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Purrosk. The corneal epithelium provides a barrier to protect the deeper structures of the eye
from any particles or pathogens. Cultured epithelial cell sheets are used in transplantation
surgery for corneal repair or regeneration. The purpose of this study was to develop a novel
method using fluorescent quantum dot nanoparticles for validating the quality and barrier
function of cultured epithelial cell sheets.

Mernops. Human function epithelial cell sheets, cultured from oral mucosal or corneal limbal
cells, were incubated in either normal calcium-containing medium or medium containing no
calcium with a calcium chelator. Also contained in the media were suspensions of two
different sizes of quantum dots. Following incubation, analysis of quantum dot penetration
was carried out using confocal microscopy.

Resurts. In contrast to the cell sheets incubated in calcium-containing medium, removal of
extracellular calcium resulted in the disruption of tight junctions, compromising the cell
sheet’s barrier function. This caused a reduction in transepithelial electrical resistance and
deeper, more ubiquitous penetration of the quantum dots into the paracellular space and
interior of the cell sheet.

Concrusions. This method provides easy to interpret qualitative and quantitative data on the
functionality of a cell sheet’s tight junctions, as well as nanoscale and microscale structural
information on its surface and interior morphology, and any localized areas of damage or
abnormality. This novel technique could be used as part of the validation system for cultured
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epithelial cell sheets for use in transplantation.
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Anteriorly, the ocular surface is covered by specialized
corneal, limbal, and conjunctival epithelia. The corneal
epithelium is characterized by stratified, squamous, nonkerati-
nized epithelial cells that are responsible for maintaining the
smooth refractive surface of the cornea, essential for vision,
while also acting as a protective barrier to prevent the passage
of foreign bodies and pathogens into the deeper ocular
structures. Corneal epithelial cells are derived from transient
amplifying cells generated by stem cell populations residing in
the basal layer of the limbal epithelium.!? Ocular disease or
trauma to this area such as Stevens-Johnson syndrome, thermal
or chemical burns can cause limbal stem cell deficiencies that
result in corneal invasion by adjacent conjunctival cells,
neovascularization, chronic inflammation, and stromal scarring.
Consequently, visual acuity is severely affected.®* In cases of
unilateral damage, corneal regeneration of the affected ocular
surface can be attempted by transplantation of limbal grafts® or
via the cultivation of epithelial cell sheets from autologous
limbal stem cells taken from the contralateral eye.°-8 However,
this requires a large limbal graft from the donor eye, carrying
with it a risk of infection and inducing a limbal stem cell
deficiency in the donor eye.” It is also unsuitable for patients
who have bilateral corneal damage.'® Transplantation from
allogenic donors necessitates prolonged use of postoperative
immunosuppressants,'! and carries a high risk of rejection.
Postoperative rates of rejection after 1-year range from 20% to
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60% with cadaveric donor tissue,>'? and 70% to 80% with living
donor tissue.'314

In an attempt to improve postsurgical results for corneal
surface reconstruction, recent studies have successfully fabri-
cated and transplanted epithelial cell sheets cultured ex vivo
from autologous epithelium of nonocular surface origin.'>1° In
rabbits, the technique for harvesting, culturing, and transplant-
ing autologous oral mucosal epithelial cell derived cell sheets
has been established.!”'® More recently, the same treatment
has been subjected to clinical trials in humans.!®2° A 14-month
postoperative evaluation showed significantly improved visual
acuity was maintained and no complications were observed,
with the oral mucosal keratinocytes undergoing phenotypic
changes to more closely resemble that of corneal keratino-
cytes.!® Before this emerging technique can become a standard
medical therapy however, it is crucial to establish a validation
system by which the cultured oral mucosal epithelial cell sheets
can be evaluated prior to transplantation. Such a validation
system has been outlined in a previous study by Hayashi et al.*!

One such parameter for evaluation is a cell sheet’s barrier
function, a measure by which it can control or inhibit the
passage of molecules, foreign bodies or pathogens across its cell
layers. The tight junction is the most apically located of the
junctional complexes, forming a continuous, belt-like structure
that seals the paracellular pathway by joining the lateral
surfaces of the most superficial layer of epithelial cells at their
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apical edge.??23 Calcium has been shown to be necessary for
establishing the paracellular connections and assembly of the
various proteins involved in a tight junction complex.?4-27
Removal of calcium, through the use of a calcium chelator,
disrupts tight junction structure and function.?#25-28 Evaluat-
ing the barrier function and health of the tight junctions in a
cultured epithelial cell sheet is necessary prior to its use in
transplantation surgery.

Transepithelial electrical resistance (TEER) is a technique
that measures the electrical resistance across the full thickness
of the cell sheet using two electrodes placed above and below.
Primarily, this technique is used to obtain information on the
barrier function of a cell sheet. However, TEER values are often
unreliable. Numerous studies have reported that TEER does
not accurately represent changes in tight junction structure or
function.??3° Furthermore, the overall electrical resistance of a
cell sheet has been shown to be significantly affected by other
factors including temperature,3! the culture substrate used,>?
and the degree of cell-substrate contact.??

Quantum dots are nanometer scale colloidal semiconductor
nanoparticles composed of a few hundred to a few thousand
atoms of a semiconductor material such as cadmium mixed
with tellurium or selenium. This is then coated with an
additional zinc sulfide semiconductor shell to contain the
cadmium and limit its dissolution, as well as improve the
quantum dot optical properties.>* Bioconjugation of this shell
to proteins or other small molecules serves to further enhance
their biological applications. Quantum dots are extremely
efficient at generating fluorescence, often many times greater
than that of conventional organic fluorescent compounds.3+35
They have a board excitation spectra with a narrow emission
spectra ranging from UV to near-infrared, and superior
photostability with a high resistance to photo-bleaching,
allowing for greater observation time or long-term imaging
experiments.3°-38 One highly advantageous property of
quantum dots is that their fluorescence is tunable. A
predictable relationship exists between the energy emitted
by these quantum dots (and consequently the wavelength of
their fluorescence) and the size and shape of the quantum dot
core, with smaller quantum dots fluorescing at shorter
wavelengths of light than larger quantum dots. Applying
quantum dots to the surface of bovine cornea in vitro has
shown that penetration is limited to only the superficial
epithelial layers, 20 pm from the corneal surface.3® In this
healthy cornea, the epithelium acted as a barrier to limit
quantum dot penetration. Quantum dots may therefore
represent a suitable candidate for evaluating the barrier
function of a cell sheet.

The purpose of this study is to use these nanoparticles to
provide qualitative and quantitative data specific to a cell
sheet’s morphology and tight junction functionality. We
hypothesize that cell sheets with damaged or disrupted barrier
function will permit deeper and more ubiquitous penetration
of the quantum dot nanoparticles. Additionally, by using
different sized quantum dots, we anticipate a size-dependent
variation in penetration and distribution.

METHODS

Cell Culture: Human Oral Mucosal Epithelial Cell
Sheets

Human oral mucosal keratinocytes (HOK; ScienCell Research
Lab, Carlsbad, CA, USA) were cultured until subconfluent.
Trypsin LE express (GIBCO Invitrogen Life Technologies,
Grand Island, NY, USA) was used to detach the cells from the
culture flask into suspension. The cell suspension was then
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centrifuged and the supernatant removed. The cells were then
resuspended in keratinocyte culture medium and seeded at an
initial cell density of 1 X 10° cells/mL into 12-well culture
inserts (Falcon, Corning, NY, USA) with mitomycin C (MMC)-
treated 3T3-J2 feeder cells in keratinocyte culture medium
(KCM), separated by the cell culture insert permeable
membrane. KCM comprises Dulbecco’s modified Eagle’s
medium (DMEM/F12 [3:1]) supplemented with 10% fetal
bovine serum (GIBCO Invitrogen Life Technologies), 1% L-
Glutamine (GIBCO Invitrogen Life Technologies), 5 pg/mL
insulin (novolin; Novartis Pharmaceuticals, Tokyo, Japan), 1%
penicillin-streptomycin (Meiji Seika, Tokyo, Japan), 0.4 pg/mL
hydrocortisone (saxizon; Kowa, Tokyo, Japan), 2 nM triiodo-
thyronine (T3; Sigma Aldrich, Tokyo, Japan), 1 nM cholera
toxin (List Biological Laboratories, Inc., Campbell, CA, USA),
and 10 ng/mL EGF (Higeta Shoyu, Tokyo, Japan). Incubation
was carried out at 37°C and 5% CO,. All procedures were
carried out following the formation of mature, stratified
epithelial cell sheets.

Cell Culture: Human Limbal Epithelial Cell Sheets

Human corneas (donor age 34-73) were obtained from eye
banks (Sightlife, Seattle, WA, USA) and subsequently washed in
DMEM before being incubated in dispase for 1 hour at 37°C 5%
CO,. The human limbal keratinocytes (HLK) were then
scraped from the limbal region of the cornea, and the resulting
suspension was centrifuged and the supernatant removed. The
cells then underwent trypsinization before being resuspended
in KCM and seeded at an initial cell density of 1 X 105 cells/mL
into 12-well culture inserts (Falcon) with MMC-treated 3T3-J2
feeder cells in KCM, separated by the cell culture insert
permeable membrane. Incubation was carried out at 37°C and
5% CO,. All procedures were carried out following the
formation of mature, stratified epithelial cell sheets.

Quantum Dot Incubation and Analysis

Incubation media was formulated to either contain the
standard 1.64 mM of calcium, or 0 mM of calcium with 5
mM of the calcium chelator EGTA. In order to standardize the
level of tight junction disruption, EGTA was used to remove
any tight junction-associated calcium, as well as any calcium
remaining from the use of KCM medium during the culturing
period. Green (525 nm) and red (655 nm) quantum dots, with
zinc sulfide shells conjugated to carboxyl molecules, were
purchased as a suspension in borate buffer (GIBCO Invitrogen
Life Technologies). Forty nanometer suspensions of both green
and red quantum dots were made by diluting the commercially
available quantum dots into either the calcium or EGTA
containing incubation media. The pH of all incubation media
was then adjusted to 7.4, and then applied to the superficial
surface of the epithelial cell sheets. These were then incubated
at 37°C and 5% CO, for 90 minutes. The cell sheets were
washed twice in PBS to remove any excess quantum dots. The
samples were then immunostained with a 10% Hoechst
solution for 10 minutes, following which they were fixed in
4% paraformaldehyde and analyzed using confocal microscopy
(Ziess, Jena, Germany). Confocal parameters (including laser
power, aperture size, and image thresholds) were identical for
all samples.

Transepithelial Electrical Resistance (TEER)

Electrical resistance across the cell sheets was measured using
an EndOhm chamber (WPI, Inc., Sarasota, FL, USA) and EVOM2
resistance meter (WPI, Inc.). An insert containing only
medium, with no cell culture, was used as a blank.



Investigative Ophthalmology & Visual Science

Testing Epithelial Cell Sheet Barrier Function

IOVS | April 2015 | Vol. 56 | No. 4 | 2217

Ficure 1.

Transmission electron microscopy micrographs showing oral mucosal epithelial cells and the penetration of quantum dots into the

paracellular space. (A) Taken at X8000 magnification, several clusters of quantum dots can be seen residing in the paracellular space (arrows). The
area marked by the asterisk can be seen at X20,000 magnification in Figure 1B. In (B), small spherical green quantum dots are indicated by an arrow.
While larger, more elongated red quantum dots are indicated by an arrowhbead. Scale bar: 200 nm.

Transepithelial electrical resistance was measured at various
time points after addition of the incubation media. The TEER
value was first measured at 0 minutes after incubation, then
every 15 minutes following for a period of 90 minutes. Each
test was performed in triplicate for each condition. The TEER
value was calculated by: [average resistance of experimental
wells — average resistance of blank wells] Ohms X 0.33 c¢m?
(area of the insert culture surface).

MTT Cell Viability Assay

Stock solution of MTT (Sigma Aldrich) was diluted to 375 pg/
mL in KCM. A 5 mM EGTA solution and/or 40 nM suspensions
of both green and red quantum dots were then added to this
MTT-KCM medium. This was then pipetted into 12-well inserts
containing HOK or HLK derived cell sheets. After incubation at
37°C for 2 hours, the resulting formazan crystals were
dissolved in equal quantities of acidified isopropanol. The data
was obtained by subtracting the background absorbance at 690
nm from the absorbance at 570 nm recorded using a
spectrophotometer (V-550, UV/VIS Spectrophotometer; JAS-
CO, Tokyo, Japan) and expressed as a percentage of the control
cell sheets incubated without quantum dots or EGTA. Each test
was performed in triplicate for each condition. ANOVA and
Dunnett’s statistical analysis was carried out using JMP
software (JMP, Cary, NC, USA) to compare each test value
with the control group.

Transmission Electron Microscopy (TEM)

Following incubation with the quantum dot suspensions,
samples were fixed in a solution of 2.5% glutaraldehyde and
2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH
7.2) at room temperature for 3 hours. Staining was then carried
out with 2% osmium tetraoxide for 1 hour followed by 0.5%
uranyl acetate for 1 hour at room temperature. The samples
were then dehydrated through graded alcohols and propylene
oxide before being embedded in Araldite resin (TAAB
Laboratories, Reading, UK). Resin curing was carried out at
60°C for 3 days. Ninety-nanometer thick sections were cut
from the cured sample blocks on a Reichert-Nissei Ultracut
Microtome (Leica, Wien, Austria) and floated onto copper
mesh-200 EM grids (Agar Scientific Ltd., Stansted, UK). These
were then post stained at room temperature in 2% aqueous
uranyl acetate and Reynolds lead citrate for 5 minutes.
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In order to measure the particle size, droplets of red and
green quantum dots were also applied to the surface of carbon
film coated slot-grids (Agar Scientific Ltd.). Any excess solution
was wicked away using filter paper. All grids were then given
time to dry before TEM examination.

Analysis of all samples was carried out at 80 kV with a
transmission electron microscope (Hitachi, Tokyo, Japan).
Images were obtained with a charge-coupled device camera
(Gatan, Inc., Tokyo, Japan).

Quantum Dot Size Measurements

Micrographs were obtained of the quantum dots on carbon
film coated slot-grids. Length and width values for both red and
green quantum dots were calculated from 15 measurements
taken using Fiji (ImageJ; http://imagej.nih.gov/ij/; provided in
the public domain by the National Institutes of Health,
Bethesda, MD, USA) software.

Fluorescence Intensity Measurements

Fluorescence intensity readings were taken across the X¥plane
of the confocal micrographs at 1-um interval passing through
the thickness of the cell sheet. By calculating the area under
the curve of the subsequent fluorescence intensity graph, total
fluorescence intensity was determined. Mean total fluores-
cence intensity, peak fluorescence intensity, and depth of the
peak fluorescence intensity within the cell sheet were
calculated from reading from three sample cell sheets. P
values were obtained via #-test statistical analysis.

REsULTS

The TEM micrographs in Figure 1 show small populations of
quantum dots (Fig. 1A, arrows) residing within the paracellular
space. The area marked by an asterisk can be seen at higher
magnification in Figure 1B, where it is possible to discern the
small green (arrow) and larger red (arrowhead) quantum dots.

The TEM micrograph Figure 2A1 shows the green quantum
dots were approximately spherical in shape, with a mean
width of 3.16 nm (SD = 0.30 nm) and a mean length of 3.28 nm
(SD =0.19 nm; Fig. 2A2). The red quantum dots (Fig. 2B1) had
a more oblong shape, with a width of 5.54 nm (SD = 0.29 nm)
and a length of 14.98 nm (SD = 1.02 nm; Fig. 2B2). For a full list
of size measurements see Supplementary Table S1.
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Ficure 2. Transmission electron microscopy micrographs of quantum
dots (A1, B1). Scale bar: 10 nm. (A2) and (B2) show frequency
distribution of the quantum dot length and width measurements.

Figure 3 demonstrates the effect of incubating HOK and
HLK cell sheets in 0 mM calcium medium with an EGTA
calcium chelator. In 1.64 mM of calcium, the initial electrical
resistance of the cell sheet was approximately maintained
throughout the 90 minutes of incubation. However, using
medium containing 0 mM of calcium with 5 mM of EGTA had
the effect of rapidly reducing the cell sheet’s electrical
resistance within the first 15 minutes. A slowing, but
continued decrease occurred for the following 75 minutes
until after 90 minutes the resistance was significantly lower
than its initial level, corresponding to an average 18.3
Ohms-cm? reduction in the HOK cell sheets, and a 22.8

—— HOK: OmM EGTA, 1.64mM Ca
—— HOK: 5mM EGTA, OmM Ca
40 -#- HLK: OmM EGTA, 1.64mM Ca
-%- HLK: 5mM EGTA, OmM Ca

w
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Ficure 3. Graph showing the effect of low calcium on cell sheet TEER.
Initial resistance levels are approximately maintained when the cell
sheet is incubated in normal calcium levels of 1.64 mM. Using a calcium
chelator (EGTA) in medium containing 0 mM of calcium resulted in a
reduction in electrical resistance. Error bars show SD. n = 3.
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FiGure 4. MTT cell viability assay. Following 2 hours incubation with
5 mM EGTA and/or green and red quantum dots, cell viability was not
significantly reduced in any sample of cell sheets. P values for HOK
when compared with the control: QD 0.99, EGTA 0.74, EGTA QD 0.58.
P values for HLK when compared with the control: QD 0.89, EGTA
0.55, EGTA QD 0.44.

Ohms-cm? reduction in the HLK cell sheets. Figure 4 shows
that incubation for 2 hours with EGTA and/or quantum dots
had no significant effect of the viability of either the HOK- or
HLK-derived cell sheets.

The confocal micrographs in Figures 5 show a significant
difference in quantum dot quantity and distribution across the
healthy HOK (Fig. 5A1) and HLK (Fig. 5B1) cell sheets
compared with the cell sheets containing damaged tight
junctions (HOK Fig. 5A2 and HLK Fig. 5B2). In the healthy
cell sheets, small amounts of quantum dots can be seen
residing on the surface and in the border regions between cells
(Figs. 5A1, 5B1, arrowhead). The damaged cell sheets show
significantly larger amount of quantum dots residing in the
paracellular space, creating a much stronger fluorescence
profile for both the red and green quantum dots (Figs. 5A2,
5B2, arrows).

Figure 6 shows the Z-plane surface (cross-section) rendered
views through the HOK and HLK cell sheets of Figure 5. The
same rendered view, with the addition of cell nuclei Hoechst
staining, can be seen in Supplementary Figure S1. The healthy
cell sheets (Figs. 6A, 6C) contain a thin layer of quantum dots
residing on the surface (arrow). Both red and green quantum
dots are present in this residual layer. The damaged cell sheets
however, contain a superficial layer of quantum dots (Figs. 0B,
6D, arrowheads) over two times thicker than in the healthy cell
sheets. In addition, numerous populations of green (and to a
lesser extent, red) quantum dots can also be seen within the
deeper cell layers. The asterisk in Figure 6B2 indicates a large
cluster of green quantum dots residing in a deeper region. No
such deeper populations can be observed in the healthy cell
sheet.

Figure 7 shows the fluorescence intensity readings taken
from the confocal micrographs in Figure 6. In the damaged cell
sheets (Figs. 7A2, 7B2), the initial fluorescence peak is both
stronger in intensity and continues deeper into the cell sheet
than in the healthy cell sheets (Figs. 7A1, 7B1). Following this
initial peak, green quantum dot fluorescence is still present at a
lower intensity level throughout the thickness of the cell
sheets. The second large fluorescence peak seen in Figure 7A2
represents the large cluster of green quantum dots residing
approximately 40-um deep into the cell sheet (Fig. 6B2,
asterisk). In the Table, the mean fluorescence intensity
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Ficure 5. XY¥plane confocal micrographs of epithelial cell sheets incubated with green and red quantum dots. The healthy cell sheets (A1, B1)
show low levels of quantum dot fluorescence on the surface and borders between cells (arrowbeads). Stronger fluorescence can be seen in the cell
sheets with damaged tight junctions (A2, B2). The arrows indicate areas where quantum dots are residing in the paracellular spaces. Scale bars:

50pm.

readings taken from multiple cell sheets show a statistically
significant increase in both green (HOK P = 0.038, HLK P =
0.009) and red (HOK P = 0.032, HLK P = 0.013) quantum dot
fluorescence intensity when comparing the healthy cell sheets
to the damaged cell sheets. Furthermore, the peak intensity
readings for the quantum dots occurred two to three times
deeper into the damaged cell sheet than in the healthy cell
sheets.

DISCUSSION

We have demonstrated that quantum dots can be used as an
effective indicator of a cell sheet’s barrier function. Our
hypothesis can be confirmed as cell sheets with disrupted
barrier function demonstrated deeper and more widespread
penetration of the quantum dot nanoparticles, particularly of
the smaller green quantum dots. By applying quantum dots in
this way, nano and microscale morphologic information on a
cell sheet’s surface and interior can also be ascertained, in
particular, making local areas of abnormality or increased
permeability easy to identify, something that current evaluation
techniques, such as TEER, are unable to provide.
Transepithelial electrical resistance did however demon-
strate the dramatic effect caused by EGTA calcium chelation.
This was in turn mirrored by the significant increase in
quantum dot penetration through the open paracellular
spaces, penetrating even through to the deepest layers of
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the cell sheets. These results demonstrate that tight junctions
are a major factor in a cell sheet’s barrier function. However,
even in the damaged cell sheets, the larger red quantum dots
showed a more limited penetration deeper than 15 pm into
the cell sheet. This parallels results from another quantum dot
penetration studies, which recorded red (655 nm) quantum
dots showing limited penetration deeper than 15 to 20 pm
into the epithelium of an intact cornea after a similar 80
minutes incubation in vivo.3® This suggests that the size of the
quantum dot was a limiting factor for its penetration through
the cell sheet. A model for the observed penetration of the
quantum dots can be seen in Figure 8. Other junctional
complexes such as adherens junctions, desmosomes, and gap
junctions serve to anchor or connect neighboring epithelial
cells together. It has previously been reported that the
paracellular space adjacent to adherens junctions and
desmosomes is approximately 20 to 30 nm.%°-43 However,
the presence of gap junctions reduces this space to 4 nm. 443
The red quantum dots, with a recorded length of 14.98 nm
and a width of 5.54 nm, would be too large to pass through
these narrow paracellular regions containing gap junctions.
Consequently, even though the damaged cell sheet had
disrupted tight junctions, the gap junctions may still have
served to slow the rate of passage of the red quantum dots
through to the deeper regions of the cell sheet.

Conversely, the green quantum dots, with a recorded length
of 3.28 nm and a width of 3.16 nm, would be small enough to
pass through even the narrowest regions in the paracellular
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Ficure 6.  Z-plane (cross-section) surface-rendered confocal micrographs of epithelial cell sheets incubated with green and red quantum dots. The
healthy cell sheets (A, C) show a thin layer of quantum dot fluorescence in the superficial most area (arrow). The damaged cell sheets (B, D) show a
thick layer of strong fluorescence in the superficial area (arrowhbeads) and deeper populations of green quantum dot fluorescence (asterisk). All

scales are measured in micrometers.

space. Although the rate at which they could pass through
these regions would still be rate limited and time dependant.
This may explain why although deeper populations of green
quantum dots were observed in the damaged cell sheet, a large
proportion of them remained in the more superficial layers.
Nevertheless, a relatively large quantity of the quantum dots
(labelled by an asterisk in Fig. 6B2) were able to accumulated
at the bottom of the cell sheet in such a localized manner as to
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suggest particular disruption or damage to that area of the cell
sheet. In this way, quantum dots can be used to identity
localized areas of abnormality within the cell sheet.

As green (to a lesser extent, red) quantum dots were able to
penetrate deeply into the cell sheet, we also investigated
whether penetration rates could be quantifiably measured by
analyzing the medium collected from beneath the cell sheets
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Fluorescence intensity graphs from epithelial cell sheets incubated with green and red quantum dots. Fluorescence intensity in the

healthy (A1, B1) and damaged (A2, B2) cell sheets was measured using data from the confocal micrographs in Figure 6. These intensity graphs show

quantum dot fluorescence as a function of depth through the cell sheet.
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Green QD
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6.33 = 1.53

Green QD
38.09 = 5.60
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Red QD

5.65 * 0.57
6.00 = 1.00

36.99 = 9.02

Mean Cell Sheet Fluorescence Intensity Data
A significant increase in total quantum dot fluorescence occurs in the damaged cell sheets compared with the heathy cell sheets. The peak intensity was also stronger and occurred deeper in the

damaged cell sheets. 7 = 3. When comparing damaged cell sheet data with healthy cell sheet data, all P < 0.038.
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Mean peak fluorescence intensity, I

Mean total fluorescence intensity, I
Mean depth of peak intensity, pm

TABLE.

Downloaded from iovs.arvojournals.org on 06/30/2019

IOVS | April 2015 | Vol. 56 | No. 4 | 2221

A 9 809 €0 0% Detap@u®
O EE O o

Closed paracellular spaces

B ® ¢ %5c00 007 0 ¢ %
OgoO O
P A -
_‘.r ] .._'l

Open paracellular spaces

Ficure 8. The quantum dot penetration model (A, B). Cell sheets with
damaged or disrupted tight junctions have opened paracellular
pathways resulting in greater quantum dot penetration in the
superficial layers.

after incubation. The results of this experiment can be seen in
the Supplementary Figure S2 and Supplementary Table S2.

Conventional methods for evaluating epithelial barrier
function or surface abnormalities include measuring TEER or
using fluorescent dyes such as sodium fluorescein. While these
techniques are useful, our novel method can provide rapid
nano and microscale structural information on a cell sheet’s
surface and interior morphology as well as the health of its
barrier function, allowing localized areas of surface abnormal-
ity or damage to be easily identified. Standard fluorescent dye
molecules may be small enough (sodium fluorescein radius =
5.5 A%¥) to pass through the paracellular space rapidly and with
ease. Quantum dots are considerably larger than these dye
molecules; accordingly they may show a comparably slower
rate of penetration through the cell sheet. The quantum dots
often aggregated into small clusters as they moved through the
paracellular space into the deeper cell layers, with larger
aggregations occurring in areas of increased permeability.
Subsequently, quantum dots can provide structural information
on the interior morphology of a cell sheet on a nano and
microscale, ranging from as small as 3.16 nm (the width of a
single green quantum dot) up to the large aggregation that
often measure 5 to 10 um in size. This is something that the
smaller dye molecules are unable to provide.

However, further improvements to this technique can be
made. There are discrepancies in the current literature
regarding the toxicity of quantum dots. This is largely due to
the variety of quantum dots available, and a lack of extensive
toxicity studies. Our own investigations align with longer term
studies that show no appreciable toxicity.>-47 Conversely,
some studies have reported that despite the zinc sulfide shell,
Cd?* ions are able to leech out of the quantum dot core,
causing concerns about their toxicity and safety for clinical
use.*® Furthermore, comparative confocal micrographs in
Supplementary Figure S3 show that even in unfixed cell
sheets, the quantum dots are not readily removed from the
paracellular spaces once they have penetrated the cell sheet.
Even so, this technique could still be applied to cell sheets in
vitro, together with other destructive tests such as immuno-
histochemistry.?! A range of in vivo application are currently
being considered using alternatives, such as carbon quantum
dots* or indium phosphide®*>! that have been shown to
possess significantly lower levels of cytotoxicity.

In addition, using a greater range of quantum dot sizes
would potentially produce a spectrum of color across the
thickness of the cell sheet, giving more information on the
degree to which the paracellular pathway is open. It may be
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possible to define the scale of tight junction disruption by
observing the relative penetration of different sized quantum
dots. Based on our experiments, the smallest quantum dots
would be expected to penetrate to the deepest layers. Small or
intermediate sized quantum dots may penetrate the superficial
layers but at a reduced rate, while the larger quantum dots
would remain on the surface or in the most superficial layer.
This data would then provide greater information on a cell
sheet’s barrier function as well as local areas of abnormality.

For this proof-of-concept study, using EGTA to disrupt tight
junction function was desirable as it induced a significant
effect on TEER. However, future work will feature a range of
disruptive techniques, in order to better represent the variety
of abnormalities and defects common in cultured cell sheets.
One such candidate for future study as an alternative and
milder disruptor of tight junction function is TNF-o.. This was
tested following published protocols,>2->% briefly, the cell
sheets were incubated for 24 hours with 10 ng/mL TNF-a,
before the addition of red and green quantum dots. Transepi-
thelial electrical resistance readings and comparative confocal
micrographs can be seen in Supplementary Figure S4.

To conclude, our method for evaluating cultured epithelial
cell sheet barrier function has not been reported in the
literature to date. As such, it represents a novel technique to
provide clear, easy to interpret data on a cell sheet’s barrier
function, as well as nano and microscale structural information
of its interior and surface morphology. This technique can be
incorporated into the range of analytical tests performed prior
to approval for transplantation. Furthermore, this information
may serve to enhance scientific knowledge on how to fabricate
healthy cell sheets for transplantation.
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