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Purpose: Cell-based regenerative therapies are being investigated as a novel treatment
method to treat currently incurable eye diseases, such as geographic atrophy in macular
degeneration. Photoacoustic imaging is a promising technology which can visualize
transplanted stem cells in vivo longitudinally over time in the retina. In this study, a
US Food and Drug Administration (FDA)-approved indocyanine green (ICG) contrast
agent is used for labeling and tracking cell distribution and viability using multimodal
photoacoustic microscopy (PAM), optical coherence tomography (OCT), and fluores-
cence imaging.

Methods: Twelve rabbits (2.4-3.4 kg weight, 2-4 months old) were used in the study.
Human retinal pigment epithelial cells (ARPE-19) were labeled with ICG dye and trans-
planted in the subretinal space in the rabbits. Longitudinal PAM, OCT, and fluorescence
imaging was performed for up to 28 days following subretinal administration of ARPE-19
cells.

Results: Cell migration location, viability, and cell layer thickness were clearly recog-
nized and determined from the fluorescence, OCT, and PAM signal. The in vivo results
demonstrated that fluorescence signal increased 37-fold and PAM signal enhanced
20-fold post transplantation.

Conclusions: This study demonstrates that ICG-assisted PAM, OCT, and fluorescence
imaging can provide a unique platform for tracking ARPE-19 cells longitudinally with
high resolution and high image contrast.

Translational Relevance: Multimodal PAM, OCT, and fluorescence in vivo imaging with
ICG can improve our understanding of the fate, distribution, and function of regenera-
tive cell therapies over time nondestructively.

of ophthalmology is of particular interest due to

Introduction

Stem cell-based therapeutics potentially provide a
permanent replacement of degenerated tissues and
cells' in conditions including cancer, diabetes, and
ocular diseases.!> The need for effective cell-based
regenerative medicine therapies (RMTs) in the field
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the growing elderly population experiencing vision
loss.® RMTs broadly include cell-based therapies like
stem cells, stromal cells, and progenitor cells. The
eye, in particular the retinal pigment epithelium
(RPE), is an ideal application of RMTs due to the
accessibility and distinct margins of the eye and the
ability to monitor transplantation directly in vivo
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with high resolution optical imaging.” The RPE is
a pigmented cell monolayer between the neurosen-
sory retina and vascular choroid and forms a part
of the blood-retina barrier. The thin layer is neces-
sary and important for vision because it maintains the
retinoid cycle for phototransduction, sustains photore-
ceptor functionality, and protects the retina against
solar radiation.® The RPE in some disease states, like
geographic atrophy from age-related macular degener-
ation (AMD), is unable to adequately repair itself. This
can lead to vision threatening diseases and blindness.
RMTs, including stem cell-derived retinal cell therapies,
serve as a potential method of regenerating injured
RPE and restoring vision given their ability to replace
and restore RPE via transplantation, proliferation, and
cell differentiation.®

Potential methods of treating AMD caused by
RPE degeneration are stem cell therapies and drug-
based therapies. The RPE is particularly complex to
develop therapeutics for treatment due to the blood-
retinal barrier limiting the access of drugs and xenobi-
otics to the cells.” The melanin produced in the RPE
additionally affects the pharmacokinetics due to the
protein’s tendency to accumulate and bind to thera-
peutics.'® 13 This accumulation and binding can lead
to reduced peak responses of drugs and prolonged
drug action, which complicates the reliability of the
drug dosage and efficacy.'*!> For these reasons, cell-
based therapeutics are preferred in the treatment of
RPE-based ocular diseases. The developing field of
RMTs in ophthalmology has not yet established an
effective therapeutic approach to treat the degrada-
tion of the RPE and other retinal structures. There
are many clinical trials underway for stem cell therapy
on the retina that are performed by translocation of
RPE cells via subretinal injection.'®:!” A clinical trial in
2014 by Schwartz et al. demonstrated improved visual
acuity in patients who received human embryonic
stem-cell (hESC)-derived RPE cells for the RPE and
failed to show any toxicity or longevity concerns.'®1
These RMT methods can improve the health of the
photoreceptors.?’ However, limitations exist for these
techniques. There are possible risks, including tumor
formation, immune reactions, efficacy concerns, and
a general lack of understanding of the mechanism
of action.”! These risks could be addressed through
adequate imaging and assays; however, the majority
of these clinical trials rely on histopathological image
analysis to comprehensively understand the fate of
the transplanted cells in their migration, survival, and
function over time in vivo.?> This method is highly
invasive and difficult or impossible to execute in in
vivo models. For this reason, it can be difficult to
acquire convincing safety and efficacy data. A poten-
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tial solution to this barrier is the use of noninva-
sive, high-resolution imaging techniques and contrast
agents.

Many imaging modalities have been investigated
for the analysis of RPE cell therapies. Some promi-
nent methods of clinical imaging include magnetic
resonance imaging (MRI), positron emission tomog-
raphy (PET), single photon emission computed
tomography (SPECT), bioluminescence, fluorescence
microscopy, and two-photon fluorescence imaging.>*-%*
These technologies have become more sophisticated
in recent years and have the capacity to noninvasively
perform analysis of transplanted cells and cell thera-
pies.”> However, they still have limitations, including
the high-cost and ionizing radiation-associated risk
seen in PET and SPECT. Bioluminescence provides
real-time imaging but lacks spatial resolution to
track cell movement. Fluorescence microscopy has
the advantage of high sensitivity but lacks depth of
penetration.”” Although two-photon fluorescence
imaging has better penetration depth in tissue (500 um
to 1 mm) and less photobleaching and phototoxicity
to the cells than conventional fluorescence imaging,
this imaging modality requires expensive, specialized
lasers and equipment.”*

Photoacoustic imaging is a unique solution that
utilizes acoustic waves produced by thermal expan-
sion of a tissue after a short duration laser pulse.
The system has demonstrated a depth of penetration
of several centimeters, submillimeter spatial resolu-
tion, and rapid temporal resolution.’® This technol-
ogy can be synergistically combined with other imaging
modalities, including scanning laser ophthalmoscopy
(SLO), fluorescence microscopy, and optical coher-
ence tomography (OCT), and also exogenous contrast
agents. This investigation presents a novel multimodal
photoacoustic microscopy (PAM), OCT, and fluores-
cence imaging systems to longitudinally monitor cells
transplanted into the subretinal space. PAM uses a
nanosecond pulsed duration laser to convert light
to sound to produce a PA signal. This produces a
high-resolution, high-contrast image from the optical
absorption of light at 10 mm depths. OCT provides
additional information by evaluating scattering effects
and low-coherence interferometry to provide structural
information of the retinal layers. The OCT system can
also be used for real-time image-guided subretinal injec-
tion,?%?7 which makes the multimodal PAM and OCT
imaging systems ideal for optical RMTs.

Exogenous contrast agents can be a valuable
resource to distinguish stem cells from endogenous
tissues. The improved sensitivity can be provided
by nanoparticles and organic chromophores with
PAM and OCT imaging.”® The two categories of
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contrast agents for improved visualization of biolog-
ical tissues include organic and inorganic materials.
Inorganic PA contrast agents include gold nanopar-
ticles, silica,”®*" copper sulfide nanoparticles,’! and
carbon nanotubes.’> Although these are valuable
methods of improving contrast, they possess long-term
toxicity concerns and have not been approved at this
time by the US Food and Drug Administration (FDA)
for clinical use. Organic contrast agents, most notably
indocyanine green (ICG), have demonstrated excellent
biodegradability and biocompatibility for PA imaging
in vivo.*3~% This near-infrared FDA approved dye has
shown high optical absorption and high PA contrast
in tumors in vivo.’® ICG can be used to label stem
cells that are injected into the subretinal space to repair
damaged RPE. For this reason, it will be a key focus of
this investigation due to its potential for rapid clinical
translation.

This research examines the potential usage of ICG-
labeled adult retinal pigment epithelial cell line 19
(ARPE-19) and multimodal PAM, OCT, and fluores-
cence imaging as a potential treatment and real-time
assay method for RPE damage. The ICG contrast dye
paired with the in vivo multimodal PAM and OCT
imaging system can track the longevity and movement
of the ARPE-19 cells. To investigate the hypothesis, the
ICG-ARPE-19 cells are injected subretinally in rabbits
using real-time OCT image guidance. These rabbits
are visualized over a period of 3 months following
the injections using PAM, OCT, and fluorescence to
monitor regeneration and migration for RMTs like
ARPE-19 cells.

Materials and Methods

Cell Culture

Human retinal pigment epithelial cells with differen-
tiated properties (ARPE-19) were prepared. ARPE-19
cells were cultured in DMEM/F12 medium augmented
100-mm tissue culture dishes with 15 mM HEPEs
(Sigma, St. Louis, MO, USA), L-glutamine, 10%
fetal bovine serum, 1.16 g/L sodium bicarbonate, and
antibiotic-antimycotic. Cells were grown in a humid-
ified incubator at 37°C and 5% CO, and 95% air.
When the cells were deemed 70 to 90% confluent, they
were isolated through the addition of 1 mL of 0.25%
trypsin-EDTA and then centrifuged at 500 rpm for 5
minutes. The human ARPE-19 cells were generously
donated by Dr. David A. Antonetti at the University
of Michigan.
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In Vitro Toxicity and Biodegradable of ICG

Methyl tetrazolium (MTT) assay was conducted to
determine potential cytotoxicity of ICG on the ARPE-
19 cells. The ARPE-19 cells were seeded in 96-well
plates at a density of 10* cells/well and incubated for
24 hours at 37°C and 5% CO,. ICG contrast agent
was added to the cells at various concentrations (0
[control], 12.5, 25, 50, 100, 200, 400, and 500 pg/mL).
For biodegradable testing, cells were cultured with
ICG at a final concentration of 200 pg/mL in medium
followed by laser illumination at different fluences (i.e.
0.0025, 0.005, 0.01, 0.02, and 0.04 mJ/cm?). The cells
were then incubated for 24 and 48 hours. Afterward,
the standard MTT assay was used to determine the
percentage of cells viable. Briefly, treated cells were
washed with cold PBS and then 100 uL MTT reagent
(1 mg/mL) in medium was added into the cells, covered
with foil, and incubated in the dark for 4 hours at 37°C.
When mitochondrial succinate dehydrogenase in live
cells transformed MTT into visible purple formazan
crystals that were observed under a microscope,
100 uL of DMSO was added into the cells to dissolve
the formazan crystal. The samples were then kept at
room temperature for 20 minutes. Optical density (OD)
was measured at the wavelength of 570 nm using Epoch
micro-plate reader (BioTek, Winooski, VT, USA). The
relative survival rate of the transplanted cell was calcu-
lated and compared with that of control group without
treated with ICG using the following formula:

_ OD experimental group

P = x 100

1
OD control group M

The additional measures of apoptosis, cell viabil-
ity, and cell death were quantified using flow cytome-
try analysis carried out by Annexin-V FITC Apopto-
sis Detection Kit (BD Biosciences, San Jose, CA,
USA). The ARPE-19 cells were incubated with ICG
at a final concentration of 250 pg/mL in medium for
24 hours and 48 hours. The cells were then harvested
and resuspended in mixed 500 pL 1x buffer binding
with 5 pL (10 pg/mL) of Annexin V FITC and
PI solution at room temperature and without light
exposure for 15 minutes. Then, 1 mL PBS suspension
was added to the stained cells for flow cytometer analy-
Sis.

Cellular Uptake

The quantity of ICG uptake was observed and
evaluated using confocal microscopy. The cells were
grown in 35 mm p-plates at a density of 2 x



translational vision science & technology

ARPE-19 Cell Tracking Using Multimodality Imaging

10° cells/well and incubated at 37°C and 5% CO, for 24
hours. The sterile ICG was introduced to the ARPE-
19 cells at different concentrations of 150, 200, and
250 pg/mL and incubated for 24 hours. The treated
ARPE-19 cells were rinsed with cold PBS 3 times and
fixed with 2.5 % formaldehyde for 30 minutes. The fixed
ARPE-19 cells were stained with DAPI (300 uL, 10
pg/mL) for 20 minutes. The samples were then finally
washed with PBS two more times. A confocal micro-
scope SP5 was used to monitor the uptake and distri-
bution of ICG (SP5; Leica Microsystems Inc., Buffalo
Grove, IL, USA).

PAM/OCT Imaging of ICG-labeled ARPE-19
Cells In Vitro

The optical properties of ICG were analyzed and
evaluated. The absorption spectrum of ICG was deter-
mined from 350 to 1000 nm by ultraviolet-visible (U V-
Vis) spectroscopy (UV-3600; Shimadzu Corp., Kyoto,
Japan) to determine the ideal excitation wavelength for
PAM imaging.

PAM imaging was used for single cell detection
through imaging fixed samples of ARPE-19 cells
labeled with ICG at different concentrations of 150,
200, and 250 pg/mL and incubated for 24 hours. The
samples were individually scanned using an area of 0.2
x 0.2 mm? at 700 nm with a laser energy of 40 nlJ,
respectively. The average PA amplitudes that surpassed
the background level versus the quantity of cells was
measured and plotted.

Preparation for ARPE-19 Cells With ICG for In
Vivo Subretinal Injection

ARPE-19 cells were labeled with ICG at a final
concentration of 250 ug/mL in nutritional media and
incubated for 24 hours. The cells were next rinsed
with cold PBS three times to aspirate any ICG
remaining in solution. The ICG-tagged ARPE-19 cells
were harvested using 0.05% Trypsin/EDTA and then
centrifuged, counted, and resuspended in 100 pL of
cold PBS. The cell density was determined using an
automatic cell reader.

To prepare dead ARPE-19 cells, the harvested
ARPE-19 cells were treated with laser at power of
500 mW, pulsed duration of 0.5 seconds, laser spot
size of 500 pm using the Vitra 532 nm Photocoagula-
tor (Quantel Medical, Cournon d’Auvergne, France).
Then, 100 pL of the treated cells were stained with
Trypan blue to count the percentage of dead cells.
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In Vivo Subretinal Injection of ARPE-19 Cells

All rabbits under anesthesia received subretinal
injection of ICG-labeled ARPE-19 cells. The rabbit
head was placed under a dissecting microscope and
the head positioned onto its side so that the eye that
was to be injected was facing the ceiling. Then, a
localized peritomy was performed, and the superior
rectus muscle was removed using scissors. A sclerotomy
approximately 3.5 to 4 mm posterior to the limbus was
created using a 26 G sharp disposable pre-sterilized
needle. The needle was placed at an angle to avoid
touching the lens with the needle given the larger
relative size of the lens in the rabbit eye. A contact lens
coupled with Gonak gel was placed on the retina. The
tip of the syringe containing ARPE-19 cells with the
30 G needle was inserted through the hole and gently
advanced through the eye until observing the needle tip
approach the retinal tissue under the operating micro-
scope. After visualization of the needle in the subretinal
space, careful injection of the ARPE-19 cells was slowly
performed into the subretinal space. Finally, the syringe
was retracted slowly, and the retina was monitored with
different imaging modalities. To minimize immunosup-
pression in animals to save transplanted cells, a dose of
triamcinolone 2 mg (100 pnL) was intravitreally injected
into the rabbit eye 1 week before subretinal transplanta-
tion (Triescence; Alcon Nordic) as described previously
by Petrus-Reurer et al.>” and Reyes et al. >

Multimodality PAM, OCT, and Fluorescence
Imaging Equipment

The PAM system light source involves a tunable
excitation nanosecond pulsed laser light (3—5 ns) with a
pulse repetition rate of 1 kHz pumped by diode solid-
state laser (NT-242; Ekspla, Vilnius, Lithuania). The
PA excitation beam incidence is circular shaped with
an estimated diameter of 2 mm and the wavelength
can be adjusted from 405 to 2600 nm. The fluence on
the retina was 80 nJ at 570 nm, respectively, which
is half of the American National Standards Institute
(ANSI) safety limit for the eye, which avoids damage
to the retina.*®:3° The scan area was determined to be
5 x 5 mm? and the resolution was 256 x 256 pixels.
The axial and lateral resolutions were 4.1 and 37.0
um. The image acquisition time was approximated at
65 seconds and limited by the 1 kHz pulse repeti-
tion rate of the tunable OPO laser. A custom-made
needle-shaped ultrasound transducer with a central
frequency of 27.0 MHz was used to detect the laser-
induced acoustic signals. Amira software was used to
analyze the PA image data obtained at two wavelengths
through combining, reconstructing, and partitioning in
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3D using (Visualization Sciences Group). The median
PA signal within transplanted cells was assessed for
cach PA image, with the error bars demonstrating the
standard deviation of measurements achieved in three
different samples.

The spectral-domain OCT used in this investiga-
tion before, during, and after injection of ARPE-19
cells was adapted from a commercially available OCT
system (Ganymede-II-HR; Thorlabs, Newton, NJ).
The system was modified through the addition of an
ocular lens after the scan lens and a dispersion compen-
sation glass in the reference arm.*’ Two super lumines-
cent diodes with center excitation wavelengths of 846
nm and 932 nm were used to induce OCT signals and
illuminate the samples. The resolutions of the axial and
lateral OCT were determined using the full width at
half-maximum (FWHM) and found to be 4.0 and 3.8
um, respectively. The OCT and PAM excitation beams
of incident were coaxially aligned so that OCT could
guide and aid in the interpretation of PAM results.

Color Fundus Photography, Fluorescence
Imaging, and Slit Lamp Examination Follow
Up

All the rabbits before and after subretinal injec-
tion of ICG labeled ARPE-19 cells were imaged with
color fundus photography and ICGA and received
slit lamp biomicroscopy. The fundus color images
were obtained using TOPCON system (Topcon S0EX;
Topcon Corporation, Tokyo, Japan). All the color
fundus images were acquired using the same exposure
parameters (Iso = 50, flash = 18, and image type =
daylight). The fluorescence imaging was also achieved
using Topcon 50EX system. However, internal excita-
tion and emission filter sets were applied when switch-
ing to fluorescent imaging module. The fluorescence
images were acquired before and after subretinal
delivery of labeled ARPE-19 cells before and after
the photoacoustic imaging session. Slit lamp biomi-
croscopy examination was performed using a Zeiss
SL120, Carl Zeiss, Germany, slit lamp to perform a
full dilated ophthalmic examination to evaluate for
evidence of rejection, inflammation, cataract, or other
pathology.

In Vitro and In Vivo Multimodal
High-Resolution PAM and OCT Imaging

In vivo PAM and OCT provides multimodal, high
resolution image acquisition as detailed in previous a
previous investigation.*! All animal experiments were
in accordance with the guidelines of the Association
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for Research in Vision and Ophthalmology (ARVO)
Statement on the care and use of laboratory animals
in Ophthalmic and Vision Research after the proto-
col was approved by the Institutional Animal Care
and Use Committee (IACUC) at the University of
Michigan (PRO00008566). White New Zealand rabbits
were generously donated by the Center for Advanced
Models and Translational Sciences and Therapeutics
(CAMTraST) at the University of Michigan Medical
School.

Twelve rabbits ranging from 2.4 to 3.4 kg and aged
2 to 4 months old were used in the study and randomly
divided into 4 groups (N = 3 for each group): 3
received subretinal injection of ICG-ARPE-19 suspen-
sion, 3 received subretinal injection of ICG solution
at concentration of 20 pg/mL, 3 received subretinal
injection of dead ICG-ARPE-19 suspension, and 3
served as the control group. The control group received
subretinal injection of balanced salt solution (BSS).

The experimental group was first anesthetized
with xylazine and ketamine. The 1% tropicamide
ophthalmic and 2.5% phenylephrine hydrochloride
solution were used to dilate the pupils of each rabbit.
Five minutes before imaging, 0.5% topical tetracaine
was administered in each eye for topical anesthesia
of the cornea. The rabbits then received subretinal
injection of 30 pL of ICG-labeled ARPE-19 cells
at a density of 1 x 10° cells per millimeter. Both
the OCT and microscope were used in real-time to
guide the injection of the solution into the subreti-
nal space. Transplanted cells were imaged with multi-
modality imaging, including color fundus photogra-
phy, fluorescein angiography (FA), ICG fluorescence
imaging, PAM, and OCT to monitor the migration and
distribution of the transplanted ARPE-19 cells as well
as any structural changes to the retinal blood vessels.
To perform multimodal PAM and OCT imaging, the
rabbit’s eyes were positioned at the center of the scan
area, and the rabbit’s bodies were placed on a stabi-
lizing platform to minimize motion artifacts. Sterile
saline was applied to the cornea every 42 to 60 seconds
to prevent corneal dehydration and provide acoustic
coupling between the conjunctiva and the ultrasound
transducer. A water circulating heating blanket was
placed under the rabbit to maintain body temperature
throughout the experiment. The 0.75% isoflurane and
O; (1 L/min) were provided for appropriate anesthesia.
Respiration rate, heart rate, and rectal body tempera-
ture were monitored and documented every 15 minutes.

Immunostaining and Histological Analysis

To assess the movement and interaction of the
ARPE-19 ICG cells with the native RPE cells after
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injection, immunohistochemistry staining was first
performed with the primary RPE65 antibody (Abcam
ab78036, clone [401.8B11.3D9]). The RPE65 antibody
was diluted 1:200 in mixed solution of Dulbecco’s PBS
(DPBS), 4% FBS and 0.1% Tween-20 for 24 hours at
4°C. This was repeated with secondary Alexa Fluor
555 donkey anti-rabbit IgG (1:1000; Life Technologies,
A31572) and Alexa Fluor 647 anti-mouse IgG antibod-
ies (1:1000; Life Technologies, A31571) in DPBS
solution with 4% FBS, 0.1% Tween-20 and incubated
for 2 hours at room temperature. Prolonged gold
mounting medium with DAPI (Vector Laboratories,
Burlingame, CA, USA) was with 24 x 50 mm cover
slip used to mount the slides. The samples were visual-
ized using a light Leica microscope (DM6000; Leica
Biosystems, Nussloch, Germany) and then captured
with the Leica Application Suite software (LAS X;
Leica Biosystems). Image processing and analysis were
then conducted using ImageJ and Imaris software.

The rabbits were euthanized at day 28 by intra-
venous injection of euthanasia solution (0.22 mg/kg)
(Beuthanasia-D Special; Intervet Inc., Madison, NJ,
USA). The whole eye was removed and fixed in David-
son’s fixative solution (Electron Microscope Sciences,
Hatfield, PA, USA) for 24 hours at room tempera-
ture. The samples were then transferred to 50% alcohol
solution (Thermo Fisher Scientific, Allentown, PA,
USA) for 8 hours and 70% alcohol solution for 24
hours. The fixed samples were divided into 5 to 6 mm
rectangular segments and embedded in paraffin. Leica
autostainer XL (Leica Biosystems) was then used to
section the segments into a thickness of 6 um serially.
The sectioned samples were stained with hematoxylin
and eosin (H&E) for histopathological analysis.

Statistical Analysis

All the experiments were conducted and repeated
at least three times in this study. The final data are
displayed as the average + standard deviation (SD).
A Student z-test was performed to determine statisti-
cally significant variations between control and experi-
mental groups. Any P values of < 0.05 were considered
statistically significant.

Results and Discussions

In Vitro Characterization of ICG Contrast
Agents

Figure 1A shows the absorption spectrum of ICG
obtained from various concentrations (i.e. 0 [saline],
6.25, 12.5, 25, 50, and 100 pg/mL) using UV-Vis
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spectroscopy. The result illustrates the absorption peak
of ICG at 850 nm and the optical absorption increases
with concentration. To examine the optical proper-
ties with the change in bioenvironment, the absorp-
tion spectrum of internalized ICG inside ARPE-19
cells was measured. As shown in Figure 1B, the control
cells without treatment with ICG showed low optical
absorption. In contrast, the absorption spectrum of the
internalized ICG reached a peak at 800 nm and 900
nm. This result is slightly different from the absorp-
tion spectrum of free ICG dye due to the accumu-
lation of ICG inside the cells. In addition, the peak
at 900 nm may allow for selecting longer excitation
wavelength to obtain deeper information of the tissue
in living animals. To test hypothetical photobleach-
ing effect during longitudinal in vivo experiments, the
photostability was implemented on the cells labeled
with ICG samples by irradiation of the sample with
laser light at 700 nm at different laser energies (i.e.
40, 80, 160, 320, and 640 nJ) and then the absorption
spectrum of these samples was measured and plotted,
as shown in Figure 1C. The absorption spectrum panel
shows that the absorption fluctuates within 1 to 2%,
indicating the photostability of the internalized ICG.

In Vitro Toxicity and Cellular Uptake Analysis

ARPE-19 is a common RPE cell line for study
of different eye diseases, such as diabetic retinopathy
due to its stable and retain differentiated properties.*?
Prior to performing transplantation of the cells into the
subretinal space in the rabbit retina, biocompatibility
of ICG was evaluated on ARPE-19 cells using differ-
ent methods, such as MTT assay and flow cytometry
analysis. Figure 1D exhibits the viability of ARPE-19
cells cultured with ICG suspension solution at various
concentrations and incubation times. The ARPE-19
cells treated with blank medium (control group) shows
no negative impact on cell viability for all treatment
conditions. In comparison with the control group, the
population of the treated cells with ICG also illustrates
that the cell viability was not significantly decreased
for most concentrations of ICG and incubation times.
At the highest treated concentration, the cells without
viability were reduced slightly from 4.83% to 5.98%
compared to the control group (survival rate = 100%
for control versus 95.16% and 94.01% for 24 hours and
48 hours at 500 pg/mL of ICG). This result confirms
that ICG demonstrates great biocompatibility and is an
excellent candidate for in vivo cell-based therapy appli-
cations.

To assess the potential of laser-induced singlet
oxygen after being irradiated, cytotoxicity of the ICG
labeled with ICG cells followed by laser illuminations
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Figure 1. Optical characterization, in vitro toxicity and cellular uptake of ICG. (A) UV-Vis absorption spectrum of ICG dye obtained

at various concentrations (i.e. 0 [saline], 6.25, 12.5, 25, 50, and 100 pg/mL). (B) UV-Vis absorption spectrum of ICG labeled ARPE-19 cells
measured from the samples incubated with 250 pg/mL at 24 hours, 48 hours, and 72 hours. (C) Absorption spectra of the treated cells under
laser illumination at various energies from 0 to 640 nJ, revealing photostability of the labeled cells. (D) Cytotoxicity of ICG in ARPE-19 cells.
ICG at different concentrations ranging from 0 to 500 ug/mL was cultured with ARPE-19 cell at various time points: 24 hours and 48 hours.
(E) Cell viability of ARPE-19 cells labeled with ICG at concentration of 200 pg/mL followed laser illumination at different laser fluences (i.e.
0.0025, 0.005, 0.01, 0.02, and 0.04 mJ/cm?). (F-H) Flow cytometry analysis obtained from three groups: control group D, treated group with
ICG at 250 pg/mL and incubated for 24 hours E, and 48 hours (F), n = 3, P < 0.001. (I-L) Confocal laser scanning macroscopic images of the
internalized ICG inside the cells. ARPE-19 cells were cultured with ICG suspension solution at different concentrations (i.e. 0 [control], 150,
200, and 250 pg/mL) for 24 hours. Pseudo-green fluorescence color illustrates the distribution of internalized ICG inside the cells.

were evaluated, as shown in Figure 1E. This result
shows that the laser induced mild impact on the cell
viability post laser illumination. The percentage of cell
survival is about 80% on the sample treated with laser
at the highest fluence of 0.16 mJ/cm?, illustrating that
laser irradiation at this fluence may induce less singlet
oxygen when compared to that of higher laser fluence
irradiation, as described by Cardillo et al.*3

The biocompatibility of ICG was further evaluated
using the flow cytometry analysis. The flow cytome-
try analysis was implemented to assess the potential
early apoptosis of the ARPE-19 cells. The cells were
co-cultured with ICG at a final concentration of 200
ug/mL and incubated for 24 and 48 hours followed

by apoptosis quantification using Annexin-V/PI detec-
tion kits (Figs. 1F, 1G). The treated samples with
ICG suspension solution illustrate a slight apoptosis
above the apoptosis level (total apoptosis [early and late
apoptosis] = 7.5% for control, 8.69% for 24 hours, and
9.95% for 48 hours for ARPE-19 cells), demonstrat-
ing that ICG was not toxic to the human differentiated
retinal cell lines at the tested concentration.

To observe the biodistribution activity of ICG
inside the ARPE-19 cells, the intracellular uptake
of ICG dye into the cells was observed using laser
scanning confocal microscopy. Figure 1I-L shows the
confocal microscopic images of the internalized ICG
inside the cells at different concentration (i.e. 150,
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In vitro photoacoustic microscopy of single ARPE-19 cells. (A-D) In vitro PAM images of single ARPE-19 cells. The PAM images

were obtained using the excitation wavelength of 700 nm and laser energy of 80 nJ. (E) Graph of fluorescent intensity as a function of concen-
trations. (F) Quantitative measurement of photoacoustic signal. (G) In vitro biodegradable of ICG dyes in bioenvironment. The fluorescent

signal gradually reduced over time (n = 5, P < 0.05).

200, and 250 pg/mL). Pseudo-green color indicated the
accumulation of ICG dye inside the cells whereas no
evidence of green fluorescence color was observed in
the control group (treated with blank medium). The
ICG dye significantly increased uptake in the cells at
a concentration of 200 and 250 pg/mL post treat-
ment, whereas low fluorescence contrast was visible on
the confocal image of the sample treated with lower
concentration of 150 pg/mL. The pseudo-blue fluores-
cence color illustrates cell nuclei stained by DAPI.

To further evaluate the biodistribution of the inter-
nalized ICG inside the cells, the treated cells were
imaged with our custom-built PAM imaging system.
PAM images of the treated cells were acquired at the
optical wavelength of 700 nm with an excitation energy
of 40 nJ. The morphology of a single cell as well as
the distribution of ICG was clearly observed on the
PAM with high contrast (Figs. 2A-D). The PAM image
contrast of the cells treated at concentration of 150
ug/mL was not significantly lower than that of the
samples treated with ICG at 200 and 250 pg/mL (N =
3, P > 0.05). There were no cells observed on the PAM
image obtained from the control group.

By using regions of interest (ROI) analysis, quanti-
tative fluorescent signal and PAM signal amplitudes

were measured and plotted, as shown in Figures
2E, 2F. Both fluorescent and PAM signal significantly
increased at 24 hours post incubation with ICG. The
quantitative fluorescent intensity panel (see Fig. 2E)
exhibits that fluorescent signal of the sample incubated
with ICG at a concentration of 200 ug/mL increased by
72-fold when compared to control group (fluorescent
signal = 65.42 + 8.14 a.u. for 200 pg/mL vs. 0.90 +
0.28 a.u. for control). The fluorescent signal is reduced
approximately 68% when the cells were incubated with
ICG at a lower concentration of 150 ug/mL (fluores-
cent signal = 38.93 4+ 7.80 a.u.). The quantitative PAM
signal also shows that the PA signal of the sample
incubated with ICG at 200 and 250 ug/mL significantly
enhanced and exhibited 18-fold and 14-fold higher
signal amplitudes than that of control (i.e. PAggna =
181.01 £ 19.87 a.u. for 250 pg/mL and 140.76 £ 20.56
a.u. for 200 pg/mL vs. PAgena = 9.94 &£ 1.91 a.u. for
control). Note that the PA signal decreased 2.3 times
when the incubation concentration decreased from 250
pg/mL to 150 pg/mL (PAggna = 80.27 & 8.52 a.u. for
150 pg/mL).

To examine the degree of ICG released from the
labeled cells, an evaluation of the biodegradability of
ICG dye in the bioenvironment was implemented. The
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cells were labeled with ICG and incubated for 24 hours,
48 hours, 72 hours, day 5, and day 7. Figure 2G shows
the fluorescent signal measured from the inlet fluores-
cent images of the harvested cells. The signal was
gradually reduced over time. The result shows that half-
life of ICG inside the cells was estimated to be 72 hours
post treatment.

In Vivo PAM Imaging Visualization of
ARPE-19 Cells

Both organic and inorganic materials such as ICG
or gold nanoparticles are often used as contrast agents

Day 0 Day 1 Day3  Day5

S
Labeled
Cells
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to label stem cells to track the fate and viability of the
cells after transplantation.?’-*-46 In this study, ICG
was used to label ARPE-19 cells that were transplanted
into the subretinal space in living rabbits. Subreti-
nal injection of labeled cells into the subretinal space
in the living rabbits was implemented because it is
a common method for RPE cell therapy in ophthal-
mology. Then, a custom-built multimodal PAM and
OCT system was performed to monitor the cell viabil-
ity, migration, and dynamic changes over time after
transplantation. The color fundus photograph pre-
injection shows the major retinal vessels, choroidal
vessels, and capillaries (Fig. 3A). At the subretinal
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Figure 3. Multimodal imaging visualization of ARPE-19 cells in living rabbits. Color fundus photography, ICG, and PAM pre- and post-
administration of ICG-RGD at different time points: 0 (immediately after injection), 1, 3, 5, 7, 10, 14, 21, and day 28. (A, B) Color fundus
photography and fluorescence images before and after subretinal injection of ICG labeled-ARPE-19 cells into the subretinal space in the
rabbit retina. These images were achieved longitudinally over a period of 28 days. The location of the cells after transplantation was clearly
observed with strong fluorescence contrast (red dotted circle). The strongest fluorescence signal occurred from day 0 to day 5 post injec-
tion. (D, E) Maximum intensity projection (MIP) PAM images before and after cells transplantation acquired from two different wavelength
of 578 and 700 nm. White arrow indicates the position of the transplanted cells. (E) Overlay PAM images acquired at 578 and 700 nm on
the same imaging planes. Pseudo-cyan fluorescence color represents the cell viability as well as the migration pattern. (F, G) Quantitative
measurement fluorescence signal intensity and PAM signal amplitudes, respectively.
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In vivo evaluation of subretinal injection of ICG suspension solution. Dynamic change of ICG in the subretinal space after

subretinal injection was examined longitudinally. (A, B) color and fluorescence photographs of the rabbit retina before and after subretinal
injection of ICG (20 pug/mL, 30 pL). Biodistribution of ICG in the subretinal space was clearly observed with strong fluorescent signal immedi-
ately after the injection (red dotted circle) and at day 1 post-injection. (C, D) Maximum intensity projection (MIP) PAM images obtained at 578
and 700 nm, respectively. White arrows indicate the distribution of ICG. The strongest PA signal was visible on the PAM acquired immediately
post-injection. Then, the PAM signal rapidly reduced and was completely gone by day 7 post-injection.

injection location, the transplanted ICG-labeled cells
were clearly observed at day 0 (white dotted circle) and
significantly changed over time. Note that the trans-
planted cells were barely seen on the fundus color
image at day 21 and day 28. The transplanted cells in
the subretinal space were further monitored by ICG
imaging (Fig. 3B). The ICG images illustrate the distri-
bution, location, and migration pattern of the cells
after delivery into the retina over time. The highest
ICG image contrast was achieved at days 0, 1, 3, and
5 post injection and then the image contrast gradually
reduced over time. This may be caused by the degrada-
tion of the internalized ICG dye. Minimal fluorescent
signal was detected on the fluorescent image acquired

at day 21 and completely disappeared in the image
acquired at day 28. Figures 3C-E shows longitudinal
observation of the ICG labeled ARPE-19 cells over a
period of 28 days. In order to obtain the PAM image,
2 different optical wavelengths of 578 and 700 nm
were selected as the excitation light source. The excita-
tion wavelength of 578 nm was utilized to visualize
the entire retinal vessel network due to strong optical
absorption of hemoglobin (Hb) within retinal blood
vessels at this wavelength. In addition, Hb has very
low absorption of laser light at 700 nm, resulting in
weak intrinsic PA signal at 700 nm. In contrast, ICG
exhibits strong optical absorption at the wavelength
of 700 nm, as shown in Figure 1A. Therefore, the
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In vivo visualization of dead ARPE-19 cells labeled with ICG. (A, B) Color fundus and fluorescence photographs of the rabbit

retina pre- and post-subretinal injection of 30 uL dead ICG labeled ARPE-19 cells at a density of 1 x 10° cells per millimeter. (C, D) MIP PAM
images acquired at the excitation wavelengths of 578 and 700 nm, respectively. Dead cells were observed on the PAM image obtained at
700 nm and fluorescence images immediately and at day 1 post-injection (white arrows). Rapid reduction in the fluorescence and PAM signal
was noted with the dead cells by 5 days with minimal signal by day 7 post-injection.

wavelength of 700 nm was used to detect transplanted
cells. As shown in Figure 3D, there was minimal PA
signal obtained before the injection of the cells and post
injection of the cells at day 28. In contrast, strong PA
signal was detected on the PAM images post-injection
and achieved highest contrast at day 5. Figure 3E illus-
trates coregistration of the PAM image acquired at 578
and 700 nm on the same imaging planes. These images
demonstrate the location and margin of the trans-
planted cells with good contrast and consistent with
the color fundus and ICG images shown in Figures
3A and 3B. This result allows for distinguishing trans-
planted cells from the surrounding microvasculature.
By using ROIs analysis, the fluorescent intensity and
photoacoustic signal amplitudes on the ICG and PAM

image before and after the injection were determined
and displayed in Figures 3F and 3G. The fluorescent
intensity was rapidly increased at day 0 post-injection
and stable for up to 5 days. Then, the fluorescent
signal was gradually decreased at day 7 to day 14 and
completely gone at day 28 post-injection. Compared to
the fluorescent signal before the injection, the fluores-
cent intensity was increased up to 37-fold from 0.07
4 0.01 a.u. before injection to 2.41 £ 0.01 a.u. at day
0 post injection (P < 0.001). Interestingly, the peak
fluorescent intensity was achieved from day 0 to day 5
and continued to achieve strong signal up to 14 days
with the signal enhancement of 19-fold (fluorescent
signal = 1.27 £+ 0.04 a.u.). This result confirms that
ICG could be a great fluorescent agent for labeling
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In vivo photostability analysis and spectroscopic PAM image. (A) MIP PAM images acquired at 578 nm and 700 nm at the

same scanning areas. Noted that the PAM images at 700 nm were repeated three times. White arrows show the detected ARPE-19 cells.
(B) A graph of PAM signal amplitudes isolated at the position of the detected cells. The quantitative PAM amplitudes were not significantly
different among three scans and exhibited 4% fluctuation (i.e. 3.68 & 0.43 a.u. for the first scan, and 3.53 £ 0.31 a.u. for the third scan,
P =0.25 > 0.05). (C) spectroscopic PAM images acquired at different wavelengths ranging from 563 nm to 700 nm. (D) The 3D rendering

visualization of the PAM data.

and tracking stem cells longitudinally. Furthermore,
quantitative measurement PA signal also revealed that
PA signal significantly increased and reached a peak
at day 5 post injection with the signal approximately
20-fold stronger than that of pre injection, as shown
in Figure 3G (i.e. PAgena = 0.20 & 0.01 a.u. for
pre-injection vs. PAggna = 3.93 &+ 0.05 a.u. for post-
injection). The PA signals were then decreased over
time and still achieved 3.84-fold higher signal at day 28
post injection (PAgigna = 0.75 £ 0.14 a.u.; P < 0.001,
n = 3). This significant signal enhancement permits
for tracking the transplanted cells longitudinally as
well as allows ICG to be an excellent contrast agent
not only for fluorescent imaging, but also for PAM
imaging. In contrast, in the control group which the

animal received subretinal injection of ICG suspension
solution at concentration of 20 ug/mL without label-
ing ARPE-19 cells, both fluorescent and PAM signals
rapidly reduced at day 5 post subretinal injection and
completely disappeared at day 7 (Fig. 4). This result can
explain that the ICG dye released from the cells and
uptake by the neighboring host cells upon disintegra-
tion may induce minimal PA and fluorescent signals.
To further evaluate the potential of dead ARPE-
19 to be uptaken by local cells and visualized, we
performed subretinal injection of dead ARPE-19 cells
labeled with ICG. The results show that fluorescent
and PAM signals were rapidly decreased at day 5 post-
injection and completely gone at day 7, as shown
in Figure 5. The data confirmed that administration of
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Figure 7.

Optical coherence tomography (OCT) image of ARPE-19 cells. (A-J) Longitudinal B-scan OCT images obtained before and after

cell transplantation. OCT image before the injection shows different intact retinal layers A, whereas localized retinal detachment was
observed on the OCT image after injection B. Note that labeled cells were detected (white arrows) and randomly distributed in the subretinal
space along with the accumulation of subretinal fluid. (K) The 3D OCT visualization. Encoded color shows different depths of retinal layers.

dead cells resulted in rapid decrease in PA and fluores-
cent signals by 5 to 7 days post-administration.

In order to examine any potential photobleaching
during in vivo PAM experiments, the targeted area was
scanned three time under the same laser energy and
same scanning speed. To avoid the potential photo-
bleaching effect cause by shorter wavelength, the PAM
image was first acquired at 700 nm. This step was
repeated for the second and the third time, and then
switched to 578 nm and scanned for 3 more times.
The data are displayed in Figure 6A. The PAM image
contrast was not significantly varied between these
images acquired both at 578 and 700 nm. The margin
of cell distribution was clearly observed on the PAM
image with great quality and high contrast. The quanti-
tative PA signals (Fig. 6B) illustrate that the percentage
of PA signal variation is approximately 4.1% among
the 3 scans (i.e. 3.68 4+ 0.43, 3.55 + 0.27, and 3.53 £
0.31 a.u. for the first, second, and third scans, respec-
tively). Spectroscopic PAM image was implemented
to evaluate any red shift of the internalized ICG in
vivo by acquiring PAM images at different wavelengths
ranging from 563 nm to 700 nm (Fig. 6B). The location
of ICG-labeled ARPE-19 cells were clearly observed

on the PAM acquired at 650 nm, 670, and 700 nm
due to strong absorption of ICG. This is consistent
with the absorption spectrum displayed in Figure 1A.
In contrast, the cells were not observed on the PAM
images obtained at lower wavelength of 563, 578,
and 590 nm likely due to low absorption of ICG at
these wavelengths. Figure 6C shows three-dimensional
rendering of the PAM data acquired at 578 and 700
nm (left and middle sides) at day 5 post injection, and
an overly PAM images (right side). Pseudo-cyan color
indicates the position of the ICG labeled cells. Noted
that the overlying image shows the distribution of the
cells in 3D with high contrast and clearly distinguished
from the surrounding retinal blood vessels (gray color).

Figures 7A-J show the cross-sectional B-scan OCT
images obtained before and after transplanted cells
into the subretinal space in the retina over time. The
OCT image before injection shows different retinal
layers such as retinal vessels (RVs), choroidal vessels
(CVs), RPE, and sclera (Fig. 7A). These layers are
intact and lay at different depths. Figure 7B shows the
OCT image post subretinal delivery of the cells into
the subretinal space. White arrows show the location
of the cells in the subretinal space, whereas the red
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arrow show the accumulate of subretinal fluid with
the retina significantly detached. Retinal detachment
was completely resolved at day 5 post injection and
the transplanted cells were clearly observed. The cells
demonstrated growth along the subretinal space (white
arrows). Figure 6K demonstrates the 3D OCT image
obtained at day 5 post injection. This image shows
the retinal and choroidal vessels, and the location of
the transplanted cells were in different layers (pseudo-
depth color), resulting in improved visualization of the
cell population after transplantation. Slit lamp biomi-
croscopy did not show significant anterior chamber cell
or flare, vitritis, retinitis, retinal vasculitis, or subretinal
infiltrate at any time post-injection.

In Vivo Immunohistochemistry Staining
Analysis

To evaluate the fate and migration of the cells
in the subretinal space after transplantation into the
retina, a standard histological staining with H&E and
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immunohistochemistry staining analysis were imple-
mented. Figures 8A and 8B show the H&E images
of the sample harvested from control group (without
cell transplantation) and experimental group at day
28 post treatment. The control H&E images (see
Fig. 8A) showed the normal RPE morphology and
pattern in the subretinal space. In contrast, the treated
tissue showed abnormal RPE structure and pattern,
indicating the growth of the transplanted cells (yellow
arrows). To further assess the integration of the ARPE-
19 cells in RPE layer, immunofluorescence stain-
ing was performed using RPE-65 antibody (Figs.
8C-L). RPE65-positive cells were clearly observed
with aberrant morphology on the immunostaining
image obtained from the treated group (Fig. 8K).
Note that pseudo-red fluorescence color indicated the
location and pattern of ARPE-19 cells. In contrast,
the control group shows normal morphology of RPE
cells (Fig. 8E). Blue fluorescence color is used to stain
the cell nuclei (Figs. 8D, 8H). Figures 6F and 6L
show the overlay brightfield images (Figs. 8C, 8G) and
double staining fluorescence images. These images

Figure 8. Histopathological and immunohistochemistry analysis. Hematoxylin and eosin (H&E) images of control group (A) and cell trans-
plantation group (B). The transplanted ARPE-19 were clearly visualized in the subretinal space (yellow arrow). (C-L) immunofluorescence
images of the control and cell transplanted tissues. Red fluorescence color indicates the RPE-65 positive. Blue color stained by DAPI. Bright-
field images show the structure of retinal tissues. Images show the location ARPE-19 cells (yellow arrows) and native RPE cells (white arrows),
which is consistent with OCT images.
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show the loss of photoreceptor layer and the location
of ARPE-19 cells within the subretinal space above the
RPE layer, which is consistent with the B-scan OCT
images, as shown in Figure 7. The challenge of this
study is to achieve a monolayer of RPE cells after
transplantation into the subretinal space and distin-
guish them from host RPE cells. We believed the prolif-
eration rate of ARPE-19 cells is higher than that of
host RPE cells, which causes the cells to form multiple
layers in the subretinal space. To solve this problem, a
primary RPE cell which has similar characteristics to
host RPE or control the amount of transplanted cells
to be injected into the subretinal space. Petrus-Reurer
et al. have reported that a monolayer of RPE formed
after injection of 5 x 10* cells into the subretinal space
using hESC-derived RPE cells.?’

Conclusions

In summary, the current study demonstrates that
stem cells/progenitor cells (ARPE-19) can be success-
fully labeled with biocompatible FDA-approved ICG
fluorescence dye, and cell location and integration
was monitored in vivo using multimodal PAM, OCT,
and fluorescence imaging. The experimental results
showed that ICG at the highest tested concentration
of approximately 200 to 250 pg/mL was not toxic
to the cells. Therefore, higher PAM and fluorescence
image contrast can be obtained by labeling cells with
approximately 200 to 250 pg/mL concentration of
ICG without a significant reduction in cell prolifer-
ation. Importantly, in vivo experimental data illus-
trated that the location and margin of the cells can be
monitored longitudinally and distinguished from the
surrounding retinal microvasculature. The cell viabil-
ity was found to reduce gradually, and the cells can
be tracked in real time using the OCT imaging system.
These results indicate that ICG could serve as a great
near infrared (NIR) contrast agent for labeling the cells
for both fluorescent and PAM imaging. In addition,
multimodal PAM and OCT could be a unique tool for
tracking stem cells noninvasively, helping to improve
understanding and evaluation the efficacy of cell-based
therapies.
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