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Abstract

There are a number of cell therapies that are either in clinical trials or moving toward clinical
trials, particularly for diseases of the retina. One of the challenges with cell therapies is tracking
the status of cells over time. Genetic manipulation can facilitate this, but it can limit the clinical
application of the cells. There are a host of fluorophores that have been developed to assess the
status of cells, but these molecules tend to be cleared rapidly from cells. There are preclinical
strategies that use degradable scaffolds, and we hypothesized that these scaffolds could be used to
track the state of cells during preclinical studies. In this work, we explored whether fluorophores
could be delivered from simple scaffolds fabricated under extremely harsh conditions, be active
upon release, and report on the cells growing on the scaffolds over time. We encapsulated
CellROX® Green Reagent, and pHrodo™ Red AM in poly(lactic-co-glycolic acid) (PLGA)
scaffolds, showed that they could be delivered over weeks and were still active upon release and
taken up by cells. These experiments provide the foundation for using scaffolds to deliver
molecules to report on cells.
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Introduction

In the last decade, a number of cell therapies have moved to the clinic, particularly involving
cell transplantation for diseases of retinal degeneration including retinitis pigmentosa (RP),
diabetic retinopathy, and atrophic age-related macular degeneration (AMD) (1). Cell
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therapies offer the possibility of preserving and restoring vision in these conditions (2; 3).
For example, human embryonic stem cell derived retinal pigment epithelial cells (RPE) have
been transplanted in patients with AMD and led to improvements in vision (4). While this is
tremendously promising, one of the challenges with preclinical research and clinical trials in
this area is being able to track the behavior of the cells over time (2; 3). The eye provides a
window, but there needs to be a way to determine the state of the cells. It is less than
attractive to add extra reporter genes to the cells because it could impact the cell
performance and safety in the clinic.

It is critical to the development of new therapies to be able to assess cell behavior over time.
One option would be to use electronic monitoring of cells, and there has been some elegant
work integrating electronics with scaffolds for electrochemical-based assessment (5; 6).
Cells can be genetically engineered to express molecules to report on cell behavior (7; 8);
however, genetic manipulation can limit subsequent clinical translation.

There are a range of fluorophores that can be added directly to cells to discern cell function
and behavior (9) including molecules that respond to pH (10) and redox state (11). However,
these molecules tend to be cleared rapidly from cells, especially retinal cells (12). There has
been elegant work on developing molecules that remain in retinal cell membranes for long
times, up to one month, but the vast majority of molecules are cleared within hours or days
(13). For a reporter system to provide relevant data over time, ideally it would be reporting
on the transplanted cells for at least one month if not longer since knowing the status of cells
over time provides longitudinal data that is essential for understanding the connection
between cell behavior, survival, and function in transplant settings.

Scaffolds are often used in conjunction with cellular transplantation in the eye to improve
survival of the cells, to promote specific differentiation of cells, and to direct cellular
architecture such as the alignment of photoreceptors and bipolar cells (14; 15). A number of
these approaches are in preclinical or clinical phases of development (16; 17). Degradable
polyesters such as poly(lactic-co-glycolic acid) (PLGA) are often used (18-20). While
materials are not approved by regulatory agencies, approval is generally thought to be easier
when using materials seen in previous applications in a tissue, and polyesters have a long
history of use the eye (21). We hypothesized that the scaffolds could be used as a depot to
deliver fluorophores to report on the state of cells, but there was concern about the organic
solvents used to fabricate PLGA-based scaffolds and whether they would quench the activity
of the fluorophores during the encapsulation process. There is limited data on how robust
these reporter molecules are over time especially when subjected to adverse conditions like
the presence of organic solvents used in many polymeric delivery systems.

We focused on using endothelial cells as a first cell for determining the viability of the
reporter scaffold approach for two reasons. The first is that rat endothelial cells positively
fluoresce with CellROX green and pHrodo red when they are proliferating without adding
components which simplifies the approach significantly and removes a potential variable
associated with adding extra components. The second is that endothelial cells are a critical
cell type that is being considered for clinical trials with transplantation of new choroidal
structures for the eye (17; 22) and endothelial cells are essential to the successful
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transplantation and behavior of retinal pigment epithelial (RPE) cells in clinical trials (4;
19). Further, endothelial cells and RPE cells often exhibit similar uptake behaviors
motivating using one as a first step in characterizing the other’s performance (23).

The goal of the current study was to determine whether scaffolds could be loaded with
reporter molecules that could be delivered over weeks and provide relevant data on cell
behavior. As proof of principle experiments for embedding reporter molecules for long term
assessment of cell function, we encapsulated CellROX® Green Reagent, and pHrodo™ Red
AM in PLGA-based scaffolds to see if they could deliver active fluorophores over long times
without significant changes to the processing to make the scaffolds which is often not
particularly gentle to molecules.

Experimental Procedures

Materials

Two different commercially available reporter molecules were investigated as a first proof-
of-concept: CellROX® Green (Invitrogen) is a cell permeable molecule based on fluorescein
that weakly fluoresces green in a reduced state and increasingly fluoresces upon oxidation
by reactive oxygen species (ROS). pHrodo™ Red AM (Invitrogen) is an intracellular pH
indicator based on rhodamine that is weakly fluorescent at neutral pH and becomes
increasingly fluorescent as the pH drops from neutral. PLGA (Resomer 502H, 503H, and
504H) was purchased from Evonik Industries. All reagents were ACS grade and were
purchased from Fisher Scientific. All media and supplements were purchased from
Invitrogen Technologies (Carlsbad, CA).

Fabrication of Films

Coverslips

Sponges

PLGA 502H was dissolved in chloroform at 1% wi/v ratio. To make the CellIROX green
films, 500 pL of CellROX green were added to 4 ml of the PLGA solution, and 300 uL were
added to a standard glass slide, and the chloroform was allowed to evaporate in a chemical
hood. To make the pHrodo red films, 4 uL of pHrodo red was added to 4 ml of the PLGA
solution along with 40 pL of the powerload component based on the protocol provided by
Invitrogen with the pHrodo red molecule. Following chloroform evaporation, films were
gently removed from the glass and stored at —20 C and protected from light until use.

Coated coverslips were fabricated in a method similar to the films except that 12 mm
coverslips were coated with 400 pL of the PLGA-dye solutions and then allowed to dry in
the chemical hood before storing them at —20 C and protected from light until use.

5% (w/v) PLGA in chloroform solutions were made. CellROX green was added with a
1.25% v/v ratio to the solution. pHrodo red was added in a .05% v/v ratio to the solution
followed by 0.5% v/v powerload solution. 0.4 g of salt (250-300 um size) was added to a
container followed by 240 pL of the solution. The chloroform was allowed to evaporate in
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the chemical hood, and the salt was leached in water over 8 hours with 6 water changes. The
scaffolds were dried and stored at =20 C until use.

Release Studies

For films, sections weighing approximately 120 mg were used. For sponges, sponges
weighing approximately 40 mg were used. Polymers were placed in 1 ml of PBS at 37 C in
triplicate. At each timepoint, the PBS was removed and stored at —20 C and replaced with
fresh PBS to create an infinite sink release condition.

The amount of CellROX green and pHrodo red were measured using an M3 SpextraMax
microplate reader (Molecular Devices, San Jose, CA). CellROX green was excited at 485 nm
and the emission was measured at 520 nm. pHrodo red was excited at 560 nm and read at
585 nm.

Rat Endothelial Cell Culture

Rat endothelial cells were a generous gift from Prof. Joseph Madri. The cells have been
isolated from rat fat pads and all animal procedures were approved by the Animal Care and
Use Committee of Yale University (24). Endothelial cells were cultured in medium
containing Dulbecco’s Modified Eagle’s Medium (DMEM), 10% fetal bovine serum (FBS),
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1mM sodium
pyruvate, ImM L-glutamine, and 1% penicillin/streptomycin. Cells were grown on gelatin
coated T75 flasks and passed at 1:4 when confluent.

Bioactivity of Reporter Molecules Following Release

Supernatants from the release study were sterile filtered using 0.25 um filters and added to
endothelial cells at a 1:20 dilution in media. Cells were imaged 3-4 hours after addition
using an inverted fluorescence microscope (Zeiss Axio Observer Z1).

Growth of Cells on Films and Scaffolds Delivering Reporter Molecules

Films and sponges were sterilized by soaking in 70% ethanol overnight followed by 3
washes in PBS before cell seeding. Endothelial cells were seeded at 50,000 cells/ml on
either scaffolds or films. Following 30 minutes for cell attachment to scaffolds, more media
was added. Cultures were protected from light and kept in an incubator at 37 C and 5% CO»
except when imaged using a Zeiss Axio Observer Z1 microscope.

Thin Film-coated Coverslips for Long Term Cell Imaging

Coverslips were sterilized with UV-light for 30 minutes prior to seeding. Coverslips were
placed in 12 well plates and endothelial cells were seeded at 50,000 cells/ml. Coverslips
were imaged using a Zeiss Axio ObserverZ1 microscope. At the end of the experiment, the
cells were fixed in 10% formalin, washed three times, and cover slipped with vectrashield
containing DAPI for further imaging.
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The concept of this work was to determine the feasibility of encapsulating reporter
molecules to report on the state of cells grown on scaffolds over time.

The molecules chosen for the work are commercial fluorophores from Molecular Probes
(Invitrogen), CellROX green and pHrodo red. CellROX green is a cell permeable molecule
that measures reactive oxygen species (ROS) in cells and fluoresces when it is oxidized. In
the non-oxidized state, it does not fluoresce, but it emits as it is oxidized. pHrodo red
fluoresces in response to a drop in pH and the fluorescence decreases as the pH increases.
Endothelial cells are ideal for these experiments because they take up a wide range of
reporter molecules including CellROX green and pHrodo red, and these cells are under
oxidative stress and exhibit low pH while they are proliferating (Fig 1B and 1C). This makes
them attractive as a platform for determining whether the use of reporter scaffolds is a viable
approach.

Bioactivity of Molecules Released from Films

One of the first questions that needed to be addressed for the development of a reporter
system was whether or not the activity of the molecules could be preserved upon
encapsulation in and release from PLGA using organic solvents. PLGA films were
fabricated using chloroform as the solvent because organics often quench the bioactivity of
molecules (25).

Films were incubated at 37 C in PBS, and supernatant was collected at a range of
timepoints. The concentration of reporter molecules released at the different timepoints was
quantified, and the supernatant was added to endothelial cells to determine if the molecules
were still able to fluoresce, even at the low concentrations released by the films at the longer
timepoints.

Figure 2 shows the endothelial cells incubated with CellROX green supernatant from
multiple time points in the release study. Importantly, when the cells are under oxidative
stress, they fluoresce just as they do when CellROX green is added directly to them. This
data suggests that encapsulation and release is not affecting the biological activity of this
molecule. The pHrodo red data follows the same trend. It is important to note that amount of
reporter molecules in the supernatants is quite low, and there is no concentration step before
adding the supernatant to the cells. In fact, the supernatant is added at a one to twenty
dilution. Nonetheless, the molecules are reporting on the pH and oxidative stress of the cells
as they should.

Growing Cells Directly on Coverslips Coated with PLGA-dye Combinations

Since it can be challenging to image cells on free-floating films, endothelial cells were
cultured on coverslips coated with PLGA encapsulating the reporter molecules as a first step
to determine whether cells could take up the dyes while growing on the materials.

At 4 days post seeding, the cells took up the dyes and fluoresced. The cells were fixed and
DAPI was applied to get a better sense of how many cells were fluorescing. A subset of the
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cells is positive for the reporter molecules which is consistent with previous experiments
adding reporter molecules directly to the endothelial cells. This data demonstrates that the
reporter molecules can be encapsulated in materials on which the cells grow and
subsequently taken up by the cells. While polymer-coated coverslips allowed easy
visualization, by 4 days, the polymers began to separate from the coverslips in a number of
places, motivating moving to films and scaffolds for longer term cell culture experiments
since they are more robust.

Reporting on Cells Grown Directly on Films

Endothelial cells were seeded on the films and observed over time. The cells attached and
continued to grow throughout the experiments as seen with normal PLGA-based films.
Figure 4 shows the cells on the films as well as cumulative release curves for the molecules
from the films showing that lesser amounts are still being released at these longer
timepoints.

At 34 days post seeding, the cells could still be visualized. One of the challenges with
working with free floating films, is that they tend to fold and wrinkle over time, and since
these materials are degrading, they became very brittle by 34 days post seeding.
Nonetheless, cells clearly took up the reporter molecules and fluoresced. As seen in the
coverslip-coated study and consistent with the addition of these molecules to cells that are
not proliferating rapidly, a subset of the cells fluoresces. However, the cells could be imaged
(Figure 4), and cells positive for the reporter molecules were seen.

Three-dimensional Reporter Scaffolds

With the data suggesting that reporter molecules were active upon release and could be
delivered to cells growing on materials, we synthesized scaffolds to look at the viability of
the approach on 3D systems. The scaffolds were based on using PLGA and chloroform
because the conditions tend to reduce bioactivity of a number of molecules including
fluorophores.

Three different PLGAs were used with a range of molecular weights. PLGA 502H has a
molecular weight of approximately 10kDa, 503H is closer to 22kDa, and 504H is
approximately 35kDa. Endothelial cells were seeded on 502H sponges and imaged the cells
over time.

Figure 5 shows the release curves for CellROX green (A) and pHrodo red (B). Varying the
polymer impacted the release for both reporter molecules with the general release profile
being similar as we have seen for a number of other molecules (26; 27). These PLGASs have
carboxylic acid groups on one chain end, and lower molecular weight polymers have an
enrichment of carboxylic acid groups per volume of polymer which may augment the
loading of a range of molecules, including the two reporter molecules studied here.

The release curves suggest that simple scaffolds can deliver reporter molecules for several
weeks. However, growing cells on the scaffolds and imaging them brings certain challenges.
We used a standard epifluorescence microscope, and one of the biggest challenges with
PLGA scaffolds is that the polymers autofluoresce particularly in thicker sections of the
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material. It can be challenging to distinguish cells from the scaffolds in places. However,
near the large, open pores of these materials, we were able to find and image cells with some
positive fluorescence for CellROX green at the early timepoints, of up to 2 days post
seeding. pHrodo red, positive fluorescence up to 7 days post seeding. We did not see cells
positive for either reporter molecule after these time points which follows the trends we saw
for films, namely that as cells appeared to be confluent, the fluorescence decreased. One
could certainly use a confocal or laser scanning system to manage the autofluorescent
component, but it is something that should be considered in future scaffold designs with
reporter molecules to optimize the system for tracking the status of cells.

Discussion

According to the World Glaucoma Association, people fear loss of vision more than death,
in part because loss of vision dramatically alters one’s life and one’s independence and
ability to interact on many levels (28). Across the Globe, approximately 8% of the
population is likely to have AMD as they age with a substantial fraction progressing towards
vision loss over time (29). Right now, there are a number of technologies using stem cells in
the clinic for retinal degenerative conditions like AMD including RPE-scaffold transplants
(4; 19) and stem cell/progenitor therapies more broadly (1; 4; 30). In many cases, a
challenge lies with being able to assess the state of cells in the eye over time. Non-invasive,
functional testing like electroretinograms is the norm, but it is hard to correlate these
findings with information regarding the state of the cells in living organisms. The eye is a
fantastic window for observing fluorescent signals, but genetically encoding for fluorescent
proteins alters the cells and may limit translation. As new therapies and improvements on
existing clinical therapies are developed, especially those with a combination of cells and
scaffolds, we wanted to probe whether reporter molecules could be combined with scaffolds
and would be taken up by the cells with the hope that this will facilitate tracking cell
behavior over time to make these therapies as effective and robust as possible.

Reporter molecules can be incorporated into scaffolds and can report on the status of cells
over time. The commercially available reporter molecules are robust and bioactive for long
times, out to at least 34 days in some cases. Nonetheless, we do see relatively few cells that
are positive over time on the scaffolds. Looking at how these molecules work, it is not
surprising. CellROX green is a cell permeable molecule that measures reactive oxygen
species (ROS) in cells by fluorescing when it is oxidized. ROS levels are elevated in
endothelial cells during proliferation and migration (31; 32). Therefore, it makes sense that
the cells fluoresced green when proliferating and migrating, but the fluorescence dropped
once the cells were confluent. pHrodo red fluoresces in response to a drop in pH which
occurs for a number of reasons including upon internalization in cell endosomes. When
endothelial cells proliferate, they are far more likely to internalize molecules (33). While we
could have pursued adding external ROS agents or promoting endocytosis of pHrodo red, we
decided to focus on the simplest approach from the cell point of view as a proof of principle.
Based on the supernatant studies, the molecules are active over time which is encouraging.

The principles developed in the current study involving the delivery of reporter molecules
over time can also be applied to a range of cellular therapies by either incorporating them in
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appropriate scaffolds, or in cases where a scaffold is not desired, by co-injecting
nanoparticles to deliver these molecules. This work provides a framework for engineering a
completely new field of reporter scaffolds for assaying cells /n vitroand in vivo.

To move this to a practical application, the appropriate scaffold would need to be used and
the issue with autofluorescence would need to be addressed either by material choice,
wavelength for the reporter molecule, architecture of the scaffold, or imaging modality.
Nonetheless, it is striking that even with these far from ideal materials, scaffolds, and cell
conditions without external promoters of ROS or internalization, we still were able to see
these molecules report on the cells. The concept is sound, but the execution for a clinically
relevant system would require consideration of the scaffold, molecule, and imaging system.
For an application like an implant in the eye, the thin, organized scaffolds being used would
likely lend themselves well to incorporation of reporter molecules (16; 17; 34).

In recent years many reporter molecules have been developed to inform on an array of
cellular behaviors (10; 11; 35). As researchers develop tissue engineering constructs for a
variety of applications, this reporter scaffold approach could provide valuable information
on cellular behaviors to guide the design process and assess outcomes.
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Figure 1:
(A) Schematic of reporter scaffold concept delivering a molecule of interest (green) to cells

over time (B) Endothelial cells fluorescing green when CellROX green is added to the live
proliferating cells (C) Endothelial cells fluorescing red when pHrodo red is added to the live
proliferating cells. Scale bar= 50 um
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Figure 2:
(A) CellROX green released from the PLGA films from timepoints at 1 and 3 hours and 1,8,

and 15 days demonstrate that the cells are under oxidative stress, even though the amounts
being released by the films are small (B). The blue arrows mark the 8- and 15-day time
points. (C) Likewise, the pHrodo red released from the PLGA films continues to report on
the low intracellular pH, even though the amounts are small (D).
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Figure 3:
Endothelial cells cultured on PLGA-coated coverslips delivering either CellROX green (A)

or pHrodo red (B) at 4 days post seeding. Growing cells directly on the film-coated
coverslips facilitates easy visualization of the cells. Scale bars: 50 pm.
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Figure 4:
Endothelial Cells were plated on films and imaged. At 34 days post seeding, some cells were

still positive for CellROX Green (A, phase, B, fluorescence). The cumulative release curves
of these films are shown in (C). Likewise, some endothelial cells grown on the films
containing pHrodo Red were still positive at 34 days post seeding (D, phase, E,
fluorescence). The cumulative release curve for pHrodo Red is in (F). Scale bar= 50 um.
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Figure 5:
3D salt leached scaffolds with reporter molecules. (A) Cumulative release of CellROX green

as a function of PLGA. (B) Cumulative release of pHrodo red from salt leached scaffolds
over time as a function of PLGA. All of the scaffolds released reporter molecules for 7
weeks. (C-F) Endothelial cells were grown on the 502H scaffolds. At 2 days post seeding,
endothelial cells could be seen in phase (C) and some expressed CellROX green (D). Scale
bar=50 um. However, relatively few cells appeared to be positive for oxidative stress, and by
7 days, we did not see signs of cells positive for oxidative stress. At 7 days post seeding, we
still found cells in phase (E) that were also positive for pHrodo red (F), but we did not find
cells clearly positive for it after the 7-day timepoint. Scale bar=20 um. Yellow arrows mark
autofluorescence from polymer versus white arrows marking fluorescing cells.
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