding
to collagen IV. eGFP = enhanced green fluorescent protein, KH1/KH2 = HVFQQPP (KH1)/HVWMQAK (KH2), author's initials, OPN-CBM = osteopon-
tin collagen binding motif. n = 3, data are represented as mean + standard deviation. Statistical analysis with unpaired t-test with Welch's correction.
*p < 0.05 ** p<0.01, *** p <0.0001, ns = not significant. Statistical significance is given for the comparison of the eGFP control with KH1-eGFP,
eGFP-OPN-CBM and eGFP-KH2 on ECM protein-coated MTPs respectively.
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Constructs employing LCI, TA2 and CecA showed an
increased adsorption to Parylene C of 1.2-, 2.9-, and 2.2-fold,
respectively. All constructs showed binding to Parylene C

(Fig. 2).

Selectivity of AP binding to ECM proteins and Parylene C

The selectivity of binding was checked by incubating eGFP-
CecA and eGFP-OPN-CBM on ECM proteins and on Parylene
C, respectively. The strongest binding to Parylene C was
observed for the eGFP-CecA construct (630.0 + 20.0 RFU). A
significantly decreased binding to Parylene C was observed for
OPN-CBM (160.0 + 13.0 RFU). The binding of OPN-CBM was
observed on fibronectin (168.0 + 13.0 RFU), col IV (96.0 + 1.0
RFU), and laminin (214.0 + 13.0 RFU) (Fig. 3).

Effects of direct contact on cell viability

Both L-929 and R28 cells were able to grow on polyethylene
coated with the peptesive CecA-DZ-OPN-CBM. While L-929
cells grew uniformly on the glass and coated polyethylene
(Fig. 4A/B), R28 cells showed cluster growth (Fig. 4C/D).

In the case of the 1-929 cells, the total number of cells culti-
vated on glass was similar to the number cultivated on the
peptide-coated polyethylene (glass, 1543.9 + 726.9; CecA-DZ-
OPN-CBM, 1561.8 + 597.9; Fig. 4E). The percentage of dead
cells was 1.1 + 1.7% on glass and 1.1 + 1.3% on coated poly-
ethylene (Fig. 4G). There was no statistically significant differ-
ence in cell viability between the two groups (glass vs. CecA-
DZ-OPN-CBM, p = 0.893) or in the percentage of dead cells
(glass vs. CecA-DZ-OPN-CBM, p = 0.809).

In the case of the R28 cells, the total number of cells culti-
vated on glass was similar to the number cultivated on coated
polyethylene (glass, 1023.2 + 542.4; CecA-DZ-OPN-CBM,
1105.0 + 561.7; Fig. 4F). The percentage of dead cells was 0.9 +
1.2% for the glass control and 1.9 + 3.7% for coated polyethyl-
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Fig. 3 Results of selectivity screening of CecA and OPN-CBM on ECM
and Parylene C. Blank and eGFP-control values were subtracted from
each data point prior to analysis to compensate for autofluorescence of
the ECM and Parylene C coating and unspecific binding of the eGFP
reporter protein. Cecropin A shows the strongest binding to Parylene C
and significantly weaker binding to ECM components. OPN-CBM shows
binding to all ECM proteins and significantly weaker binding to Parylene
C compared with cecropin A. eGFP = enhanced green fluorescent
protein, OPN-CBM = osteopontin collagen binding motif. n = 3, data
are represented as mean + standard deviation. Statistical analysis with
unpaired t-test with Welch’s correction. ** p < 0.01, *** p < 0.001, **** p
< 0.0001. Statistical significance is given for the comparison of eGFP
control with eGFP-OPN-CBM and eGFP-CecA on ECM protein coated
MTPs respectively.

ene (Fig. 4H). There was no statistically significant difference
in cell viability between the two groups (glass vs. CecA-DZ-
OPN-CBM, p = 0.839) or in the percentage of dead cells (glass
vs. CecA-DZ-OPN-CBM, p = 0.088).

B eGFP-Osteopontin
eGFP-Cecropin A

Parylene C

Fig. 2 Comparison of RFU min~ slopes of each phytase construct in relation to WT control after 2 x 0.125 mM LAS washing. The C-anchored con-
struct of YmPh—-CecA shows a 6.4-fold higher slope. This indicates a 6.4-fold increased immobilization of phytase and hence shows that anchor
peptide cecropin A is able to bind to Parylene C. N-anchored constructs of LCI-YmPh, TA2—YmPh and CecA-YmPh show 1.25-, 2.95- and 2.2-fold
increased immobilization of phytase. The C-anchored CecA AP is the strongest binder. WT = wildtype Yersinia molaretti phytase, no anchor peptide;
LCI-YmPh = liquid-chromatography peak 1 — Yersinia molaretti phytase construct; TA2-YmPh = tachystatin A 2 — Yersinia molaretti phytase con-
struct; CecA-YmPh = cecropin A — Yersinia molaretti phytase construct; YmPh — CecA = Yersinia molaretti phytase — cecropin A construct. n = 3,
data are represented as slope ratio + standard deviation. Statistical analysis with unpaired t-test with Welch's correction. ** p < 0.01, ns = not signifi-
cant. Statistical significance is given for the comparison of LCI-YmPH, TA2-YmPH, CecA—-YmPH and YmPh-CecA to WT YmPh on Parylene C
respectively.
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Fig. 4 Effects of direct and indirect contact on cell viability. A/B: Viability of L-929 cells in direct contact with peptide CecA—DZ-OPN-CBM. In flu-
orescence microscopy vital cells are green, dead cells are red. A: L-929-cells on a CecA-DZ-OPN-CBM-coated wafer. B: L-929-cells on glass as a
control. The L-929-cells grow evenly distributed. Note the low quantity of dead cells (red). C/D: Viability of R28 cells in direct contact with peptide
CecA-DZ-OPN-CBM. In fluorescence microscopy vital cells are green, dead cells are red. C: R28-cells on a CecA-DZ-OPN-CBM-coated wafer.
D: R28-cells on glass as a control. The R28 cells grow in patches. Again, only a few dead cells can be observed (red). E: Effects on the total cell
number of L-929 cells in direct contact. Cell viability measured after 72 h of exposure. Total cell number of L-929-cells normalized to cells plated on
glass control. No significant difference in cell number detected (glass, n = 5; CecA-DZ-OPN-CBM, n = 10). F: Effects on total cell number of R28
cells in direct contact. Cell viability measured after 72 h of exposure. Total cell number of R28 cells normalized to cells plated on glass control. No
significant difference in cell number detected (glass, n = 5; CecA—DZ-OPN-CBM, n = 8). Data are represented as mean + standard deviation. ns =
not significant. G: Percentage of dead L-929 cells. No significant difference in cell death detected. H: Percentage of dead R28-cells. No significant
difference in cell death detected. I: Effects of indirect contact on cell viability of L-929 cells (n = 5). Cell viability measured after 24 h of exposure.
Tests of 1: 1 dilution of extracted media from CecA-DZ-OPN-CBM, 10% dimethylsulfoxide (DMSO 10%) as a negative control and certified positive
(RM A, RM B) and negative (RM C) reference materials. Extractive medium from glass was used as an internal control; its mean values are marked by
the dotted lines. Significant decrease in luminance for DMSO 10% (p < 0.0001), RM A (p < 0.0001) and RM B (p < 0.0001). No difference in luminance
for CecA—DZ-OPN-CBM (p = 0.9302) and RM C (p = 0.9980) compared with the glass control. J: Effects of indirect contact on cell viability of R28
cells (n = 5). Cell viability measured after 24 h of exposure. Tests of 1:1 dilution of extracted media from CecA-DZ-OPN-CBM, 10% dimethyl-
sulfoxide (DMSO 10%) as a negative control and certified positive (RM A, RM B) and negative (RM C) reference materials. Extractive medium from
glass was used as internal control; its mean values are marked by the dotted lines. Significant decrease in luminance for DMSO 10% (p < 0.0001), RM
A (p < 0.0001) and RM B (p < 0.0001). No difference in luminance for CecA—DZ-OPN-CBM (p > 0.9999) and RM C (p = 0.9915) compared with the
glass control. Data are represented as mean + standard deviation. Statistical analysis with ordinary one-way ANOVA (Dunnett's multiple comparison
test). **** p < 0.0001, ns = not significant.

Effects of non-direct contact on cell survival

The effects of the extractive media, obtained by incubation of
MEM with Earle’s salts (PAN-Biotech GmbH) for L-929 cells
and DMEM (PAN-Biotech) for R28 cells in contact with CecA-
DZ-OPN, glass, DMSO 10% and RM A, RM B and RM C, on
cell survival of L-929 cells showed no difference in cell survival
compared with the glass control (CecA-DZ-OPN, 2.76 x 10° +
2.97 x 10° RLU vs. glass, 2.88 x 10° + 3.22 x 10% p = 0.931;
Fig. 41). There was no difference in cell survival comparing the
extractive media from the peptesive-coated polyethylene with
the extractive media from the glass control or extractive media
from the negative control RM-C (RM-C, 2.82 x 10° + 2.69 x 10°
RLU vs. glass, 2.88 x 10° + 3.22 x 10% p = 0.998; Fig. 4I). The
positive (cytotoxic) controls DMSO 10%, RM A and RM B
showed a reduction of luminescence compared with the glass
control (DMSO 10%, 1.19 x 10° + 4.04 x 10> RLU; p = <0.001;

3288 | Biomater. Sci, 2022,10, 3282-3295

RM A, 5.43 x 10° + 6.12 x 10> RLU; p = <0.001; RM B, 6.38 x 10"
+1.11 x 10° RLU; p = <0.001; Fig. 41). The reduction of lumine-
scence in the positive (cytotoxic) controls decreased with
increased dilution corresponding to a reduced cytotoxicity
(data for 1:2 and 1:4 dilution not shown).

For the survival of R28 cells similar results were obtained,
with no difference comparing CecA-DZ-OPN and the glass
control (CecA-DZ-OPN, 2.84 x 10° + 4.37 x 10°> RLU vs. glass,
2.84 x 10° + 5.05 x 10°; p = >0.999; Fig. 4]). No difference in
cell survival comparing the extractive media from the peptesive
coated polyethylene with the extractive media from glass
control or extractive media from the negative control RM C was
detected (RM C, 2.95 x 10° + 4.03 x 10> RLU vs. glass, 2.84 x
10° + 5.05 x 10°%; p = 0.992; Fig. 4]). The positive (cytotoxic) con-
trols DMSO 10%, RM A and RM B showed a reduction of
luminescence compared with the glass control (DMSO 10%,
8.11 x 10" + 4.40 x 10" RLU; p = <0.001; RM A, 2.55 x 10> + 6.69

This journal is © The Royal Society of Chemistry 2022
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x 10> RLU; p = <0.001; RM B, 1.65 x 10" + 1.60 x 10" RLU; p =
<0.001; Fig. 4]). Again, reduction of luminescence in the posi-
tive (cytotoxic) controls decreased with increased dilution
corresponding to reduced cytotoxicity (data for 1:2 and 1:4
dilutions not shown).

Retinal adhesion in post-mortem rabbit eyes

Via an open-sky approach, the vitreous cavity was accessed
safely. Using a syringe, the vitreous body was completely
removed. After removal of the vitreous, the coated arrays were
safely placed on the posterior retinal pole. Incubating for
60 min at room temperature simulated a post-surgical air tam-
ponade in an in vivo procedure.

Overall, the retina was attached to the coated array when
the array’s wings were carefully lifted from the surface with a
surgical forceps. Coating with the peptide CecA-1 x DZ-OPN-
CBM showed epiretinal adhesion, as seen in the light reflec-
tions and elevated intraretinal blood vessels (Fig. 5A, black
arrows). Greater traction would separate the array eventually,
without permanently damaging the retina underneath. The
CecA-4 x DZ-OPN-CBM coating showed epiretinal attachment
(Fig. 5B). There was a visible ridge in the retina caused by its
attachment to the lifted wing of the coated array (Fig. 5B,
white arrows; note the sharp turn in retinal vessels). Yet again,

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

R28 cells

H
-~

2.0+
ns

E
1

Normalized Total
Cell Number
& 2

T
Glass CecA-DZ-OPN

R28 cells

8.0
ns

Dead Cells [%)]

o
)
1

o
o
T

Glass CecA-DZ-OPN

R28 cells

- o
o © o
> ~ ©
Lo

=
Luminescence [RLU] H
s

greater forces applied with the surgical forceps lifted the array
of the retina without causing retinal damage. Having a larger
spacer domain (4 x DZ being four times as large) did not have
noticeable benefits for the adhesion in this experiment.
Fig. 5C shows the EV-coated control array. Here, epiretinal
adhesion was not achieved, as the array peeled off
without adhering to the retinal surface. SD-OCT imaging
showed signs of closer epiretinal adhesion in CecA-DZ-OPN-
CBM-coated arrays (Fig. 5D/E) compared with an EV-coated
array (Fig. 5F). While multiple points of adhesion were seen
in the CecA-DZ-OPN-CBM-coated array (Fig. 5D/E, white
arrows), larger epiretinal spaces were apparent in the EV-
coated array (Fig. 5F, white asterisk). Central elevation of the
sclera, choroid and retina occurred due to the lack of vitreous
after open-sky vitrectomy, resulting in a decreased ocular
posture.

Discussion

While using retinal tacks to fixate epiretinal stimulating arrays
is the established method of choice, the disadvantages are
evident and have been repeatedly shown in literature."”™"’
Inevitable damage to the retina, insufficient alignment to the
retinal surface and a traumatic removal procedure emphasize
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Fig. 5 Retinal adhesion of the coated array in post-mortem rabbit eyes. A: Epiretinal array coated with CecA-1 x DZ-OPN-CBM on retinal surface
after open-sky vitrectomy. The arrows show the retinal adhesion. B: Epiretinal array coated with CecA-4 x DZ-OPN-CBM on retinal surface after
open-sky vitrectomy. The arrows show the retinal adhesion. Note the lifted retina and crease in retinal blood vessels. C: Array coated with empty
vector (EV). No epiretinal adhesion was seen. D/E: En-face infrared imaging (left) and spectral-domain optical coherence tomography (SD-OCT)
(right) of the CecA-4 x DZ-OPN—-CBM-coated array on the posterior retinal pole. The green arrow shows the localization of the OCT B-scan. The
white arrows display retinal adhesion to the coated array’'s surface. The white asterisk shows the space between the array and the retinal surface. F:
En-face infrared imaging (left) and spectral-domain optical coherence tomography (SD-OCT) (right) of the empty vector (EV)-coated array on the
posterior retinal pole. The green arrow shows the localization of the OCT B-scan. The empty vector-coated array is positioned on the posterior
retinal pole. The white arrows display retinal adhesion to the coated array’s surface. The white asterisk shows space between the array and the

retinal surface.

the need for a novel approach in epiretinal fixation and led us
to investigate the AP-based peptesive concept.”>” In the
BioAdhere study we developed a selectively binding, biocompa-
tible peptesive showing promising results in ex vivo proof-of-
concept experiments.

Adhesives for ocular use ideally are non-toxic and non-
inflammatory, have sufficient adhesive properties, are easy to
apply and function shortly after application.”" A certain reversi-
bility is also of use, especially in the context of retinal pros-
theses, where safe removal in the case of malfunction is
crucial. With methyl-2-cyanoacrylate Bloomfield et al. first
introduced an adhesive in ophthalmology, successfully closing
limbal conjunctival wounds in rabbits.”> Further studies intro-
duced the intraocular use of cyanoacrylate derivatives in the
treatment of retinal detachment and macular holes in
33758 However, cytotoxicity and difficult application
due to rapid polymerization disqualified cyanoacrylate for fix-
ating epiretinal arrays.’’>>® Synthetic polymeric adhesives

humans.

3290 | Biomater. Sci,, 2022,10, 3282-3295

additionally tend to release heat during their rapid exothermic
formation process, possibly causing damage to the retina.’®
More recent polymeric approaches such as plasma polymer-
ized-N-iso-propyl acrylamide (ppNIPAM) showed promising
results for fixating Parylene C coated poly(dimethyl siloxane)
(PDMS) implants on the retinal surface, yet with a detachment
approx. 30% sufficient adhesion remains
questionable.”™®*" While pegylated hydrogels showed promis-
ing results concerning the strength of adhesion and consist-

rate  of

ency, moderate toxicity to retinal photoreceptors was found in
some subtypes.’>®®> With fibrin glue, cross-linked gelatin, sea
mussel adhesive (Cell-Tak; secreted by sea mussel Mytilus
edulis to attach to rocky ground) and transforming growth
factor beta (TGF-beta) bioadhesives were introduced.>*>**~®® In
the case of Cell-Tak cases of ocular inflammation and unsatis-
factory adhesive behavior were reported; fibrin glue, cross-
linked gelatin and TGF-beta lacked adhesive capabilities while
showing mixed biocompatibility.’"*® Roessler et al. showed

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1bm01946e

Open Access Article. Published on 18 May 2022. Downloaded on 12/5/2025 8:11:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

View Article Online

Paper

Table 1 Quantitative adhesion testing on several adhesives used for retinal applications

Adhesive tested

Adhesive force reported Adhesion test method

Tunc et al., 2007°
Margalit et al., 2000°° Hydrogels
SS-PEG
SPA-PEG
ST-PEG
Fibrin sealants
Commercial fibrin
Autologous fibrin
Photocurable glues
3321°
Lm219“
M181°
Cell-Tak
Chen et al., 2006°°

Plasma polymerized N-isopropyl acrylamide (pNIPAM)

Gelatin microbial Transglutaminase (Gelatin-mTG)

148.0 mN Pull test
90.7 mN

154.5 mN
546.6 mN

Strain gauge test

37.0 mN
14.2 mN

42.0 mN
20.5 mN
42.0 mN
0.0 mN

1.2-2.3 Nem™> Lap-shear strength test

SS-PEG, succinimidyl ester of polyethylene glycol-bis-succinic acid; SPA-PEG, succinimidyl ester of polyethylene glylcol-bis-propionic acid.
ST-PEG, succinimidyl-glutaryl + thiol-polyethylene glycol. “ Product nomenclature by producer.

intriguing results using immobilized laminin peptide compo-
sites to fixate polyimide microstructures.®® While good bio-
compatibility and adhesive properties were suggested, a con-
clusive report on the matter has not been published yet. While
a few studies have established quantitative methods to
measure adhesion, none of these studies has applied the
approach in a physiological setting inside the ocular
bulb.>>°>**> Most studies on the matter chose to report quali-
tative findings on the adhesive properties of the applied
substances.’'?326738,00,62,63,6668 ‘maple 1 sums up the few
reported quantitative findings of adhesive forces in adhesives
used on the retinal surface (Table 1). Note, that due to differ-
ences in the experimental set-ups, comparing results is not
possible. Overall, the established adhesives did not fully meet
the requirements for fixating epiretinal arrays. Thus, we
further explored the possibility of using APs.

APs were shown to bind to a variety of surfaces, natural and
synthetic, and lent themselves as a suitable approach to
immobilize synthetic epiretinal arrays on the natural retinal
structure. Immobilization of functional biological moieties at
the nano-scale (enzymes, proteins)'®** as well as at the micro-
scale (microgels)*! employing APs as adhesion promotors was
reported. The APs LCI, TA2 and CecA were reported to bind to
polymeric surfaces - LCI and CecA to PP** and TA2 to PS.*'
Hence, these APs were investigated in this study as potential
binders to Parylene C. The concept of peptesives has been
proven at the micro-scale by immobilization of 5-25 pm sized
PCL containers on stainless steel.'® Herein, we report the first
application of AP-based peptesives at the macro-scale by fix-
ation of epiretinal arrays on the retinal surface.

Therefore, ECM binding peptide sequences were selected
from the literature reports. Currently known collagen binding
sequences are naturally occurring collagen binding proteins
such as collagen-binding adhesion protein 35 (CNA35),”° pep-
tides of the van Willebrand Factor’* or the CBM of OPN, a
protein which is involved in the mineralization of bones.””
Additionally, phage display libraries were screened for collagen

This journal is © The Royal Society of Chemistry 2022

binding peptides and the consensus sequence H-V-F/W-Q/M-
P/A-P/K was reported as highly affine and specific for col I
binding.** In this study, the CBM of OPN and the peptides
KH1 and KH2 were tested for ECM protein binding. As deter-
mined herein, KH1 and KH2 peptides showed significantly
stronger binding to col I compared with col IV. This finding
confirms the reports of Helms et al.** and shows the applica-
bility of the eGFP-based MTP screening protocol used for the
identification of ECM binding peptides. Different binding
behaviors of KH1 and KH2 were observed for fibronectin
binding. Where KH2 showed the strongest binding to fibronec-
tin, KH1 did not show any fibronectin binding activity. This
finding suggests that the composition of the reported consen-
sus sequence influences the binding specificity of the peptide
towards further ECM components. Both peptides differ in
three out of six amino acids. These differences in binding be-
havior show the potential of the limited six amino acid
sequence space which yielded the two investigated peptides.
Hence, methods like protein engineering can be applied to
further fine tune the binding behavior of the identified pep-
tides by, for example, engineering them for increased binding
strength.>"” Both KH1 and KH2 showed little to no binding
towards laminin, making KH1 a very specific col I-binding
peptide and KH2 a more promiscuous variant with slight col
IV- and strong fibronectin-binding abilities. The CBM of OPN
showed binding to all four tested ECM components. This
finding is consistent with reports of OPN binding to Col
1’>7%7% and fibronectin.”® Herein, we report further binding
capabilities of OPN-CBM to col IV and laminin. Due to its pro-
miscuous binding to all tested ECM components, OPN-CBM
was chosen as the AP for ECM binding in the final peptesive
variant. The binding mechanism of OPN-CBM to the tested
ECM components, especially collagens, is based upon protein—
protein interactions.”” These interactions derive from a diverse
interplay of physical and chemical forces. OPN-CBM harbors
several hydrophobic amino acids such as Met, Phe and Tyr,
which govern hydrophobic protein-protein interactions.”®

Biomater. Sci, 2022, 10, 3282-3295 | 3291
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Further, the positively charged amino acids within OPN-CBM,
Arg, Lys and His can govern electrostatic attraction with nega-
tively charged residues, e.g. Asp in the Arg-Gly-Asp cell
binding site of fibronectin and laminin and glycans thereof.”

Retinal stimulators such as the VLARS structure require the
use of a flexible multielectrode array that allows insertion of
the large structure into the eye. The VLARS structure is encap-
sulated in Parylene C, which serves as a flexible moisture
barrier to prolong the device’s lifespan in the moist conditions
of the inner eye.>* As this outmost layer of the VLARS encoun-
ters the retina directly, it was identified as primary binding
partner for the attachment of the peptesive to the retinal sti-
mulating array. Identification of a Parylene C binding AP was
performed using a phytase reporter protein as previously
reported.’® The investigated AP LCI, TA2 and CecA have been
reported to bind to synthetic polymers such as PP and
PS.">*173 Hence, these three APs were also investigated for
their Parylene C binding ability. All three tested APs showed
binding, with CecA displaying the strongest binding. In the
bound state the APs, which are also reported as AMPs, are no
longer available to permeabilize bacterial or fungal mem-
branes, hence obstructing their antimicrobial activities. With
AP CecA the orientation of the AP on the reporter protein was
investigated. CecA showed binding to Parylene C as both
CecA-YmPh and YmPh-CecA constructs. As the orientation of
the AP on the reporter protein did not influence the binding
ability of the AP, it is deduced that the binding domains are
not obstructed by attachment to larger proteins. This finding
suggests that attachment to the DZ separator protein will also
not alter the binding ability. As both orientations of the APs
are potential candidates for Parylene C binding in the final
peptesive, the choice of final orientation was made based
upon the orientation of the ECM binding AP. The results indi-
cate that the hypothesis of CecA Parylene C binding capabili-
ties remains true. The binding mechanism can be compared
with the described AP-surface interactions such as n—r inter-
actions. Parylene C consists of an aromatic xylylene with delo-
calized n electrons which can interact with CecA’s aromatic
amino acid residues such as Trp and Phe via =n-n
interactions.*™®>®! Further similarities between CecA binding
to Parylene C and previously reported surfaces are noted: CecA
reportedly binds to hydrophobic surfaces such as PP through
hydrophobic interactions and to the hydrophobic and phenyl-
containing PS.*° Hence, the binding mechanism of CecA to
Parylene C is expected to be a combination of n-n and hydro-
phobic interactions between peptide and polymer.

Taking the results of ECM and Parylene C screening into
account, it was decided to construct a bioadhesive peptide con-
taining the C-anchored OPN-CBM to promote ECM protein
adsorption as well as the N-anchored CecA to promote
Parylene C adsorption. Both APs were separated by DZ as a
spacer group.

Both chosen APs were tested for selectivity between
Parylene C and ECM components. Within these experiments,
both APs were normalized to a concentration of 1 mg mL ™"
Notably, binding of the OPN-CBM construct to ECM com-
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ponents is slightly stronger than binding of the CecA construct
(Fig. 3). This difference in binding behavior is most prominent
for the example of laminin. Here, OPN-CBM shows signifi-
cantly stronger binding compared with CecA. Likewise,
binding of CecA is stronger on Parylene C compared with
binding of OPN-CBM. These results indicate a preferred orien-
tation of CecA towards Parylene C. Hence, it is likely that in
the final peptesive construct directed immobilization will
occur, orienting the CecA towards the epiretinal array while
the OPN-CBM is oriented towards the retinal ECM. As the
array will be coated prior to implantation, the higher binding
strength of CecA to Parylene C suggests that the ECM binding
OPN-CBM will not be obstructed after coating of the array.

Diverse other studies have reported peptide-based
adhesives. However, no peptide-based adhesive has been
reported for intra-ocular use. The reported adhesive cannot be
compared directly, due to the use of different test methods as
well as different binding targets. Single molecule force spec-
troscopy (SMFS) measurements of peptide-based adhesives
report binding forces per molecule. Surface force apparatus
(SFA) measurements report binding energies per area. For
intra-ocular adhesives, binding forces for the evaluated
adhesive are reported as the binding force for the adhesive in
total. Peptide-based adhesives are applied to hard surfaces (Li
et al.®?), wet organic surfaces (Levine et al®®) and organic
porcine tissue (Ma et al.®*). Adhesives have been derived from
mussel foot proteins (Lys-DOPA peptide and MFP-3s
peptide).*>® Others are supercharged polypeptides (SUPs),
genetically engineered elastin variants with high net charge
through the introduction of lysine residues in the elastin pen-
tapeptide repeat unit. Thereon, the aromatic surfactant
sodium dodecylbenzene sulfonate (SDBS) has been added via
electrochemical interactions, generating an adhesive with a
variety of interaction potentials.®*

The peptesive we have described in our study also harbors
lysine residues (15 in total, compared with 18 in SUP-SDBS) as
well as tyrosine, the proteinogenic precursor amino acid to
1-DOPA, which is also present in MFPs. We expect similar
binding strength to MFP-3 to hydrophobic SAMs for the
binding towards hydrophobic Parylene C due to the presence
of lysine and tyrosine residues in our peptesive. The presence
of a similar count of charged residues as in SUP-SDBS appears
to inflict stronger binding to the retinal tissue, as shown for
SUP-SDBS to porcine tissues. The reported peptesive can also
interact electrostatically through lysine residues, hydrophobi-
cally through hydrophobic residues Met, Phe and Tyr and via
n-7m, and n—cation interactions between aromatic and charged
groups.

The resulting peptesive CecA-DZ-OPN-CBM was subjected
to in vitro cytotoxicity experiments. The use of L-929 and R28-
cells as sensitive and retina-specific cell lines in cytotoxicity
experiments has been documented.*>*® 1.-929 cells are fibro-
blast cells from subcutaneous connective tissue of an adult
C3H mouse.®® The L-929 cell line is the oldest continuous cell
line, having been established in 1948 by Earle.® In a compara-
tive study, L-929 cells were shown to be particularly sensitive to

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1bm01946e

Open Access Article. Published on 18 May 2022. Downloaded on 12/5/2025 8:11:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

a cytotoxic reference material (polyetherurethane film contain-
ing 0.1% zinc diethyldithiocarbamate).®® Immortalized R28
retinal precursor cells have successfully been used in studies
on, inter alia, retinal transplantation, growth factor effects and
electrophysiology.>® As they retain neuronal and retinal pro-
perties, they are especially useful for simulating a physiological
ocular environment.*>® In correspondence to the ISO 10993
“Biological evaluation of medical materials” part 5 (tests for
in vitro cytotoxicity) qualitative grading system for cellular reac-
tivity, the tested CecA-DZ-OPN-CBM received grade 0O,
showing no signs of intracellular morphologic changes, cytoly-
sis or decrease in cellular growth. The quantitative analysis
showed approx. 1-2% dead cells for L-929 and R28 cell lines
without an increase compared with the control. A decrease in
cellular viability of greater than 30% is recognized as a cyto-
toxic effect of a tested substance. In non-direct cytotoxicity
testing, there were no significant differences in luminance,
representing cell deaths, compared with the control. Overall,
cytotoxicity was ruled out. Further tissue interaction must be
evaluated in in vivo experiments.

In the cell culture experiments R28 cells showed a more
clustered growth pattern both on glass and on coated wells.
Johnen et al. also reported a clustered growth of R28 cells, yet
they saw a pronounced cluster growth of R28 cells on wafers
coated with vertically aligned multiwalled carbon nanotubes.*
In our experiment, CecA-DZ-OPN-CBM coating did not
further affect the R28 cell growth pattern.

The ex vivo proof-of-concept experiments using post-
mortem rabbit eyes showed epiretinal adhesion, even though
the arrays could be lifted off the retinal surface when applying
traction. While in vivo the eye is exposed to vibration and the
retinal array experiences shear forces, lifting the array of the
retina in an ex vivo setting using a forceps does not represent
physiological stress.?” Also, the retinal adhesion to the retinal
pigment epithelium must be considered. Retinal adhesion is
higher in vivo compared with ex vivo.*®® The open-sky
approach allows easy access to the posterior segment. In flat,
large epiretinal arrays the scleral curvature can lead to gaps
between the surface and the array, especially when using a
single central tack.'® The coated arrays align to the said curva-
ture, granting an advantage for that method of fixation. In
further experiments, ie., in an in vivo setting, pars-plana
vitrectomy with a vitreous cutter would be desirable, especially
to grant controlled vitreous detachment and removal of corti-
cal vitreous from the retinal surface. The influence of repeated
DZ spacer groups was investigated in a post-mortem rabbit eye
experiment, but did not result in improved retinal adhesion,
suggesting the APs are responsible for the binding strength
rather than the DZ spacer. Due to the lack of clinically avail-
able adhesives for retinal applications we could not add a posi-
tive comparator in our study.

Within this study we identified peptides with ECM and
Parylene C binding abilities and constructed a bioadhesive
peptide (peptesive). We evaluated it as safe for intraocular use
as well as establishing the peptesive as an advantageous
method of fixation for epiretinal arrays compared with the cur-
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rently used tack fixations. Due to the oriented immobilization
of the peptesive on the epiretinal array, ECM binding is not
hindered. Therefore, this is the first study to prove the applica-
bility of peptesives for the fixation of macroscopic objects.
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