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Cold stress (hypothermia) during storage and cytokine stress due to
acute allograft rejection adversely affect the donor corneal endothelium
in the short term. Pharmacological pre-treatment (before trans-
plantation) of the donor corneal endothelium or cells (propagated in
vitro for cell injection therapy) with microtubule stabilizers, cold stress
protectants, and other molecules is an attractive strategy to tackle
damage caused by hypothermia and cytokine stress. These molecules
can be delivered intracellularly to the donor corneal endothelium or cells
at controlled rates for desired periods and with one-time administration
using nanoparticles. However, the death-to-preservation time of donor
corneas of more than 4 to 6 h significantly decreases endothelial cell
density and increases the risk of microbial contamination. Therefore, we
have developed fusogenic liposome-coated nanoparticles for rapid
internalization of nanoparticles into cultured corneal endothelial cells
and ex vivo corneal endothelial tissue. Here, we have shown that the
fusogenic liposome-coated nanoparticles have the intrinsic ability to
efficiently and rapidly internalize into cultured corneal endothelial cells
and ex vivo corneal tissue within 3 h by possibly fusing with the cell
membrane and bypassing the endocytic pathway. Lactate dehydroge-
nase assay showed that the internalized fusogenic liposome-coated
nanoparticles did not cause cytotoxicity in endothelial cells associated
with the ex vivo cornea for at least up to 2 days. Thus, fusogenic
liposome-coated nanoparticles have great potential as a platform for
engineering cells and endothelial tissue of donor corneas to facilitate
prophylactic drug delivery during storage and after transplantation.

Introduction

Corneal blindness is the third most prevalent eye disease
worldwide and leads to visual impairment. The demand for
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corneal transplantation is increasing every year.! Only 1 in 70
people gets access to donor corneas for transplantation.’
Annually, more than 78 000 corneas are being transplanted in
the USA;® however, the failure rate of corneal transplantation is
>30%.* When the death-to-preservation-time of donor corneas
is more than 4 to 6 h, a significant reduction in the corneal
endothelial cell density (ECD) and higher risk of microbial
contamination have been reported.® A loss in ECD by >30% is
reported within 1-2 years following corneal or endothelial
transplantation leading to graft failure.*® In addition to donor
age, other factors for rejection of the allograft and failure of
transplantation include repeat transplantation, infections and
neovascularization in the recipient or donor corneas.” The loss
is contributed by many factors such as cold storage of donor
corneas (hypothermic stress)®® and stress induced by cytokines
secondary to inflammation post-transplantation,’®** and acute
rejection of the allograft. ECD decreases with age, and hence
donor corneas (mostly from older donors) have a propensity for
rapidly reaching the threshold ECD needed to maintain
hydration in the stroma.'>** Therefore, it is critical to preserve
ECD during corneal storage and safeguard corneal endothelial
cells from cytokine stress after transplantation.

Cold storage (hypothermic stress)® and cytokine stress'
secondary to acute allograft rejection damage the donor corneal
endothelium in the short term. Specifically, we have shown that
exposure to hypothermia induces microtubule disassembly and
disruption of the perijunctional actomyosin ring (PAMR) and
leads to a loss of barrier function in cultured corneal endothe-
lial cells and ex vivo corneal endothelium.”** In addition, TNF-
o (tumor necrosis factor-a), a pro-inflammatory cytokine
secreted during allograft rejection, induces disassembly of
microtubules and loss of barrier function. Pharmacological
pre-treatment of the donor corneal endothelium with microtu-
bule stabilizers," Rho kinase inhibitors,'* cold stress protec-
tants,'® anti-apoptotic genes' and their sustained intracellular
delivery are imperative to preserve its functionality (barrier
function), cell density and tackle potential adverse effects
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induced by hypothermia during storage and cytokine stress
after transplantation.

Studies on preservation of donor corneas have shown that
a tissue storage time > 12 days, status of donor's health (dia-
betes, etc.) and other factors result in graft failure.">*® Alterna-
tive to using donor corneal tissues, scalable cell-based therapies
(cell injection approach) using human corneal endothelial cells
(HCECs) propagated in vitro*® and/or 3D bioprinted corneas
are currently being developed. Corneal endothelial cells isolated
from a single donor can be administered to up to 80 patients by
in vitro expansion using an appropriate medium* and can be
administered through direct cell injection into the anterior
chamber.” Despite these promises, the limitations of cell-based
therapy include unbalanced cell distribution and lower persis-
tence and repair efficiency. Reasons include the loss of cell
surface proteins during trypsinization which may reduce cell-
cell and cell-extracellular matrix interactions,” cytokine
stress'®** post transplantation and oxidative stress-induced cell
death,*?* all leading to reduced efficiency to form functional
monolayers. In this context, nanotechnology-based prophy-
lactic drug delivery to in vitro expanded donor corneal endo-
thelial cells can overcome these limitations and facilitate
successful cell therapies for corneal diseases.

Therapeutic molecules including cold stress protectants,
antioxidants, anti-apoptotic or pro-survival genes, microtubule
stabilizers, iron chelators, and kinase inhibitors can be deliv-
ered intracellularly at controlled rates for desired periods of
time using nanoparticles. Recently, we have shown that intra-
cellular delivery of microtubule-stabilizing drug epothilone-B
using poly-i-lysine (PLL)-coated poly-r-lactic-co-glycolic acid
(PLGA) nanoparticles demonstrated stabilization of microtu-
bules with no toxicity and opposed cold stress-induced PAMR
damage and ZO-1 redistribution.’ However, the uptake of these
nanoparticles by corneal endothelial cells took very long (up to
24 to 48 h). Moreover, there was scant evidence of their
complete internalization due to multiple factors including
agglomeration and the slow and energy-dependent endocytosis
of charged nanoparticles.”® Most surface modified nano-
particles are internalized by endocytosis during which they are
entrapped by the plasma membrane leading to a delay in the
uptake. It is noteworthy that the reported time for uptake of
charged nanoparticles is significantly longer than the death-to-
preservation-time of donor corneas of about 4-6 h.>" Thus,
a nanoparticle system for rapid uptake (within 3 to 4 h) into the
donor corneal endothelium (for transplantation) and donor
corneal endothelial cells (for cell injection therapy) is an urgent
unmet need to protect the health and functionality of the donor
tissue/cells.

A process of cellular uptake which can bypass the endocytic
pathway would hasten the cytosolic delivery of nanoparticles. A
class of cationic liposomes called fusogenic liposomes directly
fuse with the cell membrane (membrane fusion is a non-
endocytic process). Fusion enhances the interaction between
fusogenic liposomes and the cell membrane for delivering
therapeutic molecules directly and rapidly into the cytoplasm.
Hence, we hypothesized that fusogenic liposomes coated on the
PLGA nanoparticle surface would hasten cellular
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internalization. Accordingly, in this study, we have developed
a simple and novel strategy to significantly hasten the inter-
nalization kinetics of nanoparticles in the donor corneal
endothelial tissue and in vitro expanded cells. We report the
preparation of fusogenic liposome-coated nanoparticles and
assess their internalization in ex vivo corneal tissue and
cultured cells. The novelty of this approach is that we have
employed the membrane fusion properties of the fusogenic
liposomes to achieve rapid tissue and cellular uptake of PLGA
nanoparticles.

Results and discussion

We first prepared DiO (3,3-dioctadecyloxacarbocyanine
perchlorate, green fluorescent dye)-loaded nanoparticles (DNPs)
using the PLGA polymer as the carrier via the nanoprecipitation
method.® DiO was used to enable visualization of the nano-
particles in the tissue and cells using confocal fluorescence
microscopy. Size, surface charge, and surface chemistry of the
nanoparticles affect kinetics of cellular uptake. Thus, for the
preparation of nanoparticles and to engineer them for sus-
tained delivery of drugs and uptake by donor endothelium, we
need a biodegradable and biocompatible material. PLGA is
a polymer present in several FDA-approved carrier systems for
delivery of drugs, proteins/peptides, genes, and siRNA*® and it is
also biocompatible and biodegradable. Thus, we chose to
prepare and modify PLGA nanoparticles in this study.
Uniformly sized spherical DNPs were obtained by the nano-
precipitation method as shown in the TEM micrograph
(Fig. 1A).

In a recent study, we reported that epothilone B-loaded PLGA
nanoparticles (ENPs) possessed a negative surface charge and
PLL modification (PLL-ENPs) led to a positive surface charge
without significantly affecting the size of the nanoparticles.® As
expected, the positive charge led to an enhanced kinetics of
internalization of PLL-ENPs in cultured cells. This is an essen-
tial consideration since faster internalization will decrease the
risk of loss of cell viability due to long-term exposure at 37 °C.
However, our results showed that incubation for 6 to 24 h with
PLL-ENPs would not be adequate to obtain significant inter-
nalization. This result has clinical implications since a death-to-
preservation time of >4-6 h for donor corneas leads to
a decrease in endothelial cell viability and enhances the
microbial contamination risk. Therefore, we next aimed at
developing a nanoparticle system which could be taken up by
donor cells/tissue in about 3 h at 37 °C.

Based on this, the nanoparticles (DNPs) were surface modi-
fied using fusogenic liposomes made from DOTAP (dioleoyl-3-
trimethylammonium propane) + DOPE (dio-
leoylphosphatidylethanolamine) (FL-DNPs-1) and DOTAP +
SoyaPC (soya phosphatidylcholine) (FL-DNPs-2). We also
surface modified the nanoparticles with PLL (PLL-DNPs) for
comparison with fusogenic liposome-coated nanoparticles. As
seen in Fig. 1B-D, these nanoparticles were also spherical in
shape. Fig. 1C and D illustrate that the fusogenic liposomes
were uniformly coated on the nanoparticles (white arrow
represents liposomes; black arrows represent nanoparticles)
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Fig.1 Size, size distribution, surface charge, morphology and surface coating of the nanoparticles. Representative TEM micrographs of (A) DiO-
loaded PLGA nanoparticles (DNPs) (scale bar is 200 nm). Inset: the scale bar is 100 nm; (B) PLL-coated DiO-loaded PLGA nanoparticles (PLL-
DNPs) (scale bar is 200 nm). Inset: the scale bar is 100 nm; (C) DiO-loaded PLGA nanoparticles coated with DOTAP + DOPE fusogenic liposomes
(FL-DNPs-1) (scale bar is 200 nm). Inset: the scale bar is 100 nm; (D) DiO-loaded PLGA nanoparticles coated with DOTAP + SoyaPC fusogenic
liposomes (FL-DNPs-2) (scale bar is 200 nm). Inset: the scale bar is 50 nm. Images (C) and (D) were visualized by using uranyl acetate negative
staining at a resolution of 100 nm and 50 nm, respectively. (E) Average size of nanoparticles. (F) Polydispersity index (PDI) of nanoparticles. (G)
Zeta potential (surface charge) of nanoparticles. Data represent the average of triplicates. * indicates statistical significance (p < 0.05) and "ns”

indicates not significant (p > 0.05).

with a core-shell structure. The average size of DNPs, PLL-
DNPs, FL-DNPs-1, and FL-DNPs-2 measured by dynamic light
scattering analysis was 122 + 7 nm, 128 + 7 nm, 145 £+ 20 nm,
and 185 + 8 nm (Fig. 1E), respectively. Statistical analysis
confirms that the modification with PLL did not significantly
alter the nanoparticle size (p = 0.39). The fusogenic liposome
coating on DNPs increased the nanoparticle size in the range of
25 to 60 nm. However, the increase in size is not significant for
FL-DNPs-1 (p = 0.18). On the other hand, the increase in NP size
is significant for FL-DNPs-2 (p = 0.0005). These data indicate
that size of the surface coated nanoparticle depends on the lipid
composition of the fusogenic liposomes. In comparison to PLL-
DNPs, the fusogenic liposomes were bigger, but the increase
was nonsignificant for FL-DNPs-1 (p = 0.29), but significant for
FL-DNPs-2 (p = 0.0007).

The polydispersity indices of DNPs, PLL-DNPs, FL-DNPs-1,
and FL-DNPs-2 were 0.16 + 0.03, 0.15 £ 0.02, 0.18 &+ 0.03, and
0.29 + 0.02, respectively, suggesting monodispersity of the
nanoparticles (Fig. 1F). The small values of PDI indicate that the
nanoprecipitation method as well as lipid hydration followed by
serial extrusion resulted in a uniform size distribution of the
nanoparticles. Statistical analysis confirms that PLL coating did
not significantly alter the size distribution (p = 0.69). The
fusogenic liposome coating on DNPs increased the PDI.
However, the increase is not significant for FL-DNPs-1 (p =
0.52). On the other hand, the increase in the PDI is significant
for FL-DNPs-2 (p = 0.0055). These data indicate that size
distribution of the surface coated nanoparticle depends on the

6412 | Nanoscale Adv., 2023, 5, 6410-6422

lipid composition of the fusogenic liposomes. In comparison to
PLL-DNPs, the fusogenic liposomes had relatively wider size
distribution, but the increase was nonsignificant for FL-DNPs-1
(p = 0.28), but significant for FL-DNPs-2 (p = 0.0017). Despite an
increase in the PDI upon coating, the change was well within
the acceptable limit of 0.2 to 0.3, and it represents relatively
homogeneous size distribution.

Zeta potential (surface charge) of DNPs, PLL-DNPs, FL-DNPs-
1, and FL-DNPs-2 was —22.7 &+ 3.4 mV, 25.1 &+ 2.9, 33.3 + 1.3,
and 29.3 £ 1.3 respectively, indicating nanoparticle stability in
suspension (Fig. 1G). More importantly, the positive surface
charge of PLL-DNPs, FL-DNPs-1 and FL-DNPs-2 confirms that
PLL, (DOTAP + DOPE) and (DOTAP + SoyaPC) were coated on
the nanoparticle surface, respectively, since PLL and DOTAP are
cationic molecules. The reversal in surface charge of all three
types of coated nanoparticles was significant in comparison to
that of uncoated nanoparticles (p = 0.00005 for PLL-DNPs, p =
0.000012 for FL-DNPs-1 and p = 0.000015 for FL-DNPs-2).
However, the change in surface charge for PLL-DNPs was not
significant against FL-DNPs-2 (p = 0.055).

Engineering in vitro cultured corneal endothelial cells with
nanoparticles before exogenous administration into the recip-
ient's eye is a futuristic approach for enhancing the efficacy of
cell therapy. In this context, we investigated the internalization
of nanoparticles in cultured porcine corneal endothelial cells in
vitro. Our goal was to investigate if fusogenic liposome-coated
DNPs are rapidly internalized into the cells in comparison to
bare nanoparticles (DNPs) and PLL-DNPs. Cultured porcine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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corneal endothelial cells were incubated with DNPs, PLL-DNPs,
FL-DNPs-1, and FL-DNPs-2 for different intervals of time (3 and
6 h). The internalization of DNPs in cultured corneal endothe-
lial cells was then qualitatively assessed by imaging the green
fluorescence of DiO (representing DNPs), red fluorescence
(representing the cell membrane) and blue fluorescence (rep-
resenting the nucleus) as shown in Fig. 2.

Fig. 2 Representative confocal fluorescence microscope images of
nanoparticles internalized in porcine corneal endothelial cells in vitro
at 37 °C. (A) Cells incubated with DNPs for 3 h; (B) cells incubated with
PLL-DNPs for 3 h; (C) cells incubated with FL-DNPs-1 for 3 h; (D) cells
incubated with FL-DNPs-2 for 3 h; (E) cells incubated with DNPs for
6 h; (F) cells incubated with PLL-DNPs for 6 h; (G) cells incubated with
FL-DNPs-1 for 6 h; (H) cells incubated with FL-DNPs-2 for 6 h. Red:
phalloidin (cell membrane), blue: DAPI (nucleus), and green: DiO
(nanoparticles). The images shown are typical of three independent
experiments. The scale bar is 10 pm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2A shows that after 3 h of incubation, few DNPs are
taken up by the cells (green staining in and around the nucleus)
and upon an increase in incubation to 6 h, no significant
change in the number of DNPs is observed (Fig. 2E). When
DNPs were coated with PLL, it improved the uptake slightly for
both 3 h and 6 h of incubation as observed in Fig. 2B and F. In
addition, the cells seemed to take up more PLL-DNPs when
incubated for 6 h in comparison to 3 h. When the cells were
incubated with FL-DNPs-1, which had DOTAP + DOPE fusogenic
liposome coating, a significant increase in uptake of cells is
observed (Fig. 2C and G). However, we also observed a decrease
in cell viability when they were incubated with FL-DNPs-1,
suggesting nanoparticle-induced cell death. In contrast, FL-
DNPs-2 which contained DOTAP + SoyaPC fusogenic liposome
coating exhibited significantly higher nanoparticle uptake at
both 3 and 6 h of incubation (Fig. 2D and H). 6 h of incubation
seemed to slightly increase the nanoparticle uptake compared
to 3 h. Notably, FL-DNPs-2 did not adversely affect cell viability,
as observed by the presence of a large number of intact cells.

Engineering the endothelium of ex vivo corneal tissue with
nanoparticles before storage and transplantation is an actively
pursued area of translational research. In this context, we
investigated the internalization of various nanoparticles in the
ex vivo corneal endothelium. Our goal was also to investigate if
fusogenic liposome-coated DNPs are rapidly internalized into
the cells of the endothelium in comparison to bare nano-
particles and PLL-DNPs. We also assessed if the nanoparticles
could penetrate the endothelium and reach the stroma, which
is the middle layer of the cornea. The cornea was isolated from
porcine eyes and placed in an eye cup with the endothelium
facing upwards. DNPs, PLL-DNPs, FL-DNPs-1 and FL-DNPs-2
were suspended in Cornisol® medium and ultrasonicated to
ensure uniform suspension. Later, the corneal endothelium
was incubated with these nanoparticles at a concentration of
0.8 mg mL ™" for internalization at 37 °C for 3 h and 6 h.
Untreated tissue was also used in this study to compare the
staining patterns of nanoparticles and the cell membrane to
understand nanoparticle localization. The z-stack images
shown in Fig. 3 and 4 depict a part of the corneal tissue con-
taining the endothelial monolayer (corneal endothelium)
(vellow arrows) which is about 5 to 10 pm in thickness and
a part of the adjoining stroma (blue arrows) (about 30 um deep
from the apical side of the endothelium). The stroma was
included in the image to understand if the nanoparticles have
penetrated into it.

Fig. 3 illustrates the internalization of various nanoparticle
types in ex vivo corneal tissue after 3 h of nanoparticle incuba-
tion at 37 °C. It is evident from Fig. 3 that the corneal endo-
thelium is a hexagonal mosaic of cells of a thickness of about 5
to 10 pum (yellow arrows). The red staining of phalloidin-
conjugated Texas Red which binds to the lipid bilayer of the
cells indicates the cell membrane. On the other hand, a part of
the stroma (blue arrows) seen here has very few cells (repre-
sented by the lack of DAPI staining or nuclei). Fig. 3A and F
represent ex vivo corneas which were not subjected to any
nanoparticles (control). They reveal the corneal endothelial
tissue comprising the monolayer of endothelium (yellow

Nanoscale Adv., 2023, 5, 6410-6422 | 6413
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Fig. 3 Representative 3-dimensional confocal fluorescence microscope images of nanoparticles internalized in the porcine corneal endo-
thelium ex vivo after 3 h of incubation at 37 °C. (A) Untreated tissue; (B) tissue incubated with DNPs for 3 h; (C) tissue incubated with PLL-DNPs for
3 h; (D) tissue incubated with FL-DNPs-1 for 3 h; (E) tissue incubated with FL-DNPs-2 for 3 h. (A—E) Magnification of 63x. (F—J) Magnification of
100x. (F) Untreated tissue; (G) tissue incubated with DNPs for 3 h; (H) tissue incubated with PLL-DNPs for 3 h; (I) tissue incubated with FL-DNPs-1
for 3 h; (J) tissue incubated with FL-DNPs-2 for 3 h; red: phalloidin (cell membrane), blue: DAPI (nucleus), and green: DiO (nanoparticles). Yellow
and blue arrows indicate the endothelial monolayer and the adjoining stroma, respectively in all the images. White arrows in (1) and (J) indicate the
presence of nanoparticles inside the cells. The images shown are typical of three independent experiments. The scale bar is 10 um.

6414 | Nanoscale Adv, 2023, 5, 6410-6422 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representative 3-dimensional confocal fluorescence microscope images of nanoparticles internalized in the porcine corneal endo-
thelium ex vivo after 6 h of incubation at 37 °C. (A) Tissue incubated with DNPs for 6 h; (B) tissue incubated with PLL-DNPs for 6 h; (C) tissue
incubated with FL-DNPs-1 for 6 h; (D) tissue incubated with FL-DNPs-2 for 6 h. (A—D) Magnification of 63x. (E-H) Magnification of 100x. (E)
Tissue incubated with DNPs for 6 h; (F) tissue incubated with PLL-DNPs for 6 h; (G) tissue incubated with FL-DNPs-1 for 6 h; (H) tissue incubated
with FL-DNPs-2 for 6 h; red: phalloidin (cell membrane), blue: DAPI (nucleus), and green: DiO (nanoparticles). Yellow and blue arrows indicate
the endothelial monolayer and the adjoining stroma, respectively in all the images. White arrows in (G) and (H) indicate the presence of
nanoparticles inside the cells, while black arrows show nanoparticle aggregates on the cell membrane. The images shown are typical of three

independent experiments. The scale bar is 10 um.

arrows) and a part of the stroma (blue arrows). These images
were taken as a reference without nanoparticles to compare
them with corneas containing nanoparticles since we are
interested in observing the localization of the nanoparticles. As
observed in Fig. 3B and G, bare nanoparticles (DNPs) hardly
penetrated into the corneal endothelium in 3 h, which is
confirmed by the lack of green fluorescence merging with red.
PLL-DNPs also exhibit insignificant penetration into the endo-
thelium in 3 h (Fig. 3C and H). On the other hand, FL-DNPs-1
and FL-DNPs-2 penetrated into the corneal endothelium
significantly in 3 h (Fig. 3D, E, I and J). The high intensity of
green fluorescence and uniform distribution of merged green/

© 2023 The Author(s). Published by the Royal Society of Chemistry

red fluorescence (Fig. 3D and E) confirm the same. In the
high magnification images (Fig. 3I and J), we can also observe
that the nanoparticles are in fact internalized deeply into the
cells (white arrows) and not just associated with the outer cell
membrane. In addition, some nanoparticle aggregates were
observed on the cell surface (Fig. 3D, E, I and J), which did not
internalize into the tissue due to their larger size.

We next investigated if nanoparticle internalization can be
enhanced by incubating the tissue with various nanoparticle
types for 6 h. As observed in Fig. 4A, B, E and F, bare DNPs and
PLL-DNPs hardly penetrated into the corneal endothelium in
6 h, but the penetration was better than that in 3 h, which is

Nanoscale Adv., 2023, 5, 6410-6422 | 6415
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confirmed by the relatively higher number of green fluorescence
spots. The localization of green spots on the top surface of the
tissue also indicates the presence of nanoparticle aggregates
associated with the cell membrane rather than the cytoplasm,
confirming that there was minimal internalization (Fig. 4A, B, E
and F). On the other hand, FL-DNPs-1 and FL-DNPs-2 pene-
trated into the corneal endothelium significantly in 6 h (Fig. 4C,
D, G and H). The high intensity of green fluorescence and
uniform distribution of merged green/red fluorescence (Fig. 4C
and D) confirm the same. In the high magnification images
(Fig. 4G and H), we also observe that the nanoparticles are in
fact internalized by the cells. However, in comparison to 3 h, 6 h
incubation led to the formation of more nanoparticle aggre-
gates on the cell surface, indicated by black arrows (Fig. 4G),
which did not internalize into the tissue due to larger size.
There is also clear evidence that with 3 h and 6 h of incubation,
the nanoparticles were unable to penetrate the stroma, as ex-
pected. Very interestingly, cellular toxicity was not observed in
ex vivo corneas when incubated with nanoparticles, as opposed
to significant toxicity in cultured cells in vitro (Fig. 2C and G).

We also estimated the extent of internalization by measuring
green fluorescence intensity of z-stack images taken at various
depths of the cells (except at the top and bottom layers which
represent the cell membrane) using Image] software in both
cultured cells and tissue ex vivo. This quantitative data also
estimated the kinetics of internalization after 3 and 6 h of
incubation (Fig. 5). Fig. 5A confirms that DNPs did not inter-
nalize into the cultured cells after 3 h and 6 h of incubation, as
indicated by low fluorescence intensity values. In comparison,
more PLL-DNPs were internalized after 3 h of incubation (about
5 times, p < 0.05), which further improved upon 6 h of incu-
bation (about 8 times, p < 0.05). For PLL-DNPs, 6 h of incubation
demonstrated about 4 times higher fluorescence versus 3 h of
incubation, indicating a higher degree of internalization (p <
0.05). In comparison to DNPs, the DOTAP + DOPE liposome-
coated DNPs (FL-DNPs-1) were internalized at an even higher
level (about 25 times, p < 0.05) after 3 h and about 13 times (p <
0.05) after 6 h of incubation.

However, it is important to note that for FL-DNPs-1, the
period of incubation did not significantly improve internaliza-
tion (p > 0.05) which is confirmed by a small increase in fluo-
rescence intensity between 3 h and 6 h incubation. Against PLL-
DNPs, the internalization of FL-DNPs-1 was significantly higher
i.e., about 5 times more for 3 h incubation (p < 0.05) and about 2
times more for 6 h incubation (p < 0.05), as seen in Fig. 5B. On
the other hand, the DOTAP + SoyaPC liposome-coated DNPs
(FL-DNPs-2) were appreciably taken up by the cells. Specifically,
with reference to DNPs, the increase in fluorescence intensity
for 3 h and 6 h incubation was about 70 times (p < 0.05) and 40
times (p < 0.05), respectively. Very importantly, the increase in
fluorescence intensity between 3 h and 6 h for FL-DNPs-2 was
not significant (p > 0.05). This suggests that 3 h of incubation is
sufficient to achieve very high uptake of nanoparticles in
cultured corneal endothelial cells with DOTAP + SoyaPC
liposome-coated DNPs. With reference to PLL-DNPs, the
increase in the uptake of FL-DNPs-2 was about 14 times (p <
0.05) and 5 times (p < 0.05) for 3 h and 6 h, respectively (Fig. 5B).
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In comparison to FL-DNPs-1, the increase was about 3 times (p <
0.05) for both 3 h and 6 h (Fig. 5B). This is a clear indication that
FL-DNPs-2 was the best nanoparticle type that allowed rapid
uptake of nanoparticles into cultured cells. The very large
difference in fluorescence intensity between FL-DNPs-1 and FL-
DNPs-2 is probably due to the fact that FL-DNPs-1 induced cell
death in comparison to FL-DNPs-2.

In the case of corneal endothelium ex vivo, Fig. 5C and D
confirm that bare DNPs were internalized into the endothelium
after 3 h and 6 h of incubation. There was also a 2 fold increase
in the uptake after 6 h of incubation. In comparison to DNPs,
more PLL-DNPs were internalized after 3 h of incubation (about
5 times, p < 0.05), which further improved upon 6 h of incu-
bation (about 5 times, p < 0.05). For PLL-DNPs, 6 h of incubation
demonstrated about 2 times higher fluorescence versus 3 h of
incubation, indicating a higher degree of internalization (p <
0.05) (Fig. 5C).

The DOTAP + DOPE liposome-coated DNPs (FL-DNPs-1) were
internalized at an even higher level (about 14 times, p < 0.05)
after 3 h and about 8 times (p < 0.05) after 6 h of incubation
when compared to DNPs (Fig. 5C). However, with FL-DNPs-1,
the period of incubation did not improve internalization
notably (p < 0.05) which is confirmed by a small increase in
fluorescence intensity between 3 h and 6 h of incubation.
Against PLL-DNPs, the internalization of FL-DNPs-1 was
significantly higher i.e., about 3 times more for 3 h incubation
(p < 0.05) and about 2 times more for 6 h incubation (p < 0.05),
as seen in Fig. 5D. On the other hand, the DOTAP + SoyaPC
liposome-coated DNPs (FL-DNPs-2) were taken up by the cells
more than all other nanoparticles. With reference to bare DNPs,
the increase in fluorescence intensity for 3 h and 6 h of incu-
bation was statistically significant at about 18 times (p < 0.05)
and 10 times (p < 0.05) (Fig. 5C), respectively. With reference to
PLL-DNPs, there was an appreciable increase in fluorescence
intensity at about 4 times (p < 0.05) and 2 times (p < 0.05) for 3 h
and 6 h, respectively (Fig. 5D). In comparison to FL-DNPs-1, the
increase was also significant at about 1.2 times (p < 0.05) for
both 3 h and 6 h of incubation. This is a clear indication that FL-
DNPs-2 was the best nanoparticle type which allowed rapid
uptake of nanoparticles into the ex vivo corneal endothelium.
Very importantly, the increase in fluorescence intensity between
3 h and 6 h for FL-DNPs-2 was negligible (p < 0.05). This
suggests that 3 h of incubation is sufficient to achieve very high
uptake of nanoparticles in the ex vivo corneal endothelium with
DOTAP + SoyaPC liposome-coated DNPs.

Finally, a cytotoxicity study was performed on the fusogenic
liposome-coated nanoparticles after internalization into the ex
vivo corneal endothelium. For this, the fusogenic liposome-
coated nanoparticles did not have DiO (as in the internaliza-
tion studies) since there was no imaging involved in this study.
The nanoparticles used were: (i) (DOTAP + DOPE) liposome-
coated nanoparticles (FLNP1) and (ii) (DOTAP + SoyaPC)
liposome-coated nanoparticles (FLNP2). Cell viability was
assessed in the ex vivo tissue by first subjecting only the endo-
thelial surface of the ex vivo cornea (placed inside a contact lens
holder) to the nanoparticles at a concentration of 0.8 mg mL ™"
at 37 °C and 5% CO, for 3 h (Fig. 6A1-6A4) and then using
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Fig. 5 Quantification of nanoparticle internalization in cultured corneal endothelial cells and the corneal endothelium ex vivo. (A) Intensity of
green fluorescence of nanoparticles inside cultured endothelial cells. * represents p < 0.05 for data against DNPs for 3 h. # represents p < 0.05 for
data against DNPs for 6 h. © represents p < 0.05. (B) Intensity of green fluorescence of nanoparticles inside cultured endothelial cells. * represents
p < 0.05. (C) Intensity of green fluorescence of nanoparticles inside the corneal endothelium ex vivo. * represents p < 0.05 for data against DNPs
for 3 h. # represents p < 0.05 for data against DNPs for 6 h. © represents p < 0.05. (D) Intensity of green fluorescence of nanoparticles inside
cultured endothelial cells ex vivo. * represents p < 0.05. Data represent the average of three replicate experiments. For each experiment,
a minimum of five z-stack images taken from different fields of view were used. We excluded the images of the top and bottom layers in the z-
stack, since we intended to quantify internalization i.e., to quantify nanoparticles which were inside the cells and not just associated with the cell
membrane. All the cells in those images were included while quantifying green fluorescence intensity and deducting background fluorescence

using Imaged. Error bars represent standard deviation. "ns” represents non-significance.

a lactate dehydrogenase (LDH) assay by measuring LDH release
by the cells after 3, 6, 12, 24 and 48 h. LDH release correlates
with the damage to the cell membrane and a decrease in cell
viability. The LDH assay results showed that the viability of the
endothelial cells when treated with FLNPs was not affected
significantly (Fig. 6). As a positive control, Triton X-100 was used
to damage the cell membrane and reduce cell viability. Thus,
Triton-treated endothelial cells showed an acute and sustained
LDH release owing to damage to the plasma membrane (fold
change in LDH release versus untreated corneas was 2.72, 2.68,
2.45,1.52 and 1.88 at 3, 6, 12, 24 and 48 h, respectively), which
was statistically significant (p < 0.01) (Fig. 6B). As the time of
incubation increases, the Triton X-100 treated corneas show
lower fold change in LDH release. This could be because, as cell
death occurred, the dead cells were washed off using PBS before
addition of lysis solution during the LDH assay. Nevertheless,
the fold change was significantly higher than in untreated
corneas confirming a decrease in cell viability due to Triton
treatment.

On the other hand, both FLNPs did not show an appreciable
increase in LDH release in comparison to untreated corneas.
Notwithstanding, FLNP1 seemed to be slightly cytotoxic to the
cells at 6 and 12 h (fold change in LDH release was 1.8 and 1.5 at

© 2023 The Author(s). Published by the Royal Society of Chemistry

6 and 12 h, respectively). FLNP1 did not cause cytotoxicity (fold
change was about 1 versus untreated corneas) at 3, 24 and 48 h.
Meanwhile, FLNP2 did not result in significant LDH release
compared to untreated corneas. The fold change in LDH release
from FLNP2-treated corneas was either similar to or slightly less
than that of the untreated corneas, indicating that they did not
reduce cell viability (Fig. 6B). Fig. 6C summarizes the fold
change in LDH release when the ex vivo corneas were treated
with FLNP1 and FLNP2 after various time intervals. The results
suggest that both FLNPs were biocompatible and did not cause
any significant cytotoxicity. Even though FLNP1 showed higher
LDH release at 6 and 12 h, it is possibly due to the very
heterogeneous nature of the experiment which uses corneas
from different animals which could sometimes yield an incon-
sistent number of endothelial cells after scrapping during LDH
assay. Thus, we have considered this potential heterogeneity by
choosing a more rigorous level of confidence (p < 0.01) when
performing statistical analysis.

Several studies have attempted to prevent apoptosis of donor
corneal endothelial cells during cold storage by supplementing
the storage medium with salubrinal, iron-chelators, NOS
inhibitors, poloxamers, and a-melanocyte-stimulating hormone
or by delivering anti-apoptotic genes.*'®'*”° Another study
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Fig. 6 Assessment of cell viability in the corneal endothelium ex vivo after nanoparticle internalization by lactate dehydrogenase assay.
Representative brightfield optical images of (Al) untreated cornea; (A2) Triton X-100 treated cornea; (A3) FLNP1-treated cornea; (A4) FLNP2-

treated cornea after internalization of nanoparticles for 3 h at 37 °C and 5

% COs,. (B) Fold change in lactate dehydrogenase (LDH) release versus

that of untreated cornea against time (3, 6, 12, 24 and 48 h) after 3 h of nanoparticle internalization, determined by LDH assay. Untreated cells
were used as the control group, and Triton X-100 treated cells were used as a positive control for maximum LDH release and a consequent
decrease in cell viability. (C) Fold change of LDH release with respect to the type of fusogenic liposome-coated nanoparticles internalized for 3 h
and cell viability assessed after 3, 6, 12, 24 and 48 h. * represents p < 0.01 and "ns” represents non-significance for FLNP1 and FLNP2 against
untreated corneas. Data represent the average of three replicate experiments + standard deviation, with each experiment having two corneas.

demonstrated that complexed ubiquinol in the corneal storage
medium protected HCEC-B4G12 cells against hypothermia-
induced oxidative stress and erastin-induced ferroptosis.*
However, this strategy is effective only as long as the cornea is
stored. After transplantation, the donor corneal endothelium

6418 | Nanoscale Adv., 2023, 5, 6410-6422

encounters cytokine stress'® secondary to allograft rejection
leading to apoptosis, reduction in ECD, graft failure and loss of
functionality. Any pharmacological intervention to prevent
these post transplantation events can be perfomed via topical
administration. However, topical drugs have pharmacokinetic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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limitations to reach the corneal endothelium owing to resis-
tance from multiple layers of the cornea.** In addition, frequent
drug administrations are needed to achieve the necessary effi-
cacy. Hence, nanoparticle-based drug delivery provides sus-
tained release, greater drug bioavailability, and one-time
administration. This can be achieved by engineering the donor
corneal endothelium or donor cells before cold storage with
drug-loaded nanoparticles. In other words, a one-time admin-
istration of drug- or gene-loaded nanoparticles immediately
after isolation of the cornea appears to be adequate to handle
both long-term cold storage and potential acute allograft
rejection. Thus, in this study, nanoparticles were coated with
fusogenic liposomes to enhance the internalization rate to
about 3 h before hypothermic storage and maintain the viability
of the corneal grafts or donor cells.

The interface between nanoparticles and the cell membrane
is complex and involves many physicochemical interactions
including hydrophobic, electrostatic, and steric interactions.
The key factors that influence these interactions are size,
surface chemistry and surface charge. Larger particles (50 to 200
nm) enter the cell through endocytic and non-endocytic path-
ways. The transmembrane (plasma membrane) potential of
cells plays a key role in this interaction since the membrane is
the first line of entry for the nanoparticles. The cell membrane
being negatively charged, the surface charge of the nano-
particles is a critical driving force for entry into the cell. Posi-
tively charged nanoparticles are taken up by cells faster than
negatively charged nanoparticles.® However, positively charged
nanoparticles may disrupt the integrity of the cell membrane
leading to increased toxicity.** A high positive charge causes
disruption of the electron transfer chain inside the cells and
increases production of reactive oxygen species leading to the
disruption of the cell membrane and cell death.** A high posi-
tive charge on nanoparticles induces cell death, while neutrally
charged nanoparticles undergo slower cellular uptake
compared to charged nanoparticles.*® Negatively charged
nanoparticles after internalization can lead to gelation of the
lipid bilayer membrane due to surface reconstruction of phos-
pholipids and interaction with the N* terminus of the lipid
membrane. In the case of positively charged nanoparticles, the
interaction with the negatively charged lipid bilayer membrane
causes fluidity in the cell membrane due to interaction with the
P-terminus of the lipid membrane.?>3¢

Molecular dynamics simulation studies on interaction
between charged nanoparticles and the cell membrane
demonstrated that adhesion of charged nanoparticles on the
cell membrane was better than that of neutral nanoparticles.*”
Cationic nanoparticles showed strong electrostatic interaction
with phosphate groups of the cell membrane leading to
stronger binding and increased surface tension at the
membrane which results in the formation of pores in the cell
membrane.*® Many researchers have demonstrated that posi-
tively charged liposomes were internalized by non-endocytic
pathways (membrane fusion)*** while charged nanoparticles
follow endocytic pathways.>® Thus, uptake of negatively charged
nanoparticles was delayed. The major drawback of charged
nanoparticles of delayed endocytosis (negatively charged
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nanoparticles) and cell membrane disruption (positively
charged nanoparticles) can be overcome by avoiding the endo-
cytic pathway. For this, the use of fusogenic liposomes has been
reported. Unilamellar fusogenic liposomes rapidly fuse with the
cellular plasma membrane, because fusion is driven by surface
pressure gradients (lateral diffusion) due to attractive force
between two opposite charges (negative charge of the cell
membrane and positive charge of fusogenic liposomes). The
fusion mechanism mainly occurs due to van der Waals inter-
action, which brings the two membranes together to undergo
fusion. This mechanism is not energy dependent unlike the
endocytosis pathway** and hence fusogenic liposomes are being
used to rapidly deliver DNA or proteins.**

We describe here the internalization of fusogenic liposome-
coated nanoparticles (FL-DNPs) in ex vivo corneal tissue and
cultured cells. The novelty of this approach is that we have
harnessed the membrane fusion properties of the fusogenic
liposomes to achieve rapid tissue and cellular uptake of PLGA
nanoparticles. By coating fusogenic liposomes on the nano-
particle surface, we intend to rapidly deliver the polymeric
nanoparticles into ex vivo corneal tissue as well as cultured
corneal endothelial cells for transplantation. This study will
pave the way to engineer corneal tissue and cells for therapeutic
drug delivery to enhance the success of corneal transplantation.
As shown earlier by us, PLL-coated PLGA nanoparticles inter-
nalized into cultured corneal endothelial cells, but it took very
long (24 h).° In comparison, here, we demonstrate a signifi-
cantly faster approach of nanoparticle uptake by not only
cultured corneal endothelial cells, but also the ex vivo corneal
endothelium. Modifying the surface of the nanoparticles was
needed to facilitate faster uptake.

To achieve this, we wanted to select the best lipid by
comparing the relative biocompatibilities and fusogenic prop-
erties of natural and synthetic lipids. There is evidence that
natural lipids might be more biocompatible and less cytotoxic*®
when compared to synthetic lipids such as DOPE,* despite both
being neutral in charge. Thus, we employed two types of fuso-
genic liposomes, i.e., one made from soya-derived phosphati-
dylcholine (Soya-PC) which is a natural lipid and the other one
made from dioleoylphosphatidylethanolamine (DOPE) which is
a synthetic lipid. Studies on fusogenic liposomes have demon-
strated that the presence of cationic lipids in combination with
neutral lipids can strongly influence their uptake rate.*” Neutral
lipids such as DOPE in combination with cationic lipids (e.g.,
DOTAP) have been employed to facilitate rapid delivery of
therapeutic molecules inside cells via the membrane fusion
process.*”* In this study, the significant decrease in the time of
nanoparticle internalization of FLNPs is probably due to the fact
that the fusion of FLNPs with the cell membrane increases with
decreasing the head group size of neutral lipids to form lipo-
somes.* Therefore, selection of lipids plays a vital role in the
internalization process. Another study has indicated that DOPE
is generally considered a better fusogenic lipid compared to PC.
However, fusogenicity of DOPE/PC alone was insufficient for
fusion with the complex cell membrane.*” Thus, their combi-
nation with cationic lipids increases the fusogenicity. Another
study demonstrated that conical molecular shape of DOTAP was
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able to fuse with the plasma membrane with 90% efficiency in
comparison to a 30% efficiency with cylindrical cationic lipids
such as DMTAP (1,2-dimyristoyl-3-trimethylammonium-
propane chloride) or DOEPC (1,2-dioleoyl-sn-glycero-3-ethyl-
phosphocholine).** Therefore, we selected DOTAP as the
cationic lipid and DOPE or SoyaPC as the neutral lipid in our
study.

Fusogenic liposomes were prepared by the thin film hydra-
tion method and nanoparticles were prepared by the nano-
precipitation method. Coating the fusogenic liposomes on the
surface of nanoparticles was carried out during hydration and
extrusion steps with uniformity (Fig. 1C and D). However,
repeated extrusion is a time-consuming step; thus, we need to
automate extrusion and size reduction.*® Microfluidic methods
have also been developed for producing nanoliposomes and can
be adopted for coating fusogenic liposomes on the surface of
nanoparticles on a large scale.* The fusogenic liposome-coated
nanoparticles prepared were nano-sized (Fig. 1E) with uniform
size distribution (Fig. 1F) and positive charge (Fig. 1G) to
enhance the fusion process during internalization. Morphology
of the fusogenic liposome coated nanoparticles was spherical
and showed uniform coating on the surface of nanoparticles
(Fig. 1C and D). Thus, fusogenic liposome-coated nanoparticles
appear to be suitable for internalization into corneal tissue
based on their potential for rapid fusion with the -cell
membrane.

Instead of transplanting donor tissues directly into a small
number of patients, corneal endothelial cells isolated from
a single donor can be administered to up to 80 patients by in
vitro expansion using an appropriate medium.”® Hence, an
alternative for corneal transplantation i.e., scalable cell-based
therapies (cell injection approach) using human corneal endo-
thelial cells (HCECs) propagated in vitro'® and tissue engineered
constructs to meet the global demands for functional HCECs"
were developed. Cultured HCECs can be therapeutically
administered through direct cell injection into the anterior
chamber.” Although cell-based therapy has raised new hopes
for corneal endothelial regeneration, limitations include
unbalanced cell distribution and lower persistence and repair
efficiency. These limitations are mainly related to the loss of cell
surface proteins during trypsinization, which are essential for
cell to cell and cell to extracellular matrix interactions.**
Nanotechnology-based prophylactic drug delivery to donor
corneal endothelial cells can overcome these limitations and
facilitate successful cell therapies for corneal diseases.

As shown in Fig. 5, the cationic charge as well as the fuso-
genic properties of the coated liposomes led to a significant
increase in the internalization kinetics of FL-DNPs in compar-
ison to bare DNPs and PLL-DNPs in both cultured cells and ex
vivo tissue. This is an important finding, since faster internali-
zation will decrease the risk of loss of cell viability due to pro-
longed exposure at 37 °C before cold storage. Our results show
that 3 h of incubation with FL-DNPs-1 or FL-DNPs-2 would be
sufficient to obtain internalization (Fig. 5). These results have
clinical implications since prolonged death-to-preservation
time (DTPT) > 4-6 h of donor corneas leads to a decrease in
endothelial cell viability and an increased risk of microbial
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contamination.’® The fusogenic liposomes were made of the
cationic lipid DOTAP in combination with DOPE or SoyaPC.
DOTAP is known to induce membrane fusion due to electro-
static interactions with the cell membrane and also its presence
imparts a positive charge to liposomes. The neutral lipids DOPE
or PC assist in membrane destabilization due to the low
hydration of their small head groups.****»*” The fusion of lipo-
somes with the cell membrane seems to have followed a non-
endocytosis pathway; thus, within 3 h of incubation, a large
number of FL-DNPs (shown by significantly higher fluorescence
intensity) were internalized into corneal endothelial cells and ex
vivo tissue. A similar response has been shown by other
studies.*

DiO is a biocompatible and non-toxic fluorescent dye (at 1%
w/w nanoparticle loading) as reported by us earlier to demon-
strate nanoparticle internalization in other cells.®** In addition,
at initial time points (i.e., 48 h), PLGA degradation would not
have begun and hence release of surface-bound DiO would be
diffusion-driven.* Following the coating of the fusogenic lipo-
somes, it is expected to further delay DiO release since the
coating acts as a barrier to DiO diffusion. Thus, both PLGA
degradation products and DiO release are highly unlikely to
contribute to cytotoxicity during 48 h of incubation.

The cell viability studies (Fig. 6) confirmed that both the
fusogenic liposome-coated nanoparticle formulations were well
tolerated by the endothelial cells associated with ex vivo corneas
for at least 48 h after internalization under physiological
conditions. However, DOPE + DOTAP liposome-coated nano-
particles (FLNP1) exhibited moderate cytotoxicity at 6 and 12 h.
DOPE forms an inverted hexagonal phase at acidic pH and thus
releases cationic lipids into the cytoplasm. This phenomenon
has been reported to result in cationic lipid cytotoxicity due to
destabilization of the endosome membrane.*® Nevertheless,
SoyaPC + DOTAP liposome-coated nanoparticles did not
demonstrate any cytotoxicity for at least up to 48 h after inter-
nalization. SoyaPC being a natural lipid is more suitable as
a liposomal carrier for drug delivery applications due to its
favorable biocompatible characteristics®® compared to the
synthetic lipid DOPE.

We also noted another interesting result from the LDH
release study. In the case of the Triton-X-treated cornea, even
though a decreasing trend of cytotoxicity is observed with time,
the decrease (in fold change in LDH release or decrease in
cytotoxicity) with time is not statistically significant (p > 0.01)
except at 24 h, when compared to the 3 h data. For FLNP2, there
is no decrease in cytotoxicity observed over time; rather no trend
is observed. However, for FLNP1, a decrease in cytotoxicity is
seen after 12 h. One possible reason for these results is the
nature of these experiments, where we had to use corneas from
different animals, whose initial endothelial cell density would
not be the same for each experiment. A high degree of hetero-
geneity is thus expected, as we had to use different corneas for
experiments related to each time point. Since the fold change in
LDH release was calculated with respect to untreated corneas,
and due to heterogeneity in the initial cell density of each
cornea, we cannot expect to normalize fold change data equally
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for each time point. Thus, we think that the decrease in cyto-
toxicity for FLNP1 is a result of the heterogeneity in the samples.

Therefore, fusogenic liposome-coated nanoparticles can be
used for delivery of therapeutic molecules for cell-based therapy
and tissue transplantation. Our work has demonstrated that
(SoyaPC + DOTAP)-based fusogenic liposome-coated nano-
particles could be a powerful tool for rapid internalization of
nanoparticles into cultured corneal endothelial cells and ex vivo
corneal tissue before preservation and transplantation without
affecting cell viability.

Conclusions

The prolonged time of nanoparticle internalization (24 h to 48
h) causes damage to the donor tissue and cells and increases
the risk of contamination at 37 °C. Therefore, we have devel-
oped fusogenic liposome-coated nanoparticles for very rapid
internalization of nanoparticles into cultured corneal endo-
thelial cells and ex vivo corneal endothelial tissue. Here, we have
shown that the fusogenic liposome-coated nanoparticles have
the intrinsic ability to efficiently and rapidly internalize within
3 h by possibly fusing with the cell membrane and bypassing
the endocytic pathway. The internalization of the fusogenic
liposome-coated nanoparticles in endothelial cells associated
with ex vivo corneas did not cause cytotoxicity for at least up to
48 h after internalization. Thus, (SoyaPC + DOTAP)-based
fusogenic liposome-coated nanoparticles have great potential
as a platform for engineering cells and endothelial tissue of
donor corneas to facilitate prophylactic drug delivery during
storage and after transplantation.
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