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dard cell counting techniques.  Results:  SD-OCT scanning 
and histological examination revealed that the substrates 
were precisely placed in the rat’s subretinal space. The hESC-
RPE cell monolayer that covered the surface of the substrate 
was found to be intact after implantation. Cell counting data 
showed that less than 2% of cells were lost from the sub-
strate due to the implantation procedure (preimplantation 
count 2,792  8  74.09 cells versus postimplantation count 
2,741  8  62.08 cells). Detailed microscopic examination sug-
gested that the cell loss occurred mostly along the edges of 
the implant.  Conclusion:  With the help of this platform de-
vice, it is possible to implant ultrathin substrates containing 
an RPE monolayer into the rat’s subretinal space. This tech-
nique can be a useful approach for stem cell-based tissue 
bioengineering techniques in retinal transplantation re-
search. 
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 Abstract 

  Objective:  To evaluate the feasibility of a new technique for 
the implantation of ultrathin substrates containing stem 
cell-derived retinal pigment epithelium (RPE) cells into the 
subretinal space of retina-degenerate Royal College of Sur-
geon (RCS) rats.  Methods:  A platform device was used for 
the implantation of 4- � m-thick parylene substrates contain-
ing a monolayer of human embryonic stem cell-derived RPE 
(hESC-RPE). Normal Copenhagen rats (n = 6) and RCS rats
(n = 5) were used for the study. Spectral-domain optical co-
herence tomography (SD-OCT) scanning and histological 
examinations were performed to confirm placement loca-
tion of the implant. hESC-RPE cells attached to the substrate 
before and after implantation were evaluated using stan-
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 Introduction 

 Several retinal degeneration diseases currently report-
ed are irreversible, and no treatment strategies are avail-
able to completely cure these diseases. Cell-based thera-
pies have a great potency to cure some of these diseases 
by means of tissue engineering-based techniques  [1] . 
Studies performed by various investigators suggest that 
stem-cell based treatment strategies have the potency to 
cure diseases affecting the retinal ganglion cells and the 
optic nerve  [2, 3] , retinal pigment epithelium (RPE)  [4, 5]  
and photoreceptors  [6, 7] . 

  Stem cells, with their capacity to differentiate and re-
place diseased cells, could be a good source for RPE cell 
transplantation  [8, 9] . In a normal retina, RPE cells 
maintain polarity and remain as a monolayer. In the ma-
jority of the previous investigations, stem cell-derived 
RPE transplantation was performed by injecting dissoci-
ated cells as a suspension  [5] . We are able to culture RPE 
cells derived from human embryonic stem cells (H9) on 
ultrathin parylene substrates as a polarized monolayer. 
The RPE monolayer thus obtained can be a suitable 
source for replacement therapies in the eye. However, ul-
trathin substrates are usually too soft to implant as a flat 
sheet in the subretinal space. For this, we developed a 
novel approach to perform successful placement of ultra-
thin substrates containing human embryonic stem cell-
derived RPE (hESC-RPE) cells in the subretinal space of 
Royal College of Surgeon (RCS) rats. The RCS rat is con-
sidered as an acceptable model for human RPE dysfunc-
tion diseases. 

  Materials and Methods 

 Animals  
 Normal Copenhagen rats (Charles River Laboratories Interna-

tional Inc., Wilmington, Mass., USA; 28–30 days old, n = 6) and 
dystrophic RCS rats (Dr. Matthew LaVail rodent colonies, Beck-
man Vision Center, University of California, San Francisco, Cal-
if., USA; 28–30 days old, n = 5) were used for subretinal implanta-
tion surgeries. Copenhagen rats were used for cell counting stud-
ies (before and after implantation), while RCS rats were used for 
detailed morphological evaluation of the retina 1 week after im-
plantation. The animals were immunosuppressed by intra-
peritoneal injection of dexamethasone (1.6 mg/kg/day) and oral 
cyclosporine (administered through drinking water, 210 mg/l) 
starting 2 days before implantation and continuing until the end 
of the experiment. Rats were maintained under a 12-hour light/
dark cycle. All animals were maintained in accordance with the 
ARVO statement for the use of animals in research, and the re-
search was approved by the Animal Care and Use Committee of 
the University of Southern California. 

  Substrates and Stem Cells 
 Human embryonic stem cells (H9; Wicell, Madison, Wisc., 

USA) were spontaneously differentiated into RPE cells as de-
scribed previously  [10, 11] . These hESC-RPE cells were cultured 
and maintained in serum-free medium (X-VIVO 10, Lonza, 
Walkersville, Md., USA) on Synthemax plates (Corning, Corning, 
N.Y., USA). Based on staining with RPE markers, cultures were 
greater than 95% RPE. Passage 2 hESC-RPE cells were dissociated 
with trypLE (Invitrogen, Carlsbad, Calif., USA) and seeded on 
ultrathin substrate films made of parylene (0.4  !  0.9 mm, 4  � m 
thickness) coated with matrigel (BD Biosciences, Franklin Lakes, 
N.J., USA) at a cell density of 10 5 /cm 2 . The cells were then main-
tained in culture on the ultrathin parylene substrates for 4 weeks 
with the medium changed twice weekly. 

  Platform Device 
 The platform device made of parylene (10  � m thick) contained 

barriers (30  � m high) arranged along the edges in the shape of a 
‘U’ ( fig. 1 ). The space inside the barriers acted as the ‘substrate-
loading chamber’ where the substrate for implantation was placed. 

  Surgical Procedure 
 After the conjunctiva had been opened, extraocular muscles 

were maintained on traction for eyeball fixation. A small incision 
(approx. 0.8–1.0 mm) was cut transsclerally at the temporal equa-
tor of the host eye until the choroid was exposed. Puncture of the 
anterior chamber released some of the aqueous humor to reduce 
intraocular pressure. About 5  � l balanced salt solution was in-
jected through a 32-gauge steel needle into the subretinal space to 
create a focal retinal detachment. The choroid was cut with fine 
scissors while the retina remained intact. During implantation, 
the substrate containing hESC-RPE cells was loaded on the plat-
form device with the surface of the substrate coated with cells fac-
ing upwards. The platform, along with the substrate, was held 
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  Fig. 1.  Diagrammatic sketch of the implantation tool. The device 
consists of a thin parylene plate (A) containing barriers (B) ar-
ranged in the form of a ‘U’. The substrate for implantation is 
placed in the middle of the U-shaped area (substrate chamber). 
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with fine forceps and gently pushed into the subretinal space 
through the choroidal incision. During this process, the cells on 
the surface of the substrate always faced the vitreous side of the 
retina. The substrate was released into the subretinal space by 
holding it in place using the forceps and gently pulling the plat-
form device out of the eye through the incision. Once the place-
ment of the implant was confirmed, based on microscopic fundus 
examination, the incision was sutured (10-0 nylon surgical suture, 
REF 03199, S&T, Neuhausen, Switzerland), and antibiotic drops 
were applied on the eye. The animals were allowed to recover in a 
thermal care incubator.

  Cell Counting and Statistical Analysis Using Copenhagen Rats 
 Photographic images of the substrate were captured before im-

plantation using a phase contrast microscope. Copenhagen rats 
were sacrificed immediately after implantation, and the sub-
strates were dissected out after enlarging the scleral and choroidal 
incisions. Images of the substrate were captured after fixation 
with 10% formaldehyde. A grid pattern was superimposed on the 
images to divide a single substrate into 40 small squares using 
Microsoft Power Point, and the images were printed out. Three 
small square areas on a single substrate were randomly picked for 
manual cell counting. The average of the cell numbers counted 
from the three areas was multiplied by 40 to determine the total 
cell number on the single substrate. Cell counting was performed 
by 4 independent evaluators, and the final cell numbers for the 
substrate were the average numbers from the 4 evaluators. Statis-
tical comparison of the cell counting data (before and after im-
plantation) was performed using Student’s t test (Graph Pad Prism 
5.0, La Jolla, Calif., USA). 

  Spectral-Domain Optical Coherence Tomography 
Examination and Histological Evaluation Using RCS Rats 
 Immediately after implantation, the location of the implant 

was verified using spectral-domain optical coherence tomography 
(SD-OCT; Spectralis HRA+OCT, Heidelberg Engineering Inc., 
Heidelberg, Germany). The RCS rats were subjected to another 
SD-OCT examination before termination (1 week after implanta-
tion). The eyes were enucleated, fixed and embedded in paraffin 
for histological examination. Sections (5  � m thick) were stained 
with hematoxylin and eosin for light-microscopic evaluation.

  Results 

 Surgery 
 The substrate can be easily loaded inside the platform 

device between the vertical barriers. The barriers prevent 
the implant from moving away from the chamber during 
the implantation process. After surgery, the retina re-
mained intact and no vitreous leakage was observed. No 
signs of subretinal hemorrhage or lens damage were ob-
served. 

  Cell Counting 
 The total number of hESC-RPE cells on the substrate 

before implantation averaged 2,792  8  74.09 cells/sub-

strate. After implantation, the cell numbers were 2,741  8  
62.08 cells/substrate (p  !  0.05,  table 1 ). This amounted to 
approximately 98% retention of the cells. Detailed micro-
scopic examination revealed that the RPE monolayer 
structure was well preserved in all implanted substrates, 
with small cell loss (no more than 2%) observed only 
along the edges ( fig. 2 ).

  SD-OCT Examination 
 Immediately after implantation, SD-OCT scanning 

revealed focal retinal detachment at the site of implanta-
tion as expected. In all animals, the substrate was placed 
as a flat sheet adjacent to Bruch’s membrane. The SD-
OCT examination performed in RCS rats 1 week after 
implantation showed subretinal placement of the implant 
and reattachment of the retina ( fig. 3 ).

  Histology 
 In corroboration of the SD-OCT data, microscopic ex-

amination of the histology sections revealed that sub-
strates were precisely placed in the subretinal space as a 
flat sheet. The hESC-RPE cell monolayer remained intact 
( fig. 4 ), and no retinal trauma or damage to Bruch’s mem-
brane was observed. 

a

b

  Fig. 2.  The ultrathin substrate containing hESC-RPE cells. Im-
ages were taken before ( a ) and after ( b ) subretinal implantation. 
 b  Considerable cell loss can be observed along the edges of the 
substrate (arrows). 
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  Discussion 

 Although the dissociated cell injection technique is an 
easy approach for delivering cells into the subretinal area, 
transplantation of hESC-RPE, grown on the substrate as 
a monolayer, is a more desirable method for tissue engi-
neering-based therapeutic intervention in the eye. The 
majority of the current RPE transplantation procedures 
involves injection of the dissociated RPE cells as a sus-
pension. Cell suspension injections may lead to the for-
mation of isolated cell clumps that fail to develop into a 
polarized RPE monolayer structure  [12–14] . Moreover, 
these nonpolarized cells, when placed in the subretinal 
space, may remain nonfunctional; they may eventually 

die or initiate immunological reactions. This suggests 
that it is important to implant an already functionally 
polarized RPE monolayer to develop successful treat-
ment strategies. 

  During transplantation procedures, it is important 
that a suitable implantation tool is used for subretinal 
placement of the graft. Several previous investigators 
demonstrated the use of specially designed tools for im-
plantation studies involving larger animals in which a 
vitreous approach was employed for subretinal placement 
 [15–17] . Considering the small size of the rodent eye, a 
transscleral approach is required for successful place-
ment of the implant in the subretinal space. Aramant and 
Seiler  [18]  used a specially designed tool to implant fetal 

a
200 μm

b

  Fig. 3.   a  Fundus image showing the substrate implanted in the 
rat’s eye.  b  SD-OCT scanning image of the substrate (arrow) con-
taining hESC-RPE cells implanted in the rat subretinal space.   

  Fig. 4.  Hematoxylin- and eosin-stained section passing through 
the implanted area. The substrate contains hESC-RPE cells on the 
top (blue arrow). Some hESC-RPE cells that were grown under the 
substrate can be found on the bottom side (black arrow).  ! 40. 
Color refers to the online version only.       

Table 1. h ESC-RPE cell numbers on substrates before and after subretinal implantation 

Assessment 1 2 3 4 5 6 Mean 8 SD1

Preoperative 2,677.5 2,740.5 2,800 2,803.5 2,852.5 2,880.5 2,792874.09
Postoperative 2,654.5 2,683.8 2,742.8 2,753.3 2,803.8 2,807.5 2,741862.08

1  p = 0.0006 (<0.05); t = 7.694, d.f. = 5.
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retinal sheets into the subretinal implantation of rats and 
mice. In their procedure, a sheet of fetal retina is sucked 
inside a small nozzle, and the nozzle tip is inserted into 
the subretinal space where the sample is released. This 
tool is made of stiff materials and consists of a cannula 
used for loading the substrate. During insertion of the 
cannula for subretinal placement of the graft, the surgeon 
cannot see the tip of the cannula; hence, there is the pos-
sibility of damaging the neural retina, choroid and even 
optic nerve  [19] . Butterwick et al.  [20]  developed a fork 
implantation tool containing grooves for subretinal pros-
thesis implantation in rats, but the above tool may not be 
suitable for implantation of soft ultrathin substrates.

  Our transplantation tool (platform device) is made of 
parylene and is specifically designed for subretinal im-
plantation of ultrathin substrates ( fig. 1 ). The device can 
be easily loaded with the hESC-RPE graft (ultrathin par-
ylene containing hESC-RPE). Considering the small size 
of the rat eye, a transscleral approach was required for 
subretinal placement of the graft. The thin and flexible 
nature of the platform device enabled access to the sub-
retinal space without causing considerable damage to the 
retina and the choroid. Barriers on the surface of the de-
vice prevented the substrate moving away from the sur-
face. The platform protects the cells from potential dam-
age caused by potential surgical shear force. When the 
substrate was reexamined following implantation, a loss 
of less than 2% of the hESC-RPE was observed. Detailed 
microscopic evaluation revealed that the cell loss oc-
curred mostly along the edges of the substrate. Consider-
ing the potential therapeutic benefits, loss of  ! 2% of the 
cells, especially from the edges of the substrate, may not 

be very critical. Histological evaluation performed after 
implantation suggested that an intact RPE monolayer is 
preserved in the remaining area over the substrate.

  Most of the previous instruments used for rat retinal 
transplantation surgeries induce large retinal detach-
ments that may result in retinal folding during reattach-
ment. With the help of our platform device, it is possible 
to perform subretinal implantation without creating 
large retinal detachments. Since the mechanical strength 
of the implantation device is low, the possible damage to 
the retinal tissue or Bruch’s membrane during insertion 
will be less. 

  In summary, the above factors and our supporting 
data in this study suggest that this new platform device 
can be considered as a safe and useful tool for the implan-
tation of organized sheets of retinal cells with guaranteed 
appropriate orientation in the subretinal space. The size 
of the platform can be adjusted to fit the size of the sub-
strate and, hence, can be used for larger animals, such as 
pigs, and even in the clinic for transplantation surgeries 
in human patients.
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