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Purpose: Studying the extracellular matrix (ECM) remodeling of the lamina cribrosa in
vivo can be extremely challenging and costly. There exist very few options for study-
ing optic nerve head (ONH) mechanobiology in vitro that are able to reproduce the
complex anatomic and biomechanical environment of the ONH. Herein, we have devel-
opedadecellularizationprocedure thatwill enablemore anatomically relevant andcost-
efficient future studies of ECM remodeling of the ONH.

Methods: Porcine posterior poles were decellularized using a detergent and enzyme-
based decellularization protocol. DNA quantification and histology were used to inves-
tigate the effectiveness of the protocol. We subsequently investigated the ability of a
polyethylene glycol (PEG)-based hydrogel to restore the ONH’s ability to hold pressure
following decellularization. Anterior-posterior displacement of the decellularized and
PEG treated ONH in a pressure bioreactor was used to evaluate the biomechanical
response of the ONH.

Results: DNA quantification and histology confirmed decellularization using Triton X-
100 at low concentration for 48 hours successfully reduced the cellular content of the
tissue by 94.9% compared with native tissue while preserving the ECM microstructure
and basal lamina of the matrix. Infiltrating the decellularized tissues with PEG 6000 and
PEG 10,000 hydrogel restored their ability to hold pressure, producing displacements
similar to those measured for the non-decellularized control samples.

Conclusions: Our decellularized ONH model is capable of producing scaffolds that are
cell-free and maintain the native ECMmicrostructure.

Translational Relevance: This model represents a platform to study the mechanobiol-
ogy in the ONH and potentially for glaucoma drug testing.

Introduction

Glaucoma is a heterogeneous disorder charac-
terized by progressive loss of retinal ganglion cells
(RGCs) and is expected to affect 111.8 million people
by the year 2040.1 Currently, the only modifiable
risk factor is elevated intraocular pressure (IOP).2,3
Although many patients with glaucoma present with
this increase in pressure, the disorder also occurs in
patients with normal pressures, described as normal
tension glaucoma.4,5 In addition, patients can have

elevated IOP, termed ocular hypertension, without
developing retinal damage.6,7 Together, these observa-
tions support the hypothesis that factors other than
IOP play a role in glaucoma pathogenesis.

To further investigate the mechanisms behind
glaucoma pathogenesis and progression, better model
systems need to be developed, especially models of the
optic nerve head (ONH) and lamina cribrosa (LC), the
mesh-like tissue located in the ONH in which glauco-
matous RGC degeneration is thought to originate.
Although in vivo animal models offer many advan-
tages, such models are also subject to a number of
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limitations.8 For example, rodents lack the collagenous
extracellular matrix (ECM) present in the human LC,
thus limiting their use in studying LC ECM remodel-
ing.8–10 Although large animals have an LC composed
of a collagenous ECM, these models are expensive,
low throughput, and lack the ability to be genetically
and/or mechanically manipulated in a cost- and time-
efficient manner, making mechanistic studies of LC
ECM remodeling challenging.

As for in vitro models, two-dimensional cultures
are unable to adequately represent the complex physi-
ological ECM microstructure of the ONH and could
lead to cell phenotypes that are unrepresentative of
the in vivo state. Alternatively, explanted postmortem
cadaver eyes offer an enticing alternative as they allow
for a more accurate representation of the physiological
environment of the eye. Use of cadaver eyes, however,
results in native cell death within 72 hours following
enucleation and thereby limits the time frame in which
these tissues are viable for mechanobiological investi-
gation. To bypass this postmortem degradation, tissues
can be decellularized and used as a physiologically
relevant scaffold for future cell seeding and culture.

Decellularization can be performed using chemical,
physical, or enzymatic means to remove the cellular
components from a tissue while maintaining its ECM
microstructure. Decellularized tissues have been used
as scaffolds, either with the structure intact or digested
and formed into a hydrogel or film, for regeneration
in a number of tissues, including the heart, periph-
eral nerves, and cornea, among numerous others.11–14
Because tissues differ in their cellular andECMcompo-
sition and density, decellularization protocols needed
to be tailored to each specific tissue of interest. Within
the ocular field, studies have established decellulariza-
tion protocols for the cornea, trabecular meshwork,
retina, and optic nerve, although, in many of these
studies, the decellularized tissues were subsequently
homogenized and used to make a hydrogel.13,15–17 To
the best of our knowledge, no previous studies have
attempted to decellularize the ONH or the LC for use
as a biomimetic scaffold.

The purpose of this work is, therefore, to develop
a method to decellularize porcine ONHs that removes
cellular and genetic material and maintains the
basement lamina and ECM microstructure of the
tissue. Because biomechanical studies of the ONH
require exposure to elevated IOP as is present in
glaucoma, we investigated the use of a polyethylene
glycol (PEG)-based hydrogel to recover the ability of
the ONH to hold pressure following decellularization.
The final decellularized and hydrogel-infiltrated tissue
can then be used in cell culture as a more physiolog-
ically realistic scaffold. Overall, our platform can be

used in the future to study the cellular mechanisms that
contribute to glaucoma pathogenesis and progression,
specifically those arising from dysregulation of the LC
ECM.

Methods

Tissue Procurement and Dissection

Porcine eyes were purchased from Visiontech
Inc. (Sunnyvale, TX), delivered within 24 hours
postmortem, and stored on ice. Upon receipt, the eyes
were dissected and hemisected to isolate the posterior
pole. The choroid and retina were then removed and
1× phosphate buffered saline (PBS; Fisher Scientific,
Hampton, NH) was used to keep the ocular tissues
hydrated. Finally, the isolated posterior pole was cut
into a clover leaf pattern, as shown in Figure 1A, and
the optic nervewas trimmed to approximately 25mm in
length. Dissected posterior poles for decellularization
were incubated in water overnight and then subjected
to decellularization protocols, as described below;
dissected posterior poles as control were immediately
processed for DNA isolation or histology.

Decellularization

Our decellularization procedure was based on a
protocol described by Prest et al. to decellularize canine
sciatic nerves while maintaining the basal lamina.18
This protocol was optimized for our porcine posterior
poles by varying the concentration and duration of the
Triton X-100 treatment and the concentration of the
trypsin/ethylenediaminetetraacetic acid (EDTA) treat-
ment (Table). Based onDNAquantification and histol-
ogy results, we chose the lower concentration (0.1%)
and longer duration (48 hours) of Triton X-100 treat-
ment with 0.02%Trypsin/0.05% EDTA for 1 hour as
our optimal protocol, which we then used for all subse-
quent experiments.

In the optimized protocol, posterior poles were
incubated overnight in ultrapure Type I water (Milli-
Q; MilliporeSigma, Burlington, MA) at 4°C. The next
day, the tissues were treated with 0.02% trypsin (Fisher
Scientific, Hampton, NH)/0.05% ethylenediaminete-
traacetic acid (EDTA) (Fisher Scientific, Hampton,
NH) at 37°C for 1 hour, followed by 48 hours of 0.1%
Triton X-100 (Fisher Scientific), 15 minutes of 1M
sucrose (Fisher Scientific), 1 hour of 4% deoxycholate
(Sigma-Aldrich, St. Louis, MO), and 2 hours of 0.1%
peracetic acid (Sigma-Aldrich) at room temperature.
Tissues were shaken at 250 rpm for each incubation
step and were washed with type I water until no foam
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Table. Decellularization Protocols Evaluated in This Study

Triton X-100 Trypsin/EDTA

Group Content Duration Content Duration

High Triton, 1 h 3.0% 1 h 0.02% Trypsin/0.05% EDTA 1 h
Low Triton, 1 h 0.1% 1 h 0.02% Trypsin/0.05% EDTA 1 h
Low Triton, 48 h 0.1% 48 h 0.02% Trypsin/0.05% EDTA 1 h
Low Triton, 1 wk 0.1% 1 wk 0.02% Trypsin/0.05% EDTA 1 h
No Trypsin 3.0% 1 h 0% Trypsin/0% EDTA 1 h
High Trypsin 3.0% 1 h 0.1% Trypsin/0.25% EDTA 1 h

Figure 1. Design of pressurization and LC displacement exper-
iment. Dissected porcine posterior poles were cut into a clover-
leaf pattern (A) and positioned into a specialized pressurization
chamber (B), designed to allow for visualizing the LC using two-
photon microscopy while controlling the pressure upon the tissue.
The overall experimental design is illustrated in the flow chart. Scale
bar = 2 mm.

was observed at room temperature between each treat-
ment. After the final treatment, the posterior poles were
washed in type I water and then incubated in 1× PBS
(Fisher Scientific) overnight at 4°C.

DNA Isolation and Characterization

Prior to DNA isolation, the posterior poles were
frozen and lyophilized overnight, after which the dry
weight of the tissue was recorded. The tissues were
then digested overnight at 50°C using a proteinase
K buffer (Invitrogen, Carlsbad, CA). Total DNA
was isolated using phenol/chloroform/isoamyl alcohol
(Sigma-Aldrich) and 3M sodium acetate (Sigma-
Aldrich). Isolated DNAwas reconstituted in TE buffer
provided in the Quant-iT PicoGreen dsDNAAssayKit
(Invitrogen). This kit was then used to measure DNA
concentration of the tissues according to the manufac-
turer’s instructions.

Gel electrophoresis was performed to evaluate the
quality of the DNA after decellularization, based on
the size of the DNA fragments. Two percent (w/v)
agarose I (Thermo Fisher, Pittsburgh, PA) in TAE
buffer (Thermo Fisher) with 10,000X GelRed stock
solution (ThermoFisher) was used tomake the agarose
gel. For each sample, 1 ng/μl of DNA with 1:10 DNA
Gel LoadingDye (ThermoFisher) was loaded per well,
and a Low DNA Mass Ladder (Thermo Fisher) was
used to gauge the DNA degradation.

Histology

Tissues for histological analysis were fixed with 10%
formalin, dehydrated in serial ethanol, and embedded
in paraffin. Histological sections (10 μm) were stained
with hematoxylin (Sigma-Aldrich) and eosin (Sigma-
Aldrich) to evaluate the tissue structure and presence
of nuclei. Immunostaining of collagen type IV and
laminin was performed to evaluate the presence of
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basal lamina proteins. Briefly, deparaffinized sections
were blocked with bovine serum albumin (Fisher Scien-
tific) and incubated in rabbit anti-collagen type IV
(Abcam, Cambridge, UK; catalog #ab6586; concen-
tration 1:1000) or rabbit anti-laminin (Abcam; catalog
#ab11575; concentration 1:1000) at 4°C overnight, and
then with goat anti-rabbit AF647 (Invitrogen; catalog
#A-21244; concentration 1:1000) secondary antibod-
ies at room temperature for 1 hour prior to addition of
Fluoroshield Mounting Medium with DAPI (Abcam;
catalog #ab104139).

Hydrogel Fabrication

The recipe for the poly(ethylene glycol) diacry-
late (PEG-DA)/N-isopropylacrylamide (NIPAAm)
hydrogel was adapted from that of Turturro et al.19
In summary, 8 mM of PEG-DA (Sigma-Aldrich) was
diluted in 1× PBS, using a PEG with a number average
molar mass (Mn) of 2000, 6000, or 10,000 (with hydro-
gels using these PEGs subsequently referred to as PEG
2000, PEG 6000, and PEG 10,000). Poly(ethylene
glycol)-block-poly NIPAAm (Sigma-Aldrich) was then
used to make a 0.3 M PEG-DA/NIPAAm solution.
The hydrogel was chemically cross-linked using 13 mM
ammonium persulfate (Sigma-Aldrich) and 168 mM
N,N,N′,N′-Tetramethylethylenediamine (TEMED;
Sigma-Aldrich). When infiltrating the decellular-
ized posterior poles with the hydrogel, the second
crosslinker (TEMED) was not added until after the
tissue was submerged in the hydrogel solution. After
addition of TEMED, the tissue was gently swirled in
the solution until the hydrogel formed.

Rheology

As a surrogate for stiffness, the storage moduli of
the different PEG hydrogels were measured using the
TA Instruments AR2000EX Rheometer (TA Instru-
ments, New Castle, DE). The temperature was set to
the desired start temperature, and the gap was set to
500 μm. A hydrogel solution without TEMED (0.8–1.0
mL) was prepared and stored on ice until the rheome-
ter was ready. Once ready, the shields were removed,
and the gap was set to 1200 μm. TEMEDwas added to
the hydrogel solution immediately before loading the
hydrogel onto the center of the platform. The gap was
then set to 525 μm, and the geometry (40 mm parallel
plate, Peltier Plate Steel) was placed in contact with the
hydrogel. Finally, the shield was closed, and the gapwas
set to 500 μm for measurements with 5% strain at 1 Hz
for a total of 600 seconds at a temperature of 37°C.

Pressurization and LC Displacement

We first assessed the ability of decellularized ONHs
to hold pressure by determining if they were able to
hold 45 mm Hg. This level of pressure was chosen as
a conservative value in order to ensure our procedures
would be able to hold any pressure from 5 to 45 mm
Hg. Flattened tissues were clamped inside a customized
pressurization chamber (see Fig. 1) connecting to a
pressure transducer and a syringe filled with 1X PBS.
When the pressure was set 45 mm Hg, the pressure
curve went from baseline and stayed at 45 mm Hg
if the sample was able to hold pressure; if not, the
sample was labeled as incapable of holding pressure
in the proportion results. The proportions were calcu-
lated using binary values indicating that the tissue
was either capable (1) or incapable (0) of holding
pressure.

To record the LC displacement, tissues were
subjected to 5 and 15 mm Hg of pressure. Flattened
tissues were clamped inside a customized pressuriza-
tion chamber connecting to a pressure transducer and
a syringe filled with 1X PBS. Three-dimensional (3D)
images from an anterior viewpoint were taken using
two-photon microscopy at 5 mm Hg and again at 15
mm Hg.20,21 These pressures were chosen because the
normal pressure in control pig eyes is reported 15.2 ±
2.1 mm Hg22 and the LC showed the greatest displace-
ment at these pressures in our previous study.20,21,23
With this setup, we imaged the microstructural organi-
zation and mechanical response of the LC using an
excitation wavelength of 780 nm, collecting collagen
(collection 377/50 nm) and elastin (collection 460/80
nm) simultaneously. Image datasets from sequential
levels of pressure at 5 and 15 mm Hg were de-noised,
processed to measure anterior-posterior displacement
of the LC, and normalized to the displacement of
the same eye before decellularization. Decellularized
tissues were unable to hold pressure, so we investi-
gated the ability of hydrogel-infiltration and super
glue coating to restore the biomechanical properties
of the LC. This was accomplished by evaluating the
tissues before decellularization and then after decel-
lularization and treatment with either one of the
PEG-based hydrogels (PEG 2000, PEG 6000, or PEG
10,000) or with super glue (Loctite, Westlake, OH).
For the super glue treatment, the decellularized tissues
were infiltrated with the PEG 10,000 hydrogel, then
optic nerves were coated in super glue and allowed to
completely dry before conducting pressurization exper-
iments. For each ONH, displacement was measured
both before (dissect) and after decellularization and
treatment (decell). Displacement data was normal-
ized to the displacement of the same sample prior to
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Figure 2. DNA content of the decellularized posterior poles compared to non-decellularized controls. To evaluate the ability of the decel-
lularization protocol to remove cellular content, the DNA concentration was measured for both the decellularized posterior poles and
their non-decellularized control (A), finding a significant decrease in the DNA concentration with decellularization for all protocols. Gel
electrophoresis indicated that any remaining DNA in the decellularized tissues was more fragmented than in the controls (B). All samples
were included in the same gel but not positioned adjacent, so cropping of the gel is indicated by black bars. *P ≤ 0.05, **P ≤ 0.01.

decellularization (non-decellularized controls) to
control for between-sample variation.

Statistics

All experiments were conducted in triplicate (n-
value = 3), and values are shown as the mean
± SD. Statistical differences were analyzed by (i)
one-way ANOVA and Tukey’s multiple comparisons
and (ii) one-sample paired t-test for the anterior-
posterior displacement of LC using the R statistical
language and environment (R Foundation for Statis-
tical Computing, Vienna, Austria), with significance at
P < 0.05.24

Results

Decellularization Protocol Optimization

To develop a biomimetic scaffold of the ONH,
we decellularized porcine posterior poles using a
method optimized to preserve the ECM and struc-
ture of the tissue. We optimized this protocol for our
tissues by modifying the concentration and duration
of Triton X-100 treatment and the concentration
of trypsin/EDTA treatment. Among six experimen-
tal groups - High Triton 1 h, Low Triton 1 h, Low

Triton 48 h, Low Triton 1 wk, No Trypsin, and
High Trypsin - we found a 68.4%, 70.5%, 94.9%,
92.9%, 69.9%, and 78.3% decrease in cellular DNA
content compared with the control, with P values
of 0.04, 0.03, 0.002, 0.004, 0.02, and 0.01, respec-
tively (Fig. 2A). Although all modifications to the
protocol were capable of significantly removing the
cellular material from the tissues compared with the
non-decellularized control and were not significantly
different than original protocol18, a longer duration
(48 hours or 1 week) Triton X-100 treatment reduced
the DNA content more than any other modification.
The DNA from the extended Triton X-100 treatment
protocols also appeared more degraded than those
from the other protocols (Fig. 2B).

Histology was performed to further evaluate the
ability of the decellularization protocols to remove
cellular material and preserve the tissue structure.
Hematoxylin and eosin (H&E) staining of the decel-
lularized tissues confirmed that the protocols were
successful in removing cellular material, as indicated
by the minimal appearance of cell nuclei in the decel-
lularized tissues compared with the non-decellularized
controls (Fig. 3). The decellularization process did
not appear to remove the pigment in the choroid.
DAPI staining further validated these results, with less
nuclei staining in the decellularized samples, especially
those with longer duration Triton X-100 treatments
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Figure 3. H&E staining of the decellularized posterior poles and non-decellularized controls. H&E staining was performed for the control
and decellularization protocols with high triton for 1 hour, low triton for 1 hour, low triton for 48 hours, low triton for 1 week, no trypsin, and
high trypsin. The resulting images indicate that remaining cellular content was negligible for all decellularization protocols, compared to
the control, and that the different protocols preserved the ECMmicrostructure to varying degrees. Scale bar = 100 μm.

Figure 4. DAPI staining of the decellularized posterior poles and non-decellularized controls. DAPI staining was performed for the control
and decellularization protocols with high triton for 1 hour, low triton for 1 hour, low triton for 48 hours, low triton for 1 week, no trypsin, and
high trypsin. The resulting images confirmed the DNA quantification results in that the long duration triton treatments better cleared the
tissues of cellular material. Scale bar = 100 μm.

(Fig. 4), although background fluorescence was seen
in samples with residual pigment. Staining with H&E
also indicated that the different decellularization proto-
cols affected the ECM microstructure of the tissues to
a varying level. As seen in Figure 3, treatment with a
higher concentration of trypsin/EDTA destroyed the
structure the most, whereas all other treatments were
less harsh and better at maintaining the tissue architec-
ture.

After evaluating the different decellularization
protocols, we decided to proceed with the protocol
that used a lower concentration of Triton X-100 for a
longer duration. Because the Triton X-100 treatments
for 48 hours and 1 week produced similar results, we
chose to use the 48-hour treatment, thus minimizing
the time required for decellularization. Overall, this
protocol showed a decrease in the amount of cellular
material compared to the non-decellularized controls,
as indicated in Figure 2, by a significant decrease in
DNA concentration (94.9% decrease with a P value of
0.00241) and more degraded DNA and in Figures 3
and 4 by the appearance of negligible levels of cell
nuclei. It also preserved the structure of the tissue, as
indicated by H&E staining (see Fig. 3). Using two-
photon microscopy, we performed second harmonic
generation (SHG) imaging to visualize the fibrillar
collagen in the porcine posterior poles before and after
decellularization, as seen in Figure 5. This imaging
further confirmed that the ECM microstructure was

maintained with our optimal decellularization proto-
col. Immunofluorescence staining for collagen IV and
laminin indicated that the basement membrane was
preserved after decellularization, as shown in Figure 5
by similar staining between the control and decellular-
ized samples.

Rheology

Because decellularization caused the porcine poste-
rior poles unable to hold pressure, we investigated
the capability of holding pressure post decellular-
ization using PEG-DA/NIPAAm hydrogels composed
of three molecular weights (PEG 2000, PEG 6000,
and PEG 10000). To confirm that increasing the
molecular weight of the PEG would likewise increase
the stiffness of the hydrogel, we performed rheol-
ogy on all three hydrogels and measured their
maximum storage modulus during the gelation process
(Fig. 6). Results indicated that the PEG 6000 and
PEG 10,000 hydrogels were significantly (P values
of 0.000258 and 0.000140) stiffer than the PEG
2000 hydrogel, with storage moduli of 1.41 ±
0.797, 10.3 ± 1.60, and 11.3 ± 1.07 kPa, respec-
tively. Although the PEG 10,000 hydrogel had a
higher storage modulus than the PEG 6000 hydro-
gel, the difference was not significant, with a P value
of 0.586.
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Figure 5. SHG and immunohistochemistry imaging of the decellularized posterior poles and non-decellularized controls. Histology was
performed to compare the effect of decellularization on cellular content, ECM microstructure, and basal lamina of the tissue. SHG imaging
of the control and decellularized posterior poles indicated that decellularization had minimal impact on ECM microstructure. DAPI (blue)
staining validated the results from H&E staining, with the decellularized samples showing negligible cell nuclei compared to the controls.
Tissueswere stained for collagen IV (magenta) and laminin (magenta) to visualize thebasal lamina,with similar immunofluorescence staining
in the decellularized samples compared to the controls, indicating minimal damage to the basal lamina. Scale bar = 100 μm.

Figure 6. Storage moduli for the different PEG-DA/NIPAAm hydro-
gels. Rheology was used to compare the storage modulus of the
three PEG-DA/NIPAAm hydrogels used in this study: PEG 2000, PEG
6000, and PEG 10,000. The storage modulus of the PEG 2000 hydro-
gel was found to be significantly lower than that of the PEG 6000
and PEG 10,000 hydrogels, with no significant difference between
PEG 6000 and PEG 10,000 hydrogels. *P ≤ 0.05.

Biomechanical Response of ONH
Decellularization

The proportion of ONHs was calculated from the
binary values indicating that the tissue was either
capable (1) or incapable (0) of holding pressure of 45
mmHg. Pressurizing the decellularized posterior poles
confirmed that decellularization significantly reduces

ability of the tissues to hold pressure, with 96.7% of
the non-decellularized controls (Dissect) and among
all the eyes tested, only 21.4% of the decellularized
tissues (Decell) capable of holding pressure (P< 0.001;
Fig. 7A). This is likely due to the removal of cellular
material and neural tissues as a result of the decellu-
larization process. Infiltrating the decellularized tissues
with any of the PEG-based hydrogels restored their
ability to hold pressure with no significant difference
in success rate for the PEG 2000, PEG 6000, and PEG
10,000 compared with the non-decellularized controls
(Dissect) (P values of 0.652, 0.581, and 0.525, respec-
tively; see Fig. 7A).

After confirming that the PEG-based hydrogels
were capable of holding pressure, we evaluated the
biomechanical response of the hydrogel-infiltrated
decellularized tissues. We utilized two-photon imaging
to quantify the anterior to posterior displacement of
the center of the LC in response to a pressure increase
from 5 to 15 mmHg. The ONHs of a set of decellular-
ized posterior poles were coated with super glue, acting
as positive control, because dried super glue is known
to stiffen the tissue and, thus, reduce the displacement.
After normalizing the measured displacement to the
displacement prior to decellularization for the same eye
(see Fig. 7B), we found that the PEG 2000-inflitrated
tissues had a significantly greater displacement than
before decellularization (P value of 8.60 x 10−5) with
all other groups remaining statistically similar (P =
0.36, 0.96, and 0.12 for the PEG 6000, PEG 10,000,
and glue groups, respectively). Therefore, the PEG
2000 hydrogel was unable to return the anterior to
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Figure 7. Pressurization of the posterior poles before and after decellularization and treatment with hydrogel or super-glue. Pressurizing
the posterior poles to 15mmHg showed a significantly lower proportion (%) of the tissueswere able to hold pressure after decellularization,
but infiltrating the decellularized tissues with a PEG-based hydrogel enabled them to retain this ability (A). Measuring the displacement of
the tissues after increasing the pressure on the tissues from 5 to 15 mm Hg showed that treating the decellularized tissues with either
PEG 6000 or PEG 10,000 restored the biomechanical properties of tissue to that prior to decellularization (B). Dissect samples refers to the
matched, non-decellularized controls, and displacement was normalized to the paired dissect displacement. *P ≤ 0.05.

posterior displacement of the LC to its level prior to
decellularization. Although there was no significant
difference between the other treatment conditions,
the PEG 6000 and PEG 10,000 hydrogel infiltration
appeared to restore the biomechanical response of
the decellularized ONH better than the glue-coating,
having normalized displacements of 0.68 ± 0.5 and
0.87 ± 0.4, respectively, when the displacement of the
non-decellularized controls (Dissect) was 1.00.

Discussion

Using an optimized decellularization protocol, we
have developed a biomimetic scaffold that can be used
to better study glaucoma and other diseases involved
in ONH remodeling. The decellularization protocol
was shown to remove cellular material while preserv-
ing the ECM microstructure and basal lamina in
porcine posterior poles. Although the decellularized
tissues could not hold pressure (which is needed for
ONHmechanobiology investigations), we were able to
restore the biomechanical response of the ONH by
infiltrating it with a PEG-based hydrogel.

Decellularization is a process used to remove cellu-
lar material from tissues while preserving the ECM.
Many techniques have been used to decellularize
tissues, such as freeze-thaw cycles and treatment with
detergents and other chemicals that disrupt the tissue
and its cellular contents.25 Because tissues vary in cellu-
lar and ECM composition, decellularization protocols
need to be optimized for specific tissues. For our study,

we chose to use a modification of a method described
by Prest et al., designed to decellularize sciatic nerves
with a series of detergents (sodium deoxycholate and
Triton X-100), chemicals (EDTA and peracetic acid),
and an enzyme (trypsin) interspersed by washes.18

Unlike ionic detergents, such as sodium dodecyl
sulfate (SDS), Triton X-100 is less damaging to the
structure of tissue.26,27 Therefore, we manipulated the
concentration and duration of Triton X-100 treatment
when optimizing their protocol for the decellulariza-
tion of porcine ONHs. As expected, increasing the
duration of the treatment led to a greater removal of
cellular material, as well as more damage to the ECM.
To minimize damage, we chose to use a lower concen-
tration of Triton X-100 when increasing the treat-
ment duration, which led to removal of more cellu-
lar material while preserving the ECM microstructure.
Increasing the concentration of Triton X-100 for the
shorter treatment duration, though, also appeared to
have negligible effects on the tissue microstructure,
possibly because the concentration was still below the
threshold of that capable of causing damage.

We also manipulated the concentration of
trypsin/EDTA. Although EDTA is relatively ineffec-
tive alone, combining trypsin with EDTA enhances its
ability to disrupt cell to ECM attachment, but trypsin
has been found to also disrupt the ECM microstruc-
ture with prolonged treatment.28,29 Thus, we only
manipulated the concentration of the trypsin/EDTA
treatment without increasing duration. We did not
attempt to increase the duration or concentration
of sodium deoxycholate or peracetic acid treatment,
because they have been shown to cause aggregation
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of DNA and increase ECM stiffness, respectively, and
we wanted to minimize their harmful effects while still
taking advantage of their ability to remove cellular
material.30–32

In optimizing our decellularization protocol, a
priority was maintaining the ECM of the ONH
because the decellularized tissue is to be used to
produce scaffolds to study the remodeling of the ONH
in response to various levels of IOP. The ECM is
composed of collagen, laminin, fibronectin, proteogly-
cans, and growth factors play an important role in
cellular structure, signaling, and maintaining tissue-
specific phenotypes.33 The basement membrane of the
ECM is important for anchoring certain cell popula-
tions.34 Specific ECM and ultrastructural changes in
the LC are associated with glaucoma, and remod-
eling of this tissue is a key clinical marker for this
disease.35 Yet, more studies are needed to better under-
stand how ECM changes may contribute to glaucoma-
tous damage, including retinal degradation and subse-
quent vision loss. Therefore, a scaffold that maintains
the native ECM microstructure will be greatly benefi-
cial to studying the glaucomatous ECM under physio-
logically relevant conditions.

Because the ONH is often pressurized in glaucoma
biomechanical studies, we investigated the use of PEG-
DA/NIPAAm hydrogels of varying molecular weight
to restore the biomechanical response of the decel-
lularized tissues. A PEG-DA/NIPAAm hydrogel was
chosen because it has been previously used for intrav-
itreal injections and is biocompatible with the retina.19
The addition of PEG to the NIPAAm hydrogel adds
to the mechanical strength of the hydrogel, with the
molecular weight of the PEG directly proportional to
the stiffness of the hydrogel.36 Our results indicated
that the higher molecular weight PEG evaluated (PEG
10,000) restored the biomechanical properties of the
decellularized tissues more closely to that observed
prior to decellularization, although there was no signif-
icant difference between the normalized displacements
of the PEG 10,000 and PEG 6000 infiltrated tissues. If
our scaffold is to be seeded with astrocytes and LC cells
in future studies, it will need to be able to promote cell
survival and astrocyte neurite outgrowth.

There are other biomechanical glaucoma models
available for the characterization of LC microstruc-
ture. For example, Jan et al. also utilized microscopy
to characterize collagen fiber organization without any
immunolabeling.37 This polarized lightmicroscopywas
able to capture high-resolution images providing infor-
mation on fiber orientation.37 In our study, we focus
on capturing 3D images of collagen fibers in order to
calculate the anterior-posterior displacement of the LC
in response to IOP change. Another study described

a methodology for building individual-specific compu-
tational models of ONH.38 Using 3D, they recon-
structed the anterior and posterior ONH surfaces from
histological images providing information of Bruch’s
membrane opening, scleral curvature, and LC depth.38
In our study, we were able to capture LC displace-
ment without fixation, embedding, or sectioning of the
tissues. When combined with the approach to quantify
LC strain nondestructively that we described in our
prior study, it will allow future investigations into the
mechanobiology of ONHLC remodeling using human
cells and human tissues.

One limitation of our study was the use of porcine
posterior poles in lieu of postmortem human tissue.
Although the porcine eye is a cost-efficient choice
for preliminary studies, any differences in the ECM
or cellular composition that do exist between species
could change the effectiveness of the optimized decel-
lularization protocol.22 If a protocol similar to this
is to be used in human tissues, the variation between
species as well as human covariates including race, age,
and gender may need to be taken into account both
in optimizing the decellularization method and in the
choice of hydrogel formulation used in mechanobio-
logical studies.With the cellular material removed from
the tissue, however, the decellularized posterior poles
could likely be used for experiments utilizing recellular-
ization and culture of human cells.39 Future studies are
needed to confirm that our decellularized scaffolds are
indeed supportive of cell growth, allowing to establish
a decellularization/recellularization platform to study
the mechanobiology of glaucoma. Another limitation
is that we focus on localized relative displacement
rather than decomposing to tensile, compressive, or
shear components. Most of the ONH biomechani-
cal properties are measured using tensile tests, but it
has been shown that the main mode of deformation
under elevated intraocular pressure is compression.40
Future studies will confirm whether the LC displace-
ment measured in this study is a result of compression
under elevated IOP from the anterior viewpoint.

In summary, we have successfully developed a
physiologically relevant ONH scaffold using a mild
decellularization protocol and a PEG-based hydrogel.
Although previous studies have investigated decellular-
izing other ocular tissues, this is the first to optimize a
decellularization protocol for the ONH. Our decellu-
larization protocol was able to remove cellularmaterial,
preserve the ECM microstructure, and maintain the
basal lamina. Infiltrating the tissues with a hydro-
gel can restore the ability of decellularized ONHs
to hold pressure. Our decellularization model, there-
fore, can be used to establish an in vitro decellular-
ization/recellularization platform to study the cellular
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mechanisms involved in pathologies where LC ECM
remodeling are prevalent, including primary open
angle glaucoma.
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