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ABSTRACT
Cell culture of neuronal cells places high demands on the surface for these cells to adhere to and grow on. Native extracellular 
matrix (ECM) proteins are often applied to the cell culture surface. The substrate is even more important when mechanical 
strain is applied to the cells in culture. These cells will easily detach and die, precluding the study of how mechanical factors 
affect these cells. Mechanical factors are, for example, important in the eye disorder glaucoma, which is characterized by the 
loss of the retinal ganglion cells (RGCs), the retinal neurons that transfer the visual information from the retina via the optic 
nerve to the brain. High intraocular pressure is the main risk factor of glaucoma. Here, we aimed to find an optimal coating 
formulation for mechanical testing of the two cell types that are often used for in vitro studies on glaucoma: primary rat retinal 
ganglion cells (RGCs) and the neuronal PC-12 cell line. Glass and polymer coverslips as well as well plate wells were coated 
with various substrates: fibronectin, collagen 1, RGD peptide, polyethyleneimine (PEI), poly-D-lysine (PDL), and laminin. We 
used a thermomixer for 1 min at 500RPM and 37°C to apply mechanical strain and test cell attachment in medium throughput 
during mechanical stimulation. Cell density, morphology, and cell death were measured to evaluate the coatings. First, a screen 
of various surfaces and coatings was performed using PC-12 cells, after which a selection of coating strategies was tested with 
RGCs. For PC-12 cells, the best results were obtained using a coating with a mixture of 10 μg/mL PDL with 2 or 50 μg/mL laminin 
in PBS (M2). This resulted in the highest cell density, with and without mechanical stimulation. Many other coating strategies 
failed to provide an effective substrate for adherence and growth of PC-12 cells. Coating composition as well as coating strategy 
influenced cell attachment and survival. Contrary to PC-12 cells, RGCs performed better in a sequential coating of first 10 μg/
mL PDL and then 2 μg/mL laminin (S2). With this protocol, RGCs showed best neurite growth and highest cell density. Based on 
this difference between PC-12 cells and RGCs, we conclude that the optimal coating depends on the cell type. When reporting 
cell culture studies, it is important to fully specify culture surface, surface treatment, and coating protocol since all these factors 
influence cell attachment, growth, and survival.
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medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1   |   Introduction

Human tissues are composed of cells and extracellular matrix 
(ECM). The ECM gives support to cells and provides necessary 
cues for proliferation, differentiation, migration, and survival 
[1, 2]. When cells are cultured in the lab, they are often grown 
on tissue culture plastic (TCP). These surfaces can be plasma 
treated to make the polystyrene more hydrophilic, improving 
adherence of cultured cells. While this approach is adequate to 
culture a wide variety of cell types, it is not suitable for some cell 
types, such as neuronal cells. For neuronal cells, standard TCP 
is too stiff and may fail to provide the correct adhesive ligands 
present in native ECM [3]. Neuronal cells appear to require an 
ECM coated surface that better represents the physico-chemical 
properties of the native tissue environment [4, 5]. Many different 
coatings, mimicking native ECM, have been used for neuronal 
cell culture, such as poly-D-lysine (PDL) and laminin. Other 
frequently used coatings are collagen, fibronectin, polyeth-
yleneimine (PEI), and poly-L-lysine [6–11]. Besides plastic, glass 
coverslips are used as surfaces for substrate coating to culture 
neuronal cells [10].

Such ECM- and synthetic-coated substrates can be very useful 
when establishing in vitro models to further deepen our under-
standing of glaucoma, where elevated intraocular pressure is an 
important risk factor. This suggests that mechanical strain plays 
an important role in the pathology [12]. Glaucoma is character-
ized by the death of retinal ganglion cells (RGCs), the retinal 
neurons that project their axons through the optic nerve to the 
brain [13]. In order to analyze the mechanical aspects of RGC 
death, we simulate this mechanical strain in vitro [14]. In pilot 
experiments applying pressure to primary rat RGCs and the 
neuronal PC-12 cell line in vitro, we noticed that many cells de-
tach in these mechanical strain conditions, making a detailed 
analysis of the relevant cell biological events difficult. Therefore, 
we performed this study aiming to find an optimal coating for 
these in vitro model experiments.

Many different coatings have been reported in the literature to 
culture RGCs. Most often, a combination of PDL and laminin is 
used, but this coating is not standardized in terms of coating pro-
tocol and concentrations of the components [15–33]. In addition, 
coating protocols are often incompletely reported: for example, 
laminin concentration is frequently not reported, or the concentra-
tion is reported, but not the coating protocol (layer-by-layer coat-
ing or mixed in a buffer). Currently, it is unclear which coating is 
best for the two cell types that are of most interest for glaucoma 
in vitro models: primary rat RGCs and the PC-12 cell line, used as 
a neuronal cell model [34, 35]. The present study aimed to find a 
coated surface that allows RGCs to grow well and remain attached 
both under normal conditions and under mechanical strain com-
parable to conditions occurring in glaucoma. As a reproducible 
method of mechanical stimulation, we used a thermomixer with 
the following settings: 500RPM for 1 min at 37°C. Various surfaces 
and a variety of coatings reported in the literature were tested. 
We first screened a wide spectrum of coatings with the neuronal 
cell line PC-12. After this, a selection was tested with primary rat 
RGCs. The readouts were cell density, cell death, and morphology. 
As mentioned above, it is our aim to find a suitable substrate to 
which the cells would attach and remain available for future re-
search. We chose this method not as a mimic for glaucoma, but as 

a reproducible method for mechanical stimulation that challenges 
the adhesion.

2   |   Methods

2.1   |   Surfaces

We chose three different surfaces for our study, that is, glass cov-
erslips, Ibidi polymer coverslips, and polystyrene wells. A 12 mm 
(diameter) Menzel glaser #0 coverslip (Lot 0589 Thermo Scientific) 
was either washed with 70% ethanol in a 50 mL tube under constant 
agitation of a roller bench for > 1 month (ethanol was refreshed 
every 2–3 days to ensure optimal cleaning) or piranha-etched for 
50 min in a glass beaker with piranha solution (3:1 sulfuric acid/
hydrogen peroxide) while stirred regularly. Etched coverslips were 
washed afterward and stored in 70% ethanol until use. Uncoated 
#1.5 Ibidi polymer coverslips (25 mm × 75 mm, Ibidi 10,813) were 
manually punched to 12 mm coverslip size and stored in 70% eth-
anol until used. Lastly, untreated tissue culture plastic of 24-well 
plates (Falcon 24-well Polystyrene Clear Flat Bottom Not Treated 
Cell Culture Plate 351,147) was used as the coating surface.

2.2   |   Coatings

Coverslips were sterilized in 70% ethanol for at least 30 min and 
rinsed with sterile water (Cell culture grade, 10,001,342, Thermo 
Fisher) before coating with the different types of compounds and 
protocols. We chose the following coatings and variations of coat-
ings based on literature and previous experiments: Layer-by-layer 
(sequential) poly-D-lysine (PDL)/laminin [9, 20, 25, 31–33, 36–39] 
and polyethyleneimine (PEI)/laminin [7, 9, 40] coatings, or coat-
ings made with a mixture of PDL and laminin [8, 11, 41, 42], as 
well as commercially available PDL/laminin coated coverslips 
(BioCoat, Corning 354,087, proprietary formula) [43–46]. We also 
tested other coatings often used in cell culture, that is, fibronectin 
[7, 47], collagen 1 [42, 48], and RGD peptide [49]. Lastly, we tested 
laminin covalently bound to coverslips [50].

We chose three different laminin concentrations in the range of 
2–50 μg/mL, as often reported in the literature. Many papers fail 
to specify coating concentrations [17, 29, 30, 33, 37] and/or do 
not mention whether laminin was mixed with PDL or applied 
layer-by-layer [17, 27–30]. We studied both mixed and sequential 
coating strategies.

For layer-by-layer (sequential) PDL/laminin coating, surfaces 
(coverslips and wells) were coated with 10 μg/mL poly-D-lysine 
(PDL, P6407, Sigma-Aldrich) for 30 min in sterile water. Coverslips 
were then washed three times with sterile water and coated with 
2 μg/mL (S2), 20 μg/mL (S20), or 50 μg/mL (S50) laminin (Cultrex 
3400-010-02, R&D Systems) in Neurobasal medium by incubating 
overnight in a 37°C and 5% CO2 incubator. Coated surfaces were 
washed three times with Neurobasal medium before cell seeding.

PEI/laminin coating was done using 0.1% polyethyleneimine 
(PEI, 764604, Sigma-Aldrich) solution diluted in sterile water, 
incubated overnight at 4°C, followed by three washes with ster-
ile water and coating with 2 μg/mL laminin (PEI 2) or 20 μg/
mL laminin (PEI 20) diluted in sterile water, incubated for 1 h at 
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room temperature. Laminin solutions were removed before cell 
seeding, without washing.

Mixed PDL/laminin coating was achieved by mixing 10 μg/
mL PDL with 2 μg/mL (M2) or 20 μg/mL (M20) laminin in PBS 
(D8537, Sigma-Aldrich) and incubating this mixture overnight 
on the surfaces in a 37°C and 5% CO2 incubator. Coated sur-
faces were washed three times with PBS before cell seeding. 
Fibronectin-coated surfaces were made with 0.5 μg/mL fi-
bronectin (F1141, Sigma-Aldrich) in PBS for 1 h. The fibronectin 
solution was removed just before cell seeding, without washing. 
Collagen 1 coating was achieved by incubating surfaces with 
1 mg/mL rat collagen (354,249, Corning) solution in 0.02 M ace-
tic acid in water overnight at 37°C. Coated surfaces were washed 
twice with water before cell seeding.

RGD functionalised surfaces were prepared using a combina-
tion of silane and thiol-ene click chemistry. The detailed proto-
col of the RGD surface functionalization is described elsewhere 
[51]. Briefly, coverslips were washed with ethanol and distilled 
water, then activated with oxygen plasma treatment (3 min 
at 60 W). Next, vinyltrimethoxysilane (Sigma) was vapor de-
posited onto the activated coverslips overnight at 80°C and 
100 mbar. Then, a 10 mM CGGGRGDS (Chinapeptides) pep-
tide solution containing 5 mg/mL LAP (Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate, TCI chemicals) was dropped 
onto the vinyl-silane treated surfaces, covered with a fluorinated 
quartz slide, and irradiated by UV light (254 nm) for 10 min. 
Finally, the peptide functionalized surfaces were washed with 
water and ethanol in an ultrasonic bath and stored at 4°C until 
further use.

Covalent binding of laminin was achieved using an EDC-NHS re-
action (ethylene diaminecarbodiimide, N-Hydroxysuccinimide) 
according to the protocol of Chandradoss et  al. [52]. Piranha-
etched coverslips were incubated with 1 M KOH overnight at 
room temperature, followed by amino-silanization with 5% 
acetic acid and 3% 3-aminopropyl trimethoxysilane (APTES). 
Functionalization was achieved with 2 μg/mL laminin in 4 mg/
mL EDC and 10 mg/mL NHS in milliQ incubated overnight at 
4°C. Coverslips were washed with PBS before cell seeding.

2.3   |   Cells

Differentiated cells of the rat pheochromocytoma cell line (PC-
12; ACC 159, DSMZ, Germany) were used as a model for neuro-
nal cells. PC-12 cells were cultured according to the supplier's 
protocol. In short, cells were expanded and cultured in growth 
medium containing 85% RPMI 1640 medium (61870-010, 
Gibco), 10% horse serum (H1270, Sigma-Aldrich), and 5% heat-
inactivated fetal bovine serum (FBS; F7524, Sigma-Aldrich). 
Cells were dissociated into a single-cell suspension by passing 
them through a 22-gauge needle several times and treating the 
cells with trypsin for 5 min. Big clusters of dead cells were re-
moved with a micropipette before seeding. Cells were seeded on 
coated coverslips or wells in differentiation medium (99% RPMI, 
1% horse serum, and 100 ng/mL nerve growth factor (NGF; 
N1408, Sigma-Aldrich)). We seeded a standard high-density 
amount of 2.00 × 104 cells per coverslip or well (taking the dif-
ference in surface area into account when comparing coverslips 

and wells) and differentiated for 7 days in a 37°C and 5% CO2 
incubator. Mechanical stimulation was applied (to challenge cell 
adherence to the coatings) on differentiation day 7.

Primary retinal ganglion cells (RGCs) were isolated from SD-
OFA rats (Envigo). All animal procedures were approved by the 
Central Authority for Scientific Procedures on Animals (CCD, 
Den Haag, NL, license number AVD107002015334), were ap-
proved by the local ethical committee, and were in accordance 
with the European Directive for animal experiments (2010/63/
EU). RGCs were isolated using a combination of immunopan-
ning and magnetic separation. Endothelial cells and microglia 
were depleted using negative immunopanning according to the 
protocol of Winzeler and Wang [36, 53]. Positive selection of 
RGCs was performed with magnetic separation using a Retinal 
Ganglion Cell Isolation Kit (130-096-209, Miltenyi Biotec) ac-
cording to the manufacturer's protocol. In brief, P7 rats were 
decapitated. Retina were removed and dissociated into a single 
cell suspension using papain digestion and trituration. The reti-
nal single cell suspension was incubated with anti-macrophage 
antibody and filtered. After filtration, the cell suspension was 
incubated for two times on a goat anti-rabbit IgG coated im-
munopanning plate (negative panning). Up to this point, the 
protocol of Winzeler and Wang [36] was followed with small 
modifications such as the amount of papain (200 U was used 
compared to the original 165 U). After negative panning, the 
suspension of unbound cells was collected and centrifuged at 
200 g for 10 min at room temperature. Magnetic labelling was 
performed according to the protocol of Miltenyi Biotec with a 
few modifications to accommodate negative selection with a 
different protocol (immunopanning instead of magnetic de-
pletion). The cell pellet was resuspended in 450 μL DPBS/BSA 
buffer (Dulbecco's phosphate-buffered saline with 0.5% BSA) 
and 50 μL CD90.1 MicroBeads solution (130-121-273, Miltenyi 
Biotec) was added. The cell suspension was mixed, incubated, 
and centrifuged before the positive selection of RGCs using 
magnetic separation. The retinal single-cell suspension con-
taining RGCs was sequentially passed through two separate MS 
columns (130-042-201, Miltenyi Biotec) in the magnetic field of 
a MiniMACS Separation Unit (130-042-102, Miltenyi Biotec) to 
bind the RGCs in the column and wash other cell types out of 
the columns. The magnetically labeled RGCs were flushed from 
the first MS column to the second MS column for additional 
purification. RGCs were flushed from the second MS column 
with pre-warmed RGC growth medium (serum free, made ac-
cording to the recipe of Winzeler and Wang [36]). Isolated RGCs 
were seeded on coated surfaces at a density of 2.00 × 104 cells per 
coverslip and grown for 5 days in a 37°C and 5% CO2 incubator. 
Mechanical stimulation was applied to test cell adherence to the 
coatings on day 5 after isolation.

2.4   |   Application of Mechanical Stimulation

In order to establish a reproducible and objective method of 
mechanical stimulation that would give information about the 
adherence of cells to different surfaces, we chose to use a ther-
momixer. The thermomixer (Eppendorf ThermoMixer C, 5382) 
was set to shake at 500RPM for 1 min at 37°C. Cells were fixed 
immediately after mechanical stimulation or returned to the in-
cubator (at 37°C and 5% CO2) for 24 h.
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2.5   |   Staining and Imaging of Cell Density 
and Cell Death

Primary RGCs and PC-12 cells were treated similarly for stain-
ing and imaging. Cells were fixed with 4% paraformaldehyde 
(PFA) (Sigma-Aldrich) in PBS at room temperature for 30 min 
immediately after mechanical stimulation or 24 h after me-
chanical stimulation; at the same time points, corresponding 
unstimulated controls were fixed as well (images shown in the 

results section are all 24 h after mechanical stimulation or their 
controls). For immunocytochemistry, cells were permeabilised 
with 0.1% Triton X-100 (Merck) in PBS at room temperature 
for 15 min and blocked with 1% BSA (VWR) in PBS for 1 h at 
room temperature. Neuronal cells and their axons were stained 
using chicken anti-β-III-tubulin antibody (1:1000; NB100-1612, 
Novus Biologicals) incubated overnight at 4°C. Alexa Fluor 647 
goat anti-chicken (1:500, A-21449, Thermo Fisher) was used 
as secondary antibody, incubated at room temperature for 1 h. 
All antibody solutions contained 0.2% BSA and 0.1% Triton X-
100. Cell death was detected using a TUNEL technology with 
a Fluorescein In Situ Cell Death Detection Kit (11,684,795,910, 
Roche). The working solution was prepared according to the 
manufacturer's protocol and 50 μL per coverslip or 100 μL per 
well of this solution was incubated for 1 h at 37°C. Nuclei of 
cells were stained using 4′,6-diamidino-2-phenylindole dihy-
drochloride (DAPI; 32,670, Sigma-Aldrich) at room tempera-
ture for 10 min. All samples were imaged with an automated 
inverted Nikon Ti-E microscope, equipped with a Lumencor 
Spectra light source, an Andor Zyla 5.5 sCMOS camera, and 
an MCL NANO Z200-N TI z-stage. Excitation wavelengths 
390 nm, 480 nm, and 647 nm were used in combination with 
emission filters DAPI, FITC, and Cy5. Imaging was performed 
with 10× and 20× objectives (CFI PLAN APO LBDA 10X 
0.45/4 mm and CFI Plan Apochromat K 20X NA 0.75 WD 1). 
Five to 10 semi-random fields of view (dispersed evenly over 
the culture area, including the center and periphery of the cov-
erslip or well) were captured in both magnifications and three 
wavelengths (390, 480, and 647 nm). A magnification of 10× 
was used to get an overview of the coverslip (cell distribution 
and general morphology) whereas 20× was used to quantify 
cell density and cell death and to assess morphology in more 
detail.

2.6   |   Image Analysis

Quantification of cell density and cell death was performed 
using the “Find Maxima…” process with prominence = 400 
in ImageJ (FIJI) [54]. Counts were corrected manually to 
exclude false positives (e.g., debris) and include false neg-
atives (e.g., low intensity, cells in clusters). NIS Elements 
Viewer (5.21.00, Laboratory Imaging) was used to view 

FIGURE 1    |    Percentage of TUNEL+ to DAPI+ cells as a measure of 
cell death of PC12 cells, cultured on glass coverslips and tissue culture 
plastic wells with M2 and M20 coating. The data points indicated in the 
figure represent the mean values of each coverslip based on measuring 
5–10 random fields of view per coverslip. Cell death staining of the M20 
well was not performed.

FIGURE 2    |    (A) Representative image of PC-12 cells cultured on a S20 coated well in the control condition presenting a large number of cells with 
elaborate neurites and some empty regions. (B) Representative image of PC-12 cells cultured on a S20 coated well 24 h after mechanical stimulation 
showing very few cells remaining. Scale bar = 100 μm, blue = DAPI, green = β-III-tubulin.

 15524965, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37919 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [26/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 13

segmentation and assess morphology and neurite outgrowth 
qualitatively.

Neurite length was calculated using ImageJ (FIJI) [54] macros. 
Images stained with anti-β-III-tubulin were converted to a mask 
using “setThreshold…” and Skeletonized. Cell bodies were sub-
tracted from the skeletonized image, and the area of neurites 
was calculated using “Analyze Particles….” Since the skeleton-
ized neurites are 1 pixel wide, the area of neurites is equal to the 
total length of the neurites (in pixels). Average neurite length 
was calculated by dividing the total neurite length by the num-
ber of cells (as described above).

2.7   |   Statistical Analysis and Graphical 
Representation

All cells in five to 10 random fields of view were counted, and 
mean values were calculated per coverslip. Each coverslip yields 
one data point and is represented as the number of replicates (n). 
All mean values were graphically plotted and statistically tested 
with a Two-way ANOVA with Tukey multiple comparisons test 
correction using GraphPad Prism (Version 10.2.2). p-values: * 
< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.

3   |   Results

The aim of the present study was to find a coated surface that 
allows retinal ganglion cells (RGCs) to adhere and grow well 
and remain attached both under normal conditions and under 
mechanical stimulation. A wide range of surfaces and coatings 
was first screened with the rat pheochromocytoma cell line (PC-
12) as a model for neuronal cells. Next, a small selection of these 
coatings was tested with primary rat RGCs.

3.1   |   Glass Surface Preparation With Ethanol 
or Piranha Solution

First, we compared two methods of cleaning and preparing 
the glass surfaces. Twelve millimeter glass coverslips were 
chosen as a baseline surface, as they are widely used in lit-
erature [20, 21, 36–38, 55, 56]. The first method consisted of 
washing coverslips with ethanol for more than 1 month to 
provide a clean coating surface according to the protocol of 
Winzeler & Wang [36]. The second surface treatment tech-
nique was etching coverslips with Piranha solution [49]. 
Prepared surfaces were coated in two ways (S50: sequential 
coating with 10 μg/mL PDL and then 50 μg/mL laminin, or 
M20: mixed coating with 10 μg/mL PDL and 20 μg/mL lami-
nin) to assess which method would work best for culturing 
neuronal cells. Both surface preparation techniques gave sim-
ilar results in cell density and morphology (mean cell density 
of PC-12 cells cultured on ethanol treated M20 coated glass 
coverslips was 142.5, compared to 142.1 on piranha-etched 
M20 coated coverslips, seeded at a density of 2.00 × 104 cells 
per coverslip). The rest of the study was performed only with 
piranha-etched coverslips, as this technique assured a con-
sistent supply of clean glass coverslips with minimal time 
investment.

3.2   |   Comparing Glass and Plastic Surfaces

Next, Ibidi polymer coverslips were compared to glass as a coat-
ing surface. Uncoated Ibidi polymer coverslips were manually 
punched to 12 mm coverslips, coated with M20, and compared 
to M20 coated glass coverslips. We noticed that the polymer cov-
erslips often started floating on top of the cell culture medium, 
which caused drying of the cells. This made the polymer cover-
slips unsuitable for this test.

FIGURE 3    |    PC-12 cell density (cells per mm2) on glass coverslips with different coatings. ****: Both M2 and M20 have a higher density than the 
other coating strategies in the corresponding conditions (control and mechanical stimulation, all p < 0.0001). M2 versus M20 is significantly different 
in the mechanical stimulation condition (p-value 0.002). No significant difference was found between control and mechanical stimulation conditions 
within each coating. The data points indicated in the figure represent the mean values of each coverslip based on measuring 5–10 random fields of 
view per coverslip.
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As an alternative polymer surface, we tested untreated 24-well 
plate tissue culture plastic. A selection of coatings and coating 
concentrations was tested on this surface, that is, S2 (sequen-
tial coating with 10 μg/mL PDL and then 2 μg/mL laminin), 
S20 (sequential coating with 10 μg/mL PDL and then 20 μg/mL 
laminin), Collagen 1, M2 (mixed coating with 10 μg/mL PDL 
and 2 μg/mL laminin), and M20. We did not observe significant 
differences between the number of cells on glass versus tissue 
culture plastic wells. Yet, quantification of cell death showed 
a higher percentage of dead cells on M20 coating compared to 
M2 coating (p < 0.0001 in both control and mechanical stimula-
tion on glass coverslips, Figure 1). Cell death was significantly 
higher in the mechanical stimulation condition on M20 coated 
glass compared to control (p = 0.0276). No cell death differences 
were found between the two surfaces and two conditions with 
M2 coating. Cell death staining of wells with M20 coating was 
not performed.

In addition, we observed that the wells often showed areas with-
out cells, both in the control (empty regions) and in the mechan-
ical stimulation condition (almost no cells present; Figure  2). 
For microscopy purposes, glass coverslips are more convenient, 
and therefore we preferred this substrate for the experiments 
with RGCs.

Overall, considering both cell density and cell death, M2 coating 
on glass coverslips appeared to provide a favorable substrate for 
PC-12 cells.

3.3   |   Comparing Coatings With PC-12 Cells

Continuing with piranha-etched glass coverslips, we tested var-
ious coatings. Figure 3 shows PC-12 cell density on the studied 
coatings. A clearly higher cell density was observed in mixed 

FIGURE 4    |    Representative images of PC-12 cells cultured on PDL/laminin coated glass coverslips. (A, B): 2 μg/mL mixed protocol (M2). (C, D): 
20 μg/mL mixed protocol (M20). (E, F): 2 μg/mL sequential coating (S2). Images of control condition are shown in (A, C, E). Images fixed and stained 
24 h after mechanical stimulation are shown in (B, D, F). Scale bar = 100 μm, blue = DAPI, green = β-III-tubulin, red = TUNEL.
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PDL/laminin coatings (M2 and M20) compared to the other coat-
ing strategies (p < 0.0001). Furthermore, M2 had a significantly 
higher cell density compared to M20 in the mechanical stimu-
lation condition (p = 0.002). For all tested coatings, we found no 
significant differences between the control condition and me-
chanical stimulation condition, with our settings of mechanical 
stimulation.

Apart from the mixed PDL/laminin coatings (M2 and M20), 
the different coating strategies showed very low cell density 
(Figure  3). Sequential PDL/laminin coatings showed very low 
cell densities in S2 (2μg/mL laminin), S20 (20 μg/mL), and S50 
(50 μg/mL), making it a poor coating strategy for PC-12 cells. The 
same accounted for BioCoat, Collagen 1, PEI 2, PEI 20, EDC-
NHS laminin, Fibronectin, and RGD.

FIGURE 5    |    (A) PC-12 cell density (cells per millimeter square) cultured on glass coverslips with different coatings. (B) Percentage of TUNEL+ to 
DAPI+ cells as a measure of cell death. ****: Both control and Mechanical stimulation in S2 are significantly different from the corresponding condi-
tions in M2 and M20 (p < 0.0001). *: M2 versusM20 are significantly different in the mechanical stimulation condition (p-value 0.017). No significant 
difference in the control condition of M2 versus M20. A significant difference was found in cell death between mechanical stimulation conditions of 
M2 versus S2 (**p-value 0.0057). No difference was found within each coating. The data points indicated in the figure represent the mean values of 
each coverslip based on measuring 5–10 random fields of view per coverslip.

FIGURE 6    |    Representative images of RGCs cultured on PDL/laminin coated glass coverslips. (A, B): 2 μg/mL sequential coating (S2). (C, D): 2 μg/
mL mixed protocol (M2). Images of control condition are shown in (A, C). Images fixed and stained 24 h after mechanical stimulation are shown in 
(B, D). Scale bar = 100 μm, blue = DAPI, green = β-III-tubulin, red = TUNEL, insets show higher magnification of indicated area (white box).
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For the best scoring coatings (mixed PDL/laminin, M2 and 
M20), cell death was assessed and compared with cell death 
on the coating used mostly for RGCs, which is a sequential 
coating of PDL and 2 μg/mL laminin (S2) [16, 19, 36]. Figure 4 
portrays representative images of the various PDL/laminin 
coated coverslips. Morphological assessment of PC-12 cells on 
these coatings showed large differences in cell density, with 
S2 having the lowest cell density (Figure 5). High cell density 
and elaborate neurite networks were present on both lami-
nin concentrations of the mixed PDL/laminin coatings (in 
the control as well as the mechanical stimulation condition). 
M20 (20 μg/mL) had more and larger cell clusters. In addition, 
there were more dead cells in the higher laminin concentra-
tion coating.

The effect of these coatings on cell death is shown in Figure 5B, 
whereas Figure 5A shows the cell density of these coatings for 
comparison to cell death. A significant difference in cell den-
sity between the S2 coating and the other coatings was observed 
in both the control and mechanical stimulation conditions 
(Figure  5A; p < 0.0001). Mixed coating with 2 μg/mL laminin 
(M2) showed the lowest cell death and sequential coating showed 
the highest cell death, highlighting again that sequential PDL/
laminin coatings are unsuitable for PC-12 cells (Figure 5B). The 
high variability in the results of S2 is probably related to the very 
low number of cells remaining on this coating. In summary, 
considering cell density and cell death percentage in both con-
trol and mechanical strain conditions, the M2 coating appeared 
best for PC-12 cells.

3.4   |   Comparing Coatings With RGCs

Next, the coating that performed best with PC-12 cells in terms 
of cell density and cell death was studied with the primary RGCs, 
that is, M2 coating (mixed PDL/laminin coating with 2 μg/mL 
laminin). This coating was compared to the coating mostly used 

for primary RGCs, that is, S2 coating (sequential coating of PDL 
and 2 μg/mL laminin) [16, 19, 36]. Cell density, cell death, and 
morphology of primary RGCs were measured.

FIGURE 7    |    (A) Cell density of RGCs (per millimeter square). A significant difference in cell density was found between M2 and S2 coating in 
both the control condition (*p = 0.0365) and mechanical stimulation condition (**p = 0.0056). No difference was found within each coating. n = 9–10 
for control, n = 8 for mechanical stimulation. (B) A significant difference in average neurite length per cell (in pixels) was found between M2 and S2 
coating in both the control and mechanical stimulation condition. No significant difference was found within each condition (***p ≤ 0.0001). n = 10 
for S2 control, n = 9 for M2 control, n = 8 for both S2 and M2 mechanical stimulation. Each replicate represents the mean values of each coverslip 
based on measuring 5–10 random fields of view per coverslip.

TABLE 1    |    Summary of results.

Coating PC-12 cells RGCs

Sequential PDL/
laminin 2 μg/mL (S2)

Low density High density, 
elaborate 
neurites

Sequential PDL/
laminin 20 μg/mL (S20)

Low density —

Sequential PDL/
laminin 50 μg/mL (S50)

Low density —

Mixed PDL/laminin 
2 μg/mL (M2)

High density, 
low cell death, 

elaborate 
neurites

High density, 
few cells with 

neurites

Mixed PDL/laminin 
20 μg/mL (M20)

High density, 
high cell death, 

elaborate 
neurites

—

BioCoat (PDL/laminin) Low density —

Collagen 1 Low density —

PEI/laminin 2 μg/mL 
(PEI 2)

Low density —

PEI/laminin 20 μg/mL 
(PEI 20)

Low density —

EDC-NHS laminin Low density —

Fibronectin Low density —

RGD Low density —
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Morphological assessment showed a marked difference between 
the two coatings studied with RGCs (Figure 6). There was a distinct 
difference in RGC morphology. RGCs on the sequential coating (S2) 
exhibited a large network of neurites, whereas RGCs on the mixed 
coating (M2) were less elaborate in neurite growth, both in terms 
of complexity and in percentage of cells with neurites. There were 
no visible differences in morphology between the control and me-
chanical stimulation conditions for both coatings. DAPI-positive 
but β-III-tubulin-negative cells were shown to be TUNEL positive 
and therefore dead cells (as shown in Figures 4 and 6 in red).

We noticed that the isolation of primary rat RGCs caused a con-
siderable amount of cell death of these cells. When calculating 
cell density, we took care to count only the healthy, living cells, 
which showed no TUNEL signal and normal neuronal cell mor-
phology. Cell density showed a significant difference between 
the two coatings. Sequential coating (S2) had a significantly 
higher density than mixed coating (M2) in both the control 
(p = 0.0365) and mechanical stimulation (p = 0.0056) conditions 
(Figure  7A). For each coating, there was no significant differ-
ence in density between the control and mechanical stimulation 
conditions.

Additional analysis showed that the coating composition influ-
ences neurite length as well. Average neurite length per cell was 
significantly larger in RGC cultured on S2 coating compared to 
M2 in both control and mechanical strain conditions (Figure 7B; 
p < 0.0001). There were no statistically significant differences 
between the control and mechanical stimulation conditions for 
both coatings.

In summary, combining criteria of cell density, morphology, and 
neurite length, the S2 coating appeared superior to the M2 coat-
ing for RGCs.

4   |   Discussion and Conclusion

We tested various coatings and coating protocols, aiming to find 
an optimal substrate for adherence and growth of PC-12 cells 
and retinal ganglion cells (RGCs) in control conditions as well 
as conditions of mechanical strain. Most tested coatings did not 
provide a suitable substrate for PC-12 cells. The best PC-12 cell 
density was achieved with a coating of PDL mixed with 2 μg/
mL laminin in PBS (M2). In comparison to PC-12 cells, RGCs 
appeared to prefer sequential PDL/laminin coating (S2): This 
sequential coating protocol was more favorable for both cell 
density and morphology of RGCs. A summary of the results is 
presented in Table 1.

While RGCs are the most relevant cells for glaucoma, we used 
the neuronal cell line PC-12 for initial screening of coatings in 
order to reduce the use of animals and to have a reliable source 
of cells for medium-throughput screening of surfaces and coat-
ings. The PC-12 neuronal cell line shows elaborate neurite out-
growth, is easy to expand, and is of rat origin. In addition, PC-12 
cells are commonly used as a model for neuronal cells, and more 
specifically, for RGCs [34, 35, 57, 58].

We tested two methods of preparing and cleaning the glass sur-
face before applying the coating. Cleaning with ethanol [59] or 

Piranha etching [49, 60] did not result in clear differences in PC-
12 cell culture.

Comparing glass and plastic surfaces, we noticed that glass was 
superior for culturing PC-12 cells, particularly using the M2 
coating. The lower concentration of laminin may increase the 
availability of PDL for PC-12 cells.

Many coating strategies resulted in a low number of cells that 
remained attached after a few days of culturing both with and 
without mechanical stimulation. Most of these strategies al-
ready showed low cell densities in the control condition. This 
suggests these coatings did not facilitate sufficient attachment 
for the cells or did not hold the cells enough to withstand the 
small forces exerted during medium changes, fixation, and 
staining procedures, despite careful and standardized manip-
ulation. Results depicted in Figure  2 indicate that the latter 
may indeed play a role since empty regions were found where 
cells appeared to be washed off the coverslips. Most coating 
strategies that contained very few to no cells were not assessed 
for cell death, since the very low cell density already disqual-
ified them.

Results of this study indicate that not only the coating compo-
sition influences cell attachment, but the protocol of coating 
appears to be important as well. Mixed PDL/laminin coatings 
yielded the largest cell density for PC-12 cells, while a lower 
laminin concentration (2 μg/mL, M2) seemed to outperform 
higher laminin concentrations in terms of cell death. The best 
performing coating in PC-12 cells (mixed PDL/laminin 2 μg/
mL, M2) also provided a good surface for RGCs in terms of cell 
density. In contrast, with regard to RGCs, the most commonly 
utilized coating, sequential PDL/laminin 2 μg/mL (S2), yielded 
superior results: an increased cell density and notably enhanced 
RGC morphology, characterized by greater neurite growth and 
neurite complexity on S2 coating. Note that cell density is one of 
the factors that can influence RGC survival [61]. Here we used 
a high density.

If we look at the extracellular matrix (ECM) composition of the 
retina, it seems logical that laminin is the preferred substrate for 
primary RGC cultures as laminins are present in the native tissue. 
Laminins in the retina have been found in the ganglion cell layer 
(GCL) around RGCs and in the internal limiting membrane. They 
are involved in RGC migration and development [19, 39, 50, 62–66]. 
There are different types of laminins, such as Laminin-111 (also 
known as laminin 1 produced by Engelbreth-Holm-Swarm (EHS) 
sarcoma) used in this study, which is commonly used in neural 
cultures and has been found to be important for optic cup and ret-
inal development and for RGC axonal growth [67, 68]. Laminins, 
like other ECM proteins, interact with integrin receptors of cells. 
Integrin signaling is a key component for mechanotransduction 
[69]. Each combination of α and β integrin subunits has distinct 
properties and often recognizes several ECM proteins; individual 
ECM proteins bind to various integrins [66]. RGCs use laminin 
as an extracellular signal for migration, lamination, and axonal 
orientation [70, 71]. Riccomagno et al. [72] have shown that RGCs 
interact with laminin through the β1-integrin subunit and their 
immunohistochemical analyses indicate that β1-Integrin is in-
volved in GCL migration and organization. Other integrin sub-
units found in the GCL are α1, α3, α5, αV, β1, and β3, while RGCs 
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cultured on laminin did not express αV [66]. Vecino et al. [66] sug-
gest RGCs either use α3β1 or α5β1 to adhere to laminin and that 
integrin α5β1 is more likely involved in RGC growth on laminin 
than α3β1. Apart from laminin, adult RGCs are in vivo also in 
contact with collagen I, collagen IV, and fibronectin [66]. PC-12 
cells were found to mainly use integrin α1β1 and α3β1 to interact 
with laminin, while only α1β1 is used for collagen types I and IV 
[73]. Integrin α5 expression in PC-12 cells is very low [74]. This 
difference in integrin expression between PC-12 cells and RGCs 
may contribute to neurite growth and survival differences that we 
have observed between sequential and mixed PDL/laminin coat-
ings. The exact explanation is however unknown. The availability 
of PDL to the cells is probably another important factor. In se-
quential coatings, laminin may fully cover the PDL surface, while 
the mixed coating would also provide cell contact with PDL. PDL 
is used to couple laminin to glass coverslips since both laminin 
as well as glass coverslips are negatively charged. The positively 
charged PDL facilitates laminin binding to the glass coverslip. 
Wysotzki et al. [9] suggested a possible additional effect of layer-
by-layer PDL laminin coating, that is, a polarization of the lami-
nin molecule inducing a positive charge on the side where cells 
interact with the coating. We could speculate that RGCs benefit 
more from the polarization of laminin, particularly for neurite 
growth and cell survival. The absence of certain integrins in PC-
12 cells may explain why these cells need PDL in closer proximity 
to the cell in order to firmly adhere. Other factors such as sub-
strate stiffness and topographical cues are possibly contributing 
together with ECM composition, as shown in PC-12 cells [75, 76]. 
This was however beyond the scope of this paper.

Regarding mechanical stimulation, our experiments were less 
conclusive. While we observed that our mechanical stimulus in-
creased the percentage of dead cells in the PC-12 cell cultures, 
we did not find a significant effect on RGCs. In our ongoing re-
search, we currently explore other mechanical triggers, more 
relevant for glaucoma, to characterize the behavior of RGCs 
under mechanical stimulation.

In conclusion, different coatings resulted in large differences 
in cell densities after seeding PC-12 cells. Mixed coatings of 
PDL and laminin (M2 and M20) worked best for adherence and 
growth of PC-12. When comparing with primary rat RGCs, we 
noticed cell type dependent differences with respect to cell mor-
phology and cell death: Sequential coating of PDL and laminin 
(S2) was best for adherence, neurite growth, and cell survival for 
RGCs (Table 1). We conclude that the optimal coating depends 
on the cell type. When reporting cell culture studies, it is import-
ant to fully specify culture surface, surface treatment, and coat-
ing protocol, since all these factors influence cell attachment, 
growth, and survival [77].
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