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Abstract

Retinal pigment epithelium (RPE) transplantation for the treatment of macular degeneration
has been studied for over 30 years. Human clinical trials have demonstrated that RPE
monolayers exhibit improved cellular engraftment and survival compared to single cell sus-
pensions. The use of a scaffold facilitates implantation of a flat, wrinkle-free, precisely
placed monolayer. Scaffolds currently being investigated in human clinical trials are non-
degradable which results in the introduction of a chronic foreign body. To improve RPE
transplant technology, a degradable scaffold would be desirable. Using human fibrin, we
have generated scaffolds that support the growth of an RPE monolayer in vitro. To deter-
mine whether these scaffolds are degraded in vivo, we developed a surgical approach that
delivers a fibrin hydrogel implant to the sub-retinal space of the pig eye and determined
whether and how fast they degraded. Using standard ophthalmic imaging techniques, the
fibrin scaffolds were completely degraded by postoperative week 8 in 5 of 6 animals. Post-
mortem histologic analysis confirmed the absence of the scaffold from the subretinal space
at 8 weeks, and demonstrated the reattachment of the neurosensory retina and a normal
RPE—photoreceptor interface. When mechanical debridement of a region of native RPE
was performed during implantation surgery degradation was accelerated and scaffolds
were undetectable by 4 weeks. These data represent the first in situ demonstration of a fully
biodegradable scaffold for use in the implantation of RPE and other cell types for treatment
of macular degeneration and other retinal degenerative diseases.

Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness in the developed
world, with an estimated 196 million cases globally by 2020 [1]. AMD causes a loss of central,
high acuity vision, and is thought to result from dysfunction of the RPE. The concept of treat-
ing AMD and other forms of macular degeneration using RPE transplantation has been stud-
ied since the late 1980s [2,3]. Yet, until recently, few clinical trials had been conducted due to
lack of an abundant RPE cell source. Pluripotent stem cells offer an abundant cell source with
multiple studies demonstrating reliable differentiation into RPE cells [4-7]. A number of
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recent clinical trials to treat AMD or inherited macular degeneration using stem cell derived
RPE cells support the potential efficacy of this approach [8-11].

Since RPE cells are no longer a rate limiting factor, the field has more recently shifted focus
to develop a practical means of delivering RPE cells into the sub-retinal space. The first clinical
trial of embryonic stem cell-derived RPE (ES-RPE) used the simple approach of injecting a sin-
gle bolus cell suspension into the sub-retinal space [8]. Though safe, this study had a low trans-
plant integration and viability [8,12]. The adaptation of tissue engineering principles led to 3
recent engraftment successes in clinical trials for AMD. The first study to demonstrate the use
of induced pluripotent stem cell (iPSC)-derived cells utilized a gelatin scaffold to generate an
RPE monolayer that is enzymatically released from the scaffold prior to delivery as a free-float-
ing monolayer [9,13]. The one patient who received an autologous transplant showed stabiliza-
tion of her visual acuity [9], with the transplant surviving as long as 4 years [14]. The RPE in
the autologous transplant exhibited folding and wrinkling resulting in an excessively thick
RPE layer in the absence of a scaffold that may have contributed to some of the long term com-
plications associated with this transplant [14]. The other studies utilized synthetic scaffolds,
polyethylene terephthalate (PET) [10] and Parylene [11], to support an ES-RPE monolayer
throughout the transplantation surgery, and implanted the scaffold together with the RPE. In
these two studies the scaffold remained intact after 1 year of followup. The combined 6 patients
receiving non-degradable scaffolds showed similar visual stability, with one who received the
PET-based transplant reporting improvement in visual function [10,11]. These early studies
have mainly demonstrated proof-of-principal for transplants on non-degradable scaffolds.
While the RPE in these studies reportedly survive out to 1 year, the persistence of the non-
degradable scaffold may become problematic. In animal studies where non-degradable scaf-
folds are implanted in the subretinal space there is significant damage to the overlying retina
in the absence of RPE cells [10,15]. As such, while RPE transplant shows great promise, there
are is a substantial opportunity to improve these procedures by developing a degradable scaf-
fold that will not introduce a chronic foreign body, yet permit precision placement of a flat
RPE monolayer.

In discussing potential degradable scaffolds, it is important to recognize that a number of
groups are also studying the transplantation of stem cell-derived photoreceptor cells (PR) for
retinal degenerative diseases such as retinitis pigmentosa. In a similar evolutionary course, the
initial models of delivering suspended PR have been markedly improved with the use of scaf-
folds [16]. The use of synthetic scaffolds containing cylindrical holes for the progenitor differ-
entiation to PR has been proposed to generate PR arrays as a therapeutic [17]. Though the two
concepts utilize different cell populations for different mechanisms of blindness, both
approaches can benefit from a similar implant delivery approach. For example, whether deliv-
ering an RPE monolayer or photoreceptor sheet, both implants must be placed in the sub-reti-
nal space, which lies between the neurosensory retina and the choroid-Bruch’s membrane-
RPE tissue complex (CBR). Many popular materials with the potential for degradation have
been reported as potential scaffolds for use in retinal cell transplantation [17-22]. However, to
date, none of these materials has been demonstrated to degrade completely when placed in the
subretinal space of the eye. Because of the unique micro-environment of the sub-retinal space
[23], it is not reasonable to accept that the degradation and safety profiles will be similar for
these materials in the subretinal space compared to that in other parts of the eye or body.

Previously, we had investigated fibrin hydrogels for use as scaffolds in RPE transplantation
[24]. Fibrin provides the matrix for formation of a clot during the natural wound healing pro-
cess. As such, the body possesses enzymes both to form and breakdown fibrin clots [25]. Fibrin
is approved by the FDA as a glue for use in surgery and products currently on the market (e.g.
Evicel and Tisseel) have demonstrated records of safety in the eye and brain after several
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decades of clinical use [26-28]. Previously, we generated fibrin gels with appropriate geometry,
suitable mechanical properties, and degradation kinetics for use in RPE transplantation [24].
These fibrin scaffolds support the growth and differentiation of iPSC-RPE monolayers that
exhibit the characteristics associated with an RPE phenotype [24], which was maintained in
vitro following scaffold degradation. Herein, we investigated the degradation of cell-free fibrin
hydrogel implants within the subretinal space. We observed that degradation of the scaffolds
occurs within 8 weeks in the subretinal space and that the implant causes no damage to the
surrounding tissues. Furthermore, we observed that the time course for degradation can be
accelerated to <4weeks by mechanical debridement of the native RPE.

Materials and methods
Gel fabrication

Fibrin hydrogels were formed using the Evicel (Ethicon; Somerville, NJ) fibrin glue kit as pre-
viously described [24] at a final mixing concentration of 40 mg/mL Fibrinogen and 33 U/mL
thrombin. The mixture was placed in a custom mold to achieve a thickness of 200um and incu-
bated for 2 hrs at 37°C to achieve gelation. The gel was then hydrated in PBS for a minimum
of 1 hr at 37°C. Individual implants were obtained by using a custom punch of 1.5mm wide x
5.0mm long, to achieve the desired geometry of an oblong shaped implant with rounded edges
(Fig 1A). Implants were stained in 0.04% trypan blue solution (Gibco; Waltham, MA) to facili-
tate visualization during the surgical and post-operative examination. Following production,
implants were stored in phosphate buffered saline (PBS) at room temperature.

Characterization of fibrin hydrogels

Scanning electron microscopy (SEM) was performed as previously described [24]. Briefly, gels
were fixed overnight in 2.5% paraformaldehyde and 1% glutaraldehyde in 0.1M phosphate
buffer pH 7 containing 1.0mM MgCl, and 0.13 mM CaCl,. Gels were then processed and
imaged at the Mayo Microscopy and Cell Analysis Core using a Hitachi S-4700 (Hitachi High
Technologies; Schaumburg, IL) Scanning Electron Microscope.

Optical coherence tomography was used to evaluate the thickness and consistency of the
implants. OCT was performed as before [24] using an Envisu R220 (Leica; Wetzlar, Germany)

A

Fig 1. Fibrin hydrogel implant characterization. (A) Brightfield image of a 1.5mm x 5.0mm fibrin implant colored
with trypan blue (B) Scanning electron micrograph of the top surface of the fibrin implant showing characteristic
crosslinking fibrils. (C) Optical coherence tomography (OCT) of the fibrin implant in cross-section, demonstrates
uniform fibril formation and thickness.

https://doi.org/10.1371/journal.pone.0227641.9001
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set up using an AIM table, with the camera and attached telecentric lens faced down toward
the gel which was in PBS. B scans were taken of the gels and analyzed using the accompanying
InVivoVue software (Leica).

Implantation device prototype

An implantation device was prototyped with assistance from Elite Custom Solutions (Roches-
ter, MN). The device consists of a reusable handle and a disposable tip assembly (Fig 2). The
reusable handle has a pneumatic actuator, luer-lock connector, and threads for the disposable
tip assembly. The disposable tip assembly consists of a spring-guided pin attached to a metal
wire plunger that is housed through a stainless steel tube hub and within a clear plastic housing
tip. The clear plastic housing tip was generated using a 3D printing stereolithography tech-
nique and the material used was WaterShed XC 11122. The fibrin hydrogel implant is loaded
within the clear plastic housing of the tip prior to implantation. To deploy the implant from
the housing, pressure is applied via syringe to the pneumatic actuator, activating the wire
plunger.

Animals

We used female domestic (Yorkshire) pigs (Manthei Hog Farm; Elk River, MN), with starting
weights of 22-35kg. Animals were pre-screened for exclusion criteria, including cupped optic
disk, iris neovascularization, and pre-existing retinal detachment or cataract. All experiments
were approved by the Mayo Clinic IACUC and adhered to the ARVO statement for the use of
animals in ophthalmic and vision research.

Surgery

Animals were initially anesthetized with 5mg/kg Telazol and 2mg/kg Xylazine intramuscular
followed by 0.18mg/kg Buprenorphine SR intramuscular prior to surgery. Once fully anesthe-
tized, the pupil was dilated with 2.5% phenylephrine and 1% tropicamide eye drops and 0.5%
proparacaine drops were administered for topical analgesia. Following intubation, sedation
was maintained with inhalant Isoflurane (1-5%) throughout the surgery.

Following a temporal canthotomy and placement of a pediatric ophthalmic speculum, the
conjunctiva was incised, and a standard 25ga, 4-port vitrectomy (Accurus System: Alcon; Ft
Worth, TX) was performed. Following a subtotal vitrectomy with a posterior vitreous detach-
ment (PVD), a serous retinal detachment of 6-10mm diameter was created using a 38ga

Fig 2. Sub-retinal implantation device prototype. (A) Photo of the device. The disposable tip assembly (B) is screwed
into the metal (silver) handle. The actuator resides within the handle and is not visible. The blue luer lok tubing
connector is attached to the actuator connector. (B) Image of the disposable tip assembly without the handle. (C) Close
up image of the clear plastic housing. The wire plunger is visible within the clear plastic housing. (D) Surgical video
screenshot showing the device entering through the sclera. The blue implant is visible within the device.

https://doi.org/10.1371/journal.pone.0227641.9002
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(MedOne; Sarasota, Fl) or 40ga cannula (Incyto; South Korea). A small area of retina was cau-
terized with a 25ga diathermy probe (Alcon) at the inferior border of the retinal detachment
and a retinotomy was created using 25ga vertical vitreoretinal scissors (Beaver-Visitec; Wal-
tham, MA). In some cases, mechanical debridement of the endogenous RPE under the detach-
ment was performed using a beveled soft tip aspiration cannula (MedOne). A 3.6mm scleral
incision was then made approximately 3.5 mm posterior to the corneal limbus using a 20ga
MVR knife (Alcon). The choroid was cauterized and incised using a 3.4mm satin knife (Alcon).
The custom implantation device, loaded with the fibrin implant, was then inserted through the
scleral incision and aligned with the retinotomy and the implant ejected into the subretinal
space. The implantation device was then withdrawn, and the sclerotomy sutured. In some cases,
perfluorocarbon liquid (Alcon) was used to flatten the retina over the implant. Fluid/air
exchange and tamponade with silicone oil (Alcon) or SF¢ gas (Alcon) was applied at the discre-
tion of the surgeon. Following removal of the ports, the animal was administered a single dose
of 300mg of Cefazolin in the sub-Tenon space. Topical 0.3% Gentamycin twice daily for 4 days
and subcutaneous 4mg/kg Carprofen once daily for 4 days was also administered.

Post-operative exams

During postoperative exams, pigs were anesthetized with 0.1mg/kg dexmedetomidine and
5mg/kg Ketamine. Pupils were dilated with 2.5% phenylephrine and 1% tropicamide eye
drops. Proparacaine drops (0.5%) were administered for topical analgesia. If the animal had
poor eye tracking for imaging, the animal was also intubated, and sedation maintained with
inhalant Isoflurane (1-5%). After imaging was complete, an anesthetic reversing agent, 1mg/
kg Atipamezole, was given intramuscularly.

Indirect ophthalmoscopy was used to examine the fundus. Next, color fundus (Topcon
TRC-NW200; Tokyo, Japan), OCT images (OptoVue iVue 1.0; Fremont, CA), and fluorescein
angiography (FA) dosed at 1mg/Kg using a handheld fundus camera (Volk Optical; Mentor,
OH) were used to image the implantation site. Imaging was performed weekly or bi weekly in
all animals until euthanasia. OCT image analysis was performed on multiple sections through
the center of the implant zone.

Animals were sacrificed at 2, 4, 8 and 12 weeks (Table 1) using intravenous pentobarbital
(390mg/mL). One animal was also sacrificed at each of the following time points: time zero
(immediately post-operative), 1 day and 2 days after implantation. Following sacrifice, eyes
were enucleated and fixed in 10% neutral buffered formalin for a minimum of 72hrs and pro-
cessed through paraffin. Ten pum sections were cut and stained using hematoxylin and eosin as
described [29]. Eyes from 0, 1 and 2 day time points, were embedded in frozen tissue embed-
ding medium (Tissue-Tek; Torrance, CA). 10pm cryo-sections were used in lieu of paraffin to
preserve as much of the retinal architecture as possible.

Statistics

Data was analyzed using JMP 14 (SAS; Cary, NC). For OCT measure of retinal detachment
thickness over time, a two-way ANOVA was used. After ANOVA analysis, significance was
tested amongst groups using a Tukey HSD and/or student t-test.

Results
Fibrin gels

Fibrin gels (Fig 1A) were manufactured as previously described to a thickness of 200 um [24].
Our prior work showed that this thickness is ideal to generate a gel stiff enough to maneuver
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Table 1. Table of study animals.

Case # Sacrifice timepoint Fully degraded? Notes

1 2 day No

2 1 day No

3 0 day No

4 10 week Yes

5 8 week Yes

6 8 week Yes (by 1 week)

7 8 week Yes

8 2 week No

9 2 week No

10 4 week No

11 12 week Yes (by 8 weeks)

12 2 week Yes

13 5 week Yes (by 4 weeks) Debridement

14 8 week Yes

15 4 week Yes Intentional Debridement
16 2 week No Intentional Debridement

https://doi.org/10.1371/journal.pone.0227641.t001

with various surgical tools without bending or folding or impeding the path of movement
[24]. Gels had the characteristic fibrin nano fibril crosslinked structure on SEM imaging (Fig
1B). Imaging with OCT verified that implants used in this study had an average thickness of
202.5 + 18.9 um with an average surface area of 6.2 + 0.2 mm?, an average width of 1.45 + 0.02
mm, and average length of 4.71 £ 0.03 mm (n = 6).

Implantation device prototype

We developed a novel insertion device to implant fibrin scaffolds (Fig 2A & 2B). The device
has a rectangular housing tip (Fig 2C) geometrically optimized to house the implant. The
outer dimensions of the tip were minimized to facilitate a small (3.6mm) sclerotomy. To mini-
mize hand-placement instability, we used a pneumatic-driven actuator that did not require
finger manipulation. This allowed compatibility with the viscous fluid injection module of
common surgical vitrectomy systems, which can be triggered by a foot pedal. A rectangular,
transparent housing tip allowed visualization of the implant (Fig 2D). Visibility was considered
important to permit the surgeon to verify proper polarity of the implant and deployment with-
out damage to the implant.

The housing tip had outer dimensions of 2.3mm width and 1.0mm height, with inner
dimensions of 1.9mm width and 0.6mm height (S1 Fig). The stainless steel hub was curved to
parallel the inner surface of the pig eye with a radius of 45mm (S1 Fig).

Implantation surgery

We settled on a surgical model compatible with current vitreoretinal surgical practice. This
includes a trans-vitreal, trans-retinal approach to gain access to the subretinal space (Fig 3, S1
Video). This was accomplished by creating a retinal detachment and retinotomy following vit-
rectomy. To minimize the size and damage created by the retinotomy, we utilized a small
implant (1.5mm width) that was sufficient to span the diameter of the human fovea [30] and
proved favorable due to the highly vascular retina found in the pig eye. The pig retina has an
area centralis that contains fewer large vessels and contains a higher density of cone
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Fig 3. Montage of surgical procedure. (A) Placement of the valved entry ports. (B) Vitrectomy. Triamcinolone is used
as a contrast agent to perform the posterior vitreous detachment. (C) A subretinal bleb is created using a 40ga cannula.
(D) A 1.8mm retinotomy is created using 25ga vertical scissors. The retina was pre-cauterized using a diathermy probe
to prevent bleeding. (E) A 3.6mm wide sclerotomy is created using a slit knife. (F) The implantation device is used to
place the fibrin implant into the subretinal space. The blue implant is visible under the retina.

https://doi.org/10.1371/journal.pone.0227641.9003

photoreceptors [31]. Successful placement of the fibrin implant into the area centralis was
achieved in 16 pigs.

Post-operative live imaging follow-up

Sixteen surgeries were performed. Three of these included mechanical debridement of the
RPE. Twelve surgeries had fluid/air exchange, one received a silicone oil tamponade and two
received ~20% SF¢ gas tamponade. In cases with only fluid/air exchange, the air resorbed by
day 2-3 post-operative. In cases with 20% SF; gas tamponade, the gas resorbed completely by
post-operative day five. In cases with partial gas in the globe, imaging or a full indirect exam
were not possible. In the case with the silicone oil tamponade, both OCT and fundus images
were difficult to obtain, and indirect exam was the preferred method of examination. Implant
degradation rates did not differ between eyes with gas or silicone tamponade.

Fibrin scaffolds were visualized with indirect ophthalmoscopy and OCT at week one (Fig
4). Using OCT, a rectangular gap between the retina and underlying choroid-Bruchs mem-
brane-RPE (CBR) tissue was observed (Fig 4). This was later confirmed by histology as the
fibrin implant (Fig 5A). In contrast to our in vitro work where the implant was hyper-reflective
under OCT, the implant was hypo-reflective using OCT in vivo. This is likely due to the rela-
tively higher reflective properties of the retinal tissue in comparison to fibrin and the necessity
to adjust contrast accordingly.

Of the 13 animals receiving fibrin scaffold implants in which RPE were not debrided, all
showed signs of fibrin degradation over time (Fig 4). The OCT images showed a raised plateau
that completely resolved by week eight (Fig 4) without damage to the retina or CBR. The reti-
notomy closed in all cases and led to a raised scar.

Histology

H&E stained and unstained cryosections were examined at 0, 1, & 2 days post-implantation to
confirm the presence of the scaffold in the subretinal space (52 Fig). At later time points, H&E
stained paraffin sections of enucleated eyes were examined to confirm the degradation of the
fibrin gel and general health of the retina in the region of the implant (Fig 5A & 5B). The reti-
notomy and optic nerve head were used as points of reference to locate the region of the
implant. A scar was noted at the retinotomy that was thicker than the surrounding retina (Fig
5A, blue arrow). At two weeks post-implantation, an eosinophilic hydrogel is visible within the
sub-retinal space, distal to the retinotomy site. The neurosensory retina over the gel appears to
be in good health with normal anatomy and photoreceptor outer segments in contact with the
fibrin hydrogel (Fig 5A & 5B). There was no evidence of rosette formation or immune cell
infiltration (n = 2, 2 weeks). The outer surface of the fibrin appears to remain mostly smooth.
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Fig 4. Live post-operative imaging. Time course of fundus and OCT en face and b-scan images for animal #11 from 1
week to 10 weeks post-operative showing serial degradation. On the OCT en face images, the circle is centered to the
retinotomy site for comparable areas between images. The red line indicates the region of the b-scan. The color
intensity scale represents the rough thickness of the retina on the en face image and is the same for all images. The scale
bar applies to all OCT b-scan images.

https://doi.org/10.1371/journal.pone.0227641.9004

Signs of fibrin degradation were observed. These were mainly confined at 2 weeks to a tapering
of the outer edges of the gel.

Table 1 shows a summary of the animals included in the study. Because 3 animals were kept
alive longer than the complete degradation of the implant, a Kaplan-Meier survival analysis
was used to demonstrate presence of fibrin degradation (Fig 5C). At 1 week, 91.7% of the
cohort had remaining evidence of the fibrin implant. At 2, 4, and 8 weeks the percent cohort
with presence of the fibrin implant were 80.2%, 80.2%, 16.0% respectively. By 10 weeks, no
fibrin implant could be identified (Fig 5C, Table 1).

RPE debridement accelerates fibrin degradation

In an animal with accidental RPE damage, indirect ophthalmoscopy and OCT indicated the
absence of the fibrin gel by week four. Histology at week five, confirmed both the absence

of the fibrin scaffold and RPE atrophy in the region receiving the implant. Histology also
showed significant thickening of the retina above the RPE atrophy region and an extended
localized retinal detachment as might be expected in the absence of RPE cells. This led us to
hypothesize that the debridement of endogenous RPE could result in acceleration of fibrin gel
degradation.

To test the hypothesis that removal of the native RPE may accelerate fibrin degradation, we
mechanically debrided a region of the endogenous RPE using a beveled soft tip aspiration can-
nula in 2 pigs. Debridement was verified postoperatively using fluorescein angiography and
OCT. The site of debridement appeared hyper-fluorescent in fluorescein angiograms, while
the areas with endogenous RPE were hypo-fluorescent (Fig 6A). The hyper-fluorescent area
demonstrated RPE disruption without any fibrotic changes or choroidal neovascularization
when examined using OCT (Fig 6A & 6B).
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8 weeks

Presence of Fibrin Gel

Animals with present gel (%)

Time (weeks)

Fig 5. Fibrin implantation histology. (A) Photomicrograph of H&E stained histological sections from animals #12 (2
weeks) and #7 (8 weeks). The blue arrow indicates the retinotomy. The fibrin implant appears eosinophilic (blue star),
with the bulk of the gel remaining at 2 weeks. By 8 weeks, there is no evidence of the fibrin gel. The neural retina
within the implanted region appears healthy at both time points. The retinotomy appears to thicken over time. (B)
Close up images of regions where the implant was placed showing the healthy retina. The blue star indicates the fibrin
gel. In the 8 week timepoint, the inner retina appears thicker because of the use of silicone oil as a tamponade. (C)
Kaplan-meier graph showing the percent of animals within the cohort with evidence of remaining fibrin. In most
cases, the fibrin implant is completely degraded by 8 weeks. INL: Inner nuclear layer. Ph: Photoreceptor layer. RPE:
Retinal pigment epithelium. Ch: Choroid.

https://doi.org/10.1371/journal.pone.0227641.9005

Over time, the fibrin implant degraded at a faster pace as observed via OCT and fundus
exam (Fig 6B). Histology at 4 weeks confirmed no evidence of the implant (Fig 6C). To quan-
tify the degradation, measurements of fibrin gel thickness were made from multiple OCT
images of a representative animal of each condition through the center of the implant region
as a function of time (Fig 6E). Without debridement, the thicknesses of the gel at 1, 2, 4, 6, 8,
and 10 weeks were 195.2+20.6um, 136.8+29.9um, 94.4+19.2 um, 71.8+11.8 um, 9.8+13.4 um,
and 0 pm, respectively (mean =+ sd, pig #11, p<0.001) (Fig 6E). With debridement, the gel
thicknesses at 1, 2, and 4 weeks were 120+34.7 pm, 34.4+25.7 pm, and 2.8+6.3 um, respectively
(mean + sd, pig #15, p<0.001) (Fig 6E). ANOVA analysis confirms a statistically significant
difference between the two animals with and without debridement (p<0.001).

Discussion

In this study, we found that a surgically implanted fibrin scaffold placed in the sub-retinal
space consistently degraded within 8 weeks, without damage to the neurosensory retina or
endogenous RPE. After the scaffold was degraded, the retina appears to reattach to the under-
lying RPE. When the RPE was mechanically debrided, the implant was degraded within 4
weeks. To the best of our knowledge, this is the first report that demonstrates complete degra-
dation of a scaffold within the sub-retinal space.

The surgical device was optimized for use in the pig eye. Future iterations of the device will
attempt to minimize the outer dimensions of the rectangular housing to minimize the scleral
incision by decreasing the inner width and wall thickness. For prospective human use, this
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Fig 6. Faster degradation due to RPE debridement. (A) Fundus and fluorescein angiogram (FA) images (early and
late timepoints) showing the site of implantation. A window defect is seen in both early and late FA images, indicating
the region of RPE debridement. (B) OCT en face and b-scan images for animal #15 from 1 week to 4 weeks post-
operative. (C) Image of H&E stained histological sections from animal #13. The blue arrow indicates the retinotomy
site and the green arrow indicates the RPE debrided region. (D) Close up image of region where the implant was
placed showing the healthy retina. (E) Graph showing the thickness of the retinal detachment in OCT images over
time for animals with and without debridement. The thickness is suggestive of the remaining fibrin implant. There is a
statistically significant difference between the debrided and not debrided groups (p<0.001). INL: Inner nuclear layer.
Ph: Photoreceptor layer. RPE: Retinal pigment epithelium. Ch: Choroid.

https://doi.org/10.1371/journal.pone.0227641.g006

device would also require adjusting the curvature to better match the geometry of the human
eye.

Fibrin has a long history of safe use for a variety of applications in the clinic [25,32]. This
includes ocular use for corneal and conjunctival leaks, sclerotomy closure, and retinal breaks
[27,28,32]. Our implant uses the same formulation as the fibrin glue currently used in the
clinic. Both poly lactic-glycolic acid (PLGA) and polycaprolactone (PCL) also have long histo-
ries of safe use in similar applications [33,34]. For example, dissolvable sutures made of PLGA
and PCL are routinely used in the clinic and in the eye for sclerotomy closure [35]. However, it
is very important to note that the subretinal space is a unique environment [23]. It is immune
privileged and has a microenvironment that differs from the general interstitium. Because of
this unique microenvironment, it is not appropriate to assume that the degradation of a given
material will mimic that observed for other applications in other areas of the body. As such,
there is a general lack of data verifying the degradation rate of any scaffold placed in the
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subretinal space, or the variables that might affect that rate of degradation. For example, recent
animal studies assessing sub-retinal transplantation of scaffolds formed from PLGA or PCL
failed to establish that the scaffold was completely degraded [18,20], possibly due to the
extended time required for complete degradation.

Our previous work has shown that the RPE are capable of degrading the fibrin scaffold in
vitro over the course of days [24]. This is prevented using anti-fibrinolytic compounds such as
aprotinin. While the overall aim of this transplant effort is to place cells within the sub-retinal
space, the scope of the present study was narrowed to understand the degradation and safety
of the fibrin hydrogel alone. We hypothesize that the introduction of RPE and absence of an
anti-fibrinolytic would accelerate the rate of fibrin scaffold degradation in the subretinal space.
The introduction of the RPE with the implant however, creates a xenogeneic transplant that
will trigger an immune response. That response could have confounded our efforts to deter-
mine the feasibility and time course of fibrin scaffold degradation in the subretinal space.
Future studies will address the effects of RPE cells and immunosuppression of fibrin scaffold
degradation.

Slow, long-term degradation has the same potential concerns for foreign body response
and long-term inflammation that non-degradable scaffolds present. Though degradable, a
lengthy time course of degradation may elicit an inflammatory response sufficient to affect the
transplanted RPE. For example, others have shown the development of an epiretinal mem-
brane through contact of PLGA with the inner retinal layer [36]. In a recent study that exam-
ined the use of PLGA to transplant iPSC-RPE monolayers in pigs, it is difficult to assess any in
vivo immunologic response to the scaffold material because of the use of aggressive immuno-
suppression used [18]. A second concern is that the degradation byproducts of the scaffold
may alter the local environment or accumulate to toxic levels over time. Both PLGA and PCL
are known to have acidic byproducts, which in the case of PLGA, has previously been shown
to cause photoreceptor death [19]. The group using PCL for photoreceptor transplant has
cited this as their reason to switch from PLGA to PCL [20], though PCL too generates acidic
byproducts. Thus, we argue that stating a material is degradable is not sufficient, but defining a
time course and its influence on safety within the targeted environment is important.

For the fibrin scaffolds we tested, the complete degradation and anatomic restoration of the
RPE/photoreceptor interface argues against long term toxicity, even in animals where degrada-
tion required a full 8 weeks. These data are only applicable to scaffolds of the same volume,
density, and thickness used in the current study. While outside the scope of the current study,
we would predict that changes to those parameters would alter degradation accordingly. Still,
it would be interesting to identify the mechanisms that could accelerate or slow the rate of deg-
radation as humans and swine may differ in this regard. For example, humans have a 20-fold
higher plasma concentration of the fibrinolytic enzyme precursor plasminogen, compared to
swine [37]. As such, fibrin scaffold degradation may occur substantially faster in humans.
What we observed, and tested, was that debridement of the native RPE accelerated fibrin deg-
radation, cutting the time to within 30 days. We hypothesize that this occurs by allowing for
greater access of plasminogen in the interstitial fluid to the implant region due to the absence
of RPE in the debrided region. In a small number of animals without intentional debridement
of endogenous RPE, we observed rapid degradation of the scaffold (Fig 5C, Table 1). It is possi-
ble that we caused small areas of debridement that were not observed in those eyes. Interest-
ingly, later stages of AMD are characterized by patchy RPE loss, suggesting that the
environment may be more similar to RPE debrided animals and would favor accelerated fibrin
degradation in humans compared to pigs. Future clinical studies are required to understand
the rate of degradation of fibrin scaffolds in humans, though such a scaffold would be studied
in combination with RPE cells. In vitro, iPSC derived RPE cells will rapidly degrade the
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scaffold unless anti-fibrinolytic agents such as aprotinin are added to the cell culture medium
[24]. How the presence of cells on the scaffold affects degradation in vivo remains to be
determined.

In conclusion, our data demonstrate that fibrin is a degradable, safe material for sub-retinal
transplantation. Fibrin implants degraded within 8 weeks of implantation with no signs of
damage to the neural retina or underlying CBR. Debridement of the native RPE accelerated
the degradation to 4 weeks post implantation. These data support the use of fibrin scaffolds for
the transplantation of RPE and potentially PRs which also would require placement in the sub-
retinal space.

Supporting information

S1 Data. Raw files of quantitative data. Raw excel files of quantitative data used in the manu-
script.
(Z1P)

S1 Fig. Technical drawings of implantation device. (A) Photomicrograph of rectangular
housing tip with outer dimensions of 2.3mm width and 1.0mm height and inner dimensions
of 1.9mm width and 0.6mm height. (B) Photomicrograph of disposable tip loaded into handle.
The radius of curvature of the stainless steel hub was 45mm.

(TIF)

S2 Fig. 24hr fibrin implantation histology. Photomicrograph of H&E stained cryo sections
from animal #2 (1 day). The fibrin implant appears eosinophilic (blue star), with proper place-
ment within the sub-retinal space. Following fixation, the eye was processed through 30% (w/
v) sucrose in PBS, which resulted in dehydration of the fibrin hydrogel causing it to appear
thinner.

(TIF)

S$1 Video. Surgical procedure of sub-retinal implantation. Video of surgical procedure.
(MP4)

Acknowledgments

We would like to thank Joanne Pedersen, Lisa Yngsdal, and Steve Krage of the Mayo Clinic
Department of Surgery for their technical assistance in animal surgeries. We would like to
thank the Mayo Clinic Department of Comparative Medicine for assistance in animal housing
and imaging procedures.

Author Contributions
Conceptualization: Jarel K. Gandhi, Raymond Iezzi, Jr., Jose S. Pulido, Alan D. Marmorstein.
Data curation: Jarel K. Gandhi, Alan D. Marmorstein.

Formal analysis: Jarel K. Gandhi, Fukutaro Mano, Stephen A. LoBue, Brad H. Holman, Alan
D. Marmorstein.

Funding acquisition: Jarel K. Gandhi, Raymond Iezzi, Jr., Michael P. Fautsch, Timothy W.
Olsen, Alan D. Marmorstein.

Investigation: Jarel K. Gandhi, Fukutaro Mano, Raymond Iezzi, Jr., Alan D. Marmorstein.

Methodology: Jarel K. Gandhi, Fukutaro Mano, Raymond Iezzi, Jr., Brad H. Holman.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227641 January 13, 2020 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227641.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227641.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227641.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227641.s004
https://doi.org/10.1371/journal.pone.0227641

@ PLOS|ONE

Sub-retinal fibrin degradation

Project administration: Jarel K. Gandhi, Fukutaro Mano, Alan D. Marmorstein.

Resources: Jarel K. Gandhi, Fukutaro Mano, Michael P. Fautsch, Timothy W. Olsen, Jose S.
Pulido, Alan D. Marmorstein.

Software: Jarel K. Gandhi, Stephen A. LoBue.

Supervision: Jarel K. Gandhi, Raymond Iezzi, Jr., Jose S. Pulido, Alan D. Marmorstein.
Validation: Jarel K. Gandhi, Fukutaro Mano, Alan D. Marmorstein.

Visualization: Jarel K. Gandhi, Alan D. Marmorstein.

Writing - original draft: Jarel K. Gandhi, Alan D. Marmorstein.

Writing - review & editing: Jarel K. Gandhi, Fukutaro Mano, Raymond Iezzi, Jr., Stephen A.
LoBue, Michael P. Fautsch, Timothy W. Olsen, Jose S. Pulido, Alan D. Marmorstein.

References

1. Wong WL, Su X, Li X, Cheung CMG, Klein R, Cheng C-Y, et al. Global prevalence of age-related macu-
lar degeneration and disease burden projection for 2020 and 2040: a systematic review and meta-anal-
ysis. Lancet Glob Health. 2014; 2: e106—e116. https://doi.org/10.1016/S2214-109X(13)70145-1 PMID:
25104651

2. Peyman GA, Blinder KJ, Paris CL, Alturki W, Nelson NC, Desai U. A technique for retinal pigment epi-
thelium transplantation for age-related macular degeneration secondary to extensive subfoveal scar-
ring. Ophthalmic Surg. 1991; 22: 102—-108. PMID: 2038468

3. LiLX, Turner JE. Transplantation of retinal pigment epithelial cells to immature and adult rat hosts:
short- and long-term survival characteristics. Exp Eye Res. 1988; 47: 771-785. https://doi.org/10.1016/
0014-4835(88)90044-9 PMID: 3197776

4. Johnson AA, Bachman LA, Gilles BJ, Cross SD, Stelzig KE, Resch ZT, et al. Autosomal Recessive
Bestrophinopathy Is Not Associated With the Loss of Bestrophin-1 Anion Channel Function in a Patient
With a Novel BEST1 Mutation. Investig Opthalmology Vis Sci. 2015; 56: 4619. https://doi.org/10.1167/
iovs.15-16910 PMID: 26200502

5. Pennington BO, Clegg DO, Melkoumian ZK, Hikita ST. Defined Culture of Human Embryonic Stem
Cells and Xeno-Free Derivation of Retinal Pigmented Epithelial Cells on a Novel, Synthetic Substrate:
Synthetic Substrate for Stem Cell and RPE Culture. STEM CELLS Transl Med. 2015; 4: 165—177.
https://doi.org/10.5966/sctm.2014-0179 PMID: 25593208

6. Maruotti J, Wahlin K, Gorrell D, Bhutto I, Lutty G, Zack DJ. A Simple and Scalable Process for the Differ-
entiation of Retinal Pigment Epithelium From Human Pluripotent Stem Cells. STEM CELLS Transl|
Med. 2013; 2: 341-354. https://doi.org/10.5966/sctm.2012-0106 PMID: 23585288

7. OsakadaF, Ikeda H, Sasai Y, Takahashi M. Stepwise differentiation of pluripotent stem cells into retinal
cells. Nat Protoc. 2009; 4: 811-824. https://doi.org/10.1038/nprot.2009.51 PMID: 19444239

8. Schwartz SD, Hubschman J-P, Heilwell G, Franco-Cardenas V, Pan CK, Ostrick RM, et al. Embryonic
stem cell trials for macular degeneration: a preliminary report. The Lancet. 2012; 379: 713-720.

9. Mandai M, Watanabe A, Kurimoto Y, Hirami Y, Morinaga C, Daimon T, et al. Autologous Induced Stem-
Cell-Derived Retinal Cells for Macular Degeneration. N Engl J Med. 2017; 376: 1038—1046. https://doi.
org/10.1056/NEJMoa1608368 PMID: 28296613

10. daCruzl, Fynes K, Georgiadis O, Kerby J, Luo YH, Ahmado A, et al. Phase 1 clinical study of an
embryonic stem cell-derived retinal pigment epithelium patch in age-related macular degeneration. Nat
Biotechnol. 2018; 36: 328—337. https://doi.org/10.1038/nbt.4114 PMID: 29553577

11. Kashani AH, Lebkowski JS, Rahhal FM, Avery RL, Salehi-Had H, Dang W, et al. A bioengineered retinal
pigment epithelial monolayer for advanced, dry age-related macular degeneration. Sci Trans| Med.
2018; 10: eaa04097. https://doi.org/10.1126/scitransimed.aao04097 PMID: 29618560

12. Schwartz SD, Regillo CD, Lam BL, Eliott D, Rosenfeld PJ, Gregori NZ, et al. Human embryonic stem
cell-derived retinal pigment epithelium in patients with age-related macular degeneration and Star-
gardt’s macular dystrophy: follow-up of two open-label phase 1/2 studies. The Lancet. 2015; 385: 509—
516.

13. Kamao H, Mandai M, Ohashi W, Hirami Y, Kurimoto Y, Kiryu J, et al. Evaluation of the Surgical Device
and Procedure for Extracellular Matrix—Scaffold—Supported Human iPSC—Derived Retinal Pigment

PLOS ONE | https://doi.org/10.1371/journal.pone.0227641 January 13, 2020 13/15


https://doi.org/10.1016/S2214-109X(13)70145-1
http://www.ncbi.nlm.nih.gov/pubmed/25104651
http://www.ncbi.nlm.nih.gov/pubmed/2038468
https://doi.org/10.1016/0014-4835(88)90044-9
https://doi.org/10.1016/0014-4835(88)90044-9
http://www.ncbi.nlm.nih.gov/pubmed/3197776
https://doi.org/10.1167/iovs.15-16910
https://doi.org/10.1167/iovs.15-16910
http://www.ncbi.nlm.nih.gov/pubmed/26200502
https://doi.org/10.5966/sctm.2014-0179
http://www.ncbi.nlm.nih.gov/pubmed/25593208
https://doi.org/10.5966/sctm.2012-0106
http://www.ncbi.nlm.nih.gov/pubmed/23585288
https://doi.org/10.1038/nprot.2009.51
http://www.ncbi.nlm.nih.gov/pubmed/19444239
https://doi.org/10.1056/NEJMoa1608368
https://doi.org/10.1056/NEJMoa1608368
http://www.ncbi.nlm.nih.gov/pubmed/28296613
https://doi.org/10.1038/nbt.4114
http://www.ncbi.nlm.nih.gov/pubmed/29553577
https://doi.org/10.1126/scitranslmed.aao4097
http://www.ncbi.nlm.nih.gov/pubmed/29618560
https://doi.org/10.1371/journal.pone.0227641

@ PLOS|ONE

Sub-retinal fibrin degradation

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Epithelium Cell Sheet Transplantation. Investig Opthalmology Vis Sci. 2017; 58: 211. https://doi.org/10.
1167/iovs.16-19778 PMID: 28114582

Takagi S, Mandai M, Gocho K, Hirami Y, Yamamoto M, Fujihara M, et al. Evaluation of Transplanted
Autologous Induced Pluripotent Stem Cell-Derived Retinal Pigment Epithelium in Exudative Age-
Related Macular Degeneration. Ophthalmol Retina. 2019; S2468653019300909. https://doi.org/10.
1016/j.0ret.2019.04.021 PMID: 31248784

Diniz B, Thomas P, Thomas B, Ribeiro R, Hu Y, Brant R, et al. Subretinal Implantation of Retinal Pig-
ment Epithelial Cells Derived From Human Embryonic Stem Cells: Improved Survival When Implanted
as a MonolayerSubretinal Implantation of RPE Cells From hESC. Invest Ophthalmol Vis Sci. 2013; 54:
5087-5096. https://doi.org/10.1167/iovs.12-11239 PMID: 23833067

Reh TA. Photoreceptor Transplantation in Late Stage Retinal Degeneration. Investig Opthalmology Vis
Sci. 2016; 57: ORSFg1. https://doi.org/10.1167/iovs.15-17659 PMID: 27116664

McUsic AC, Lamba DA, Reh TA. Guiding the morphogenesis of dissociated newborn mouse retinal
cells and hES cell-derived retinal cells by soft lithography-patterned microchannel PLGA scaffolds. Bio-
materials. 2012; 33: 1396—1405. https://doi.org/10.1016/j.biomaterials.2011.10.083 PMID: 22115999

Sharma R, Khristov V, Rising A, Jha BS, Dejene R, Hotaling N, et al. Clinical-grade stem cell-derived
retinal pigment epithelium patch rescues retinal degeneration in rodents and pigs. Sci Trans| Med.
2019; 11: eaat5580. https://doi.org/10.1126/scitranslmed.aat5580 PMID: 30651323

Worthington KS, Wiley LA, Kaalberg EE, Collins MM, Mullins RF, Stone EM, et al. Two-photon polymer-
ization for production of human iPSC-derived retinal cell grafts. Acta Biomater. 2017; 55: 385-395.
https://doi.org/10.1016/j.actbio.2017.03.039 PMID: 28351682

Thompson JR, Worthington KS, Green BJ, Mullin NK, Jiao C, Kaalberg EE, et al. Two-photon polymer-
ized poly(caprolactone) retinal cell delivery scaffolds and their systemic and retinal biocompatibility.
Acta Biomater. 2019; 94: 204—-218. https://doi.org/10.1016/j.actbio.2019.04.057 PMID: 31055121

Kundu J, Michaelson A, Talbot K, Baranov P, Young MJ, Carrier RL. Decellularized retinal matrix: Natu-
ral platforms for human retinal progenitor cell culture. Acta Biomater. 2016; 31: 61-70. https://doi.org/
10.1016/j.actbio.2015.11.028 PMID: 26621699

Kundu J, Michaelson A, Baranov P, Chiumiento M, Nigl T, Young MJ, et al. Interphotoreceptor matrix
based biomaterial: Impact on human retinal progenitor cell attachment and differentiation. J Biomed
Mater Res B Appl Biomater. 2018; 106: 891-899. https://doi.org/10.1002/jbm.b.33901 PMID:
28419733

Hughes B, Gallemore R, Miller SS. Transport mechanisms in the retinal pigment epithelium. In: Marmor
M, Wolfensberger T, editors. The retinal pigment epithelium. New York, NY: Oxford University;
1998. pp. 103-134.

Gandhi JK, Manzar Z, Bachman LA, Andrews-Pfannkoch C, Knudsen T, Hill M, et al. Fibrin hydrogels
as a xenofree and rapidly degradable support for transplantation of retinal pigment epithelium monolay-
ers. Acta Biomater. 2018; 67: 134—146. https://doi.org/10.1016/j.actbio.2017.11.058 PMID: 29233750

Undas A, Ariens RAS. Fibrin Clot Structure and Function: A Role in the Pathophysiology of Arterial and
Venous Thromboembolic Diseases. Arterioscler Thromb Vasc Biol. 2011; 31: e88—e99. https://doi.org/
10.1161/ATVBAHA.111.230631 PMID: 21836064

Spotnitz WD. Fibrin Sealant: The Only Approved Hemostat, Sealant, and Adhesive—a Laboratory and
Clinical Perspective. ISRN Surg. 2014; 2014: 1-28. https://doi.org/10.1155/2014/203943 PMID:
24729902

de Oliveira PRC, Berger AR, Chow DR. Use of Evicel Fibrin Sealant in Optic Disc Pit-Associated Macu-
lar Detachment. Ophthalmic Surg Lasers Imaging Retina. 2017; 48: 358—363. https://doi.org/10.3928/
23258160-20170329-13 PMID: 28419404

Scalcione C, Ortiz-Vaquerizas D, Said DG, Dua HS. Fibrin glue as agent for sealing corneal and con-
junctival wound leaks. Eye. 2018; 32: 463—466. https://doi.org/10.1038/eye.2017.227 PMID: 29075013

Marmorstein AD. The polarity of the retinal pigment epithelium. Traffic. 2001; 2: 867—872. https://doi.
org/10.1034/j.1600-0854.2001.21202.x PMID: 11737824

Marmorstein AD, Marmorstein LY. The challenge of modeling macular degeneration in mice. Trends
Genet. 2007; 23: 225-231. https://doi.org/10.1016/j.tig.2007.03.001 PMID: 17368622

Sanchez I, Martin R, Ussa F, Fernandez-Bueno |. The parameters of the porcine eyeball. Graefes Arch
Clin Exp Ophthalmol. 2011; 249: 475-482. https://doi.org/10.1007/s00417-011-1617-9 PMID:
21287191

Panda A, Kumar S, Kumar A, Bansal R, Bhartiya S. Fibrin glue in ophthalmology. Indian J Ophthalmol.
2009; 57: 371. https://doi.org/10.4103/0301-4738.55079 PMID: 19700876

PLOS ONE | https://doi.org/10.1371/journal.pone.0227641 January 13, 2020 14/15


https://doi.org/10.1167/iovs.16-19778
https://doi.org/10.1167/iovs.16-19778
http://www.ncbi.nlm.nih.gov/pubmed/28114582
https://doi.org/10.1016/j.oret.2019.04.021
https://doi.org/10.1016/j.oret.2019.04.021
http://www.ncbi.nlm.nih.gov/pubmed/31248784
https://doi.org/10.1167/iovs.12-11239
http://www.ncbi.nlm.nih.gov/pubmed/23833067
https://doi.org/10.1167/iovs.15-17659
http://www.ncbi.nlm.nih.gov/pubmed/27116664
https://doi.org/10.1016/j.biomaterials.2011.10.083
http://www.ncbi.nlm.nih.gov/pubmed/22115999
https://doi.org/10.1126/scitranslmed.aat5580
http://www.ncbi.nlm.nih.gov/pubmed/30651323
https://doi.org/10.1016/j.actbio.2017.03.039
http://www.ncbi.nlm.nih.gov/pubmed/28351682
https://doi.org/10.1016/j.actbio.2019.04.057
http://www.ncbi.nlm.nih.gov/pubmed/31055121
https://doi.org/10.1016/j.actbio.2015.11.028
https://doi.org/10.1016/j.actbio.2015.11.028
http://www.ncbi.nlm.nih.gov/pubmed/26621699
https://doi.org/10.1002/jbm.b.33901
http://www.ncbi.nlm.nih.gov/pubmed/28419733
https://doi.org/10.1016/j.actbio.2017.11.058
http://www.ncbi.nlm.nih.gov/pubmed/29233750
https://doi.org/10.1161/ATVBAHA.111.230631
https://doi.org/10.1161/ATVBAHA.111.230631
http://www.ncbi.nlm.nih.gov/pubmed/21836064
https://doi.org/10.1155/2014/203943
http://www.ncbi.nlm.nih.gov/pubmed/24729902
https://doi.org/10.3928/23258160-20170329-13
https://doi.org/10.3928/23258160-20170329-13
http://www.ncbi.nlm.nih.gov/pubmed/28419404
https://doi.org/10.1038/eye.2017.227
http://www.ncbi.nlm.nih.gov/pubmed/29075013
https://doi.org/10.1034/j.1600-0854.2001.21202.x
https://doi.org/10.1034/j.1600-0854.2001.21202.x
http://www.ncbi.nlm.nih.gov/pubmed/11737824
https://doi.org/10.1016/j.tig.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17368622
https://doi.org/10.1007/s00417-011-1617-9
http://www.ncbi.nlm.nih.gov/pubmed/21287191
https://doi.org/10.4103/0301-4738.55079
http://www.ncbi.nlm.nih.gov/pubmed/19700876
https://doi.org/10.1371/journal.pone.0227641

@ PLOS|ONE

Sub-retinal fibrin degradation

33.

34.

35.

36.

37.

Sun H, Mei L, Song C, Cui X, Wang P. The in vivo degradation, absorption and excretion of PCL-based
implant. Biomaterials. 2006; 27: 1735—1740. https://doi.org/10.1016/j.biomaterials.2005.09.019 PMID:
16198413

LU J-M, Wang X, Marin-Muller C, Wang H, Lin PH, Yao Q, et al. Current advances in research and clini-
cal applications of PLGA-based nanotechnology. Expert Rev Mol Diagn. 2009; 9: 325-341. https://doi.
org/10.1586/erm.09.15 PMID: 19435455

Pillai CKS, Sharma CP. Review Paper: Absorbable Polymeric Surgical Sutures: Chemistry, Production,
Properties, Biodegradability, and Performance. J Biomater Appl. 2010; 25: 291-366. https://doi.org/10.
1177/0885328210384890 PMID: 20971780

Bakri SJ, Alniemi ST. Fibrotic Encapsulation of a Dexamethasone Intravitreal Implant Following Vitrec-
tomy and Silicone Oil for Rhegmatogenous Retinal Detachment. Ophthalmic Surg Lasers Imaging Ret-
ina. 2014; 45: 243-245. https://doi.org/10.3928/23258160-20140501-02 PMID: 24806700

Pichler L. Parameters of coagulation and fibrinolysis in different animal species—A literature based
comparison. Wien Tierarztl Monatsschr. 2008; 95: 282—295.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227641 January 13, 2020 15/15


https://doi.org/10.1016/j.biomaterials.2005.09.019
http://www.ncbi.nlm.nih.gov/pubmed/16198413
https://doi.org/10.1586/erm.09.15
https://doi.org/10.1586/erm.09.15
http://www.ncbi.nlm.nih.gov/pubmed/19435455
https://doi.org/10.1177/0885328210384890
https://doi.org/10.1177/0885328210384890
http://www.ncbi.nlm.nih.gov/pubmed/20971780
https://doi.org/10.3928/23258160-20140501-02
http://www.ncbi.nlm.nih.gov/pubmed/24806700
https://doi.org/10.1371/journal.pone.0227641

