
Targeted Transplantation of Human Umbilical Cord Blood
Endothelial Progenitor Cells with Immunomagnetic

Nanoparticles to Repair Corneal Endothelium Defect

Chunyi Shao,* Junzhao Chen,* Ping Chen, Mengyu Zhu, Qinke Yao, Ping Gu, Yao Fu, and Xianqun Fan

Corneal endothelial dysfunction involves progressive corneal edema and loss of visual acuity, which result
in the need for corneal transplantation. The global shortage of donor corneas limits the development of the
surgery. Reconstruction of a bioengineered corneal endothelium might resolve this problem. Various scaf-
folds have been used, but poor biocompatibility and degradation limit their applications. In this study, a novel
method of targeted cellular transplantation without permanent residence of cell carriers in the host was pro-
posed. Human umbilical cord blood endothelial progenitor cells (UCB EPCs) were labeled with CD34 im-
munomagnetic nanoparticles. The efficiency of the magnet attraction was evaluated in vitro with a simple
device simulating the anterior chamber. The UCB EPCs labeled with nanoparticles were transplanted into the
anterior chamber of rabbits with magnet attraction. The results indicated that labeling the nanoparticles did not
affect the proliferation of the UCB EPCs. The in vitro study indicated that the magnet could directionally attract
UCB EPCs labeled with nanoparticles. The in vivo study indicated that the corneas in rabbits transplanted with
UCB EPCs labeled with nanoparticles and magnet attraction became relatively transparent with little edema.
These results showed that UCB EPCs labeled with CD34 immunomagnetic nanoparticles could be attracted
directionally by a magnet and could repair corneal endothelial defects, providing a promising cell therapy for
corneal endothelial dysfunction.

Introduction

It is estimated that there are 45 million individuals
worldwide who are blind in both eyes. Corneal disease is a

major cause of blindness in the world and remains second
only to cataracts, with 1.5 to 2.0 million new cases of mon-
ocular blindness being reported every year [1]. Fuchs’ dys-
trophy and bullous keratopathy are two common corneal
endothelial diseases that involve progressive corneal edema
and loss of vision, and these diseases require corneal trans-
plantation, Descemet stripping automated endothelial kera-
toplasty, or Descemet membrane endothelial keratoplasty
(DMEK). DMEK allows for the transplantation of an isolated
endothelium–Descemet membrane layer (EDM) without
adherent corneal stroma and provides faster and more com-
plete visual rehabilitation [2]. However, the global shortage
of donor corneas limits the transplantation. There is a great
need to find new therapies to restore corneal clarity that is lost
due to endothelial dysfunction. Reconstructing a bioengi-
neered corneal endothelium might resolve this problem.

We previously proposed the performance of the trans-
plantation of bone marrow endothelial progenitor cell (EPC)-

derived corneal endothelial-like cells using porcine corneal
acellular matrix to repair corneal endothelium defects, and we
showed the effectiveness of this technique [3]. However, the
porcine corneal acellular matrix did not degrade during the
follow-up period. The residual presence of this material was
responsible for the failure to obtain complete transparency of
the cornea.

In the current study, we propose a novel method of target
cellular transplantation without permanent residence of cell
carriers in the host. Human umbilical cord blood endothelial
progenitor cells (UCB EPCs) bound with immunomagnetic
nanoparticles were transplanted into the rabbit chambers
combined with magnetic attraction. The feasibility of this
method was investigated.

Materials and Methods

UCB samples

The human UCB was obtained from the Tissue Bank
Gynecology & Obstetric Hospital, Fudan University. The
cord blood was collected from normal deliveries of full-term
infants. Written informed consent was obtained from all the
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mothers before delivery. The harvested volume was an av-
erage of 50 mL from a single placenta. The protocols for
sampling human UCB were approved by the ethics com-
mittee of Shanghai Ninth People’s Hospital, Shanghai Jiao
Tong University School of Medicine. The study adhered to
the tenets of the Declaration of Helsinki involving human
subjects.

Culture of UCB EPCs

Mononuclear cells (MNCs) were isolated from fresh
human UCB diluted with phosphate buffered saline (PBS;
Gibco, Grand Island, NY) as 1:1, by Ficoll density-gradient
centrifugation (1.077 g/mL; StemCell Technologies, Mey-
lan, France) and washed twice with PBS containing 2% fetal
bovine serum (FBS; Gibco). The MNCs were suspended in
EGM-2 culture medium (Clonetics, Lonza, Walkersville,
MD) [4] enriched with 10% FBS (HyClone, Logan, UT),
hydrocortisone, hFGF-B, VEGF, R3-IGF-1, ascorbic acid,
hEGF, and GA-1000 on collagen type I coated six-well
plates [5] (Millipore, Billerica, MA) at 37�C in a 5% CO2

humidified atmosphere. After incubation for 4 days, the
nonadherent cells and debris were aspirated, and the ad-
herent cells were cultured with EGM-2. The medium was
changed every 2 days. The colonies were treated with 0.25%
trypsin-EDTA (Gibco) at 9–11 days and plated in another
six-well plate with EGM-2 medium containing 5% FBS for
further passage.

Characteristics of human UCB EPCs

The identification of the ex vivo expanded UCB EPCS
was performed as previously described. Briefly, adherent
cells were incubated with 10 mg/mL 1,1¢-dioctadecyl-3,3,3-
tetramethylindocarbocyanine-labeled acetylated low-density
lipoprotein (DiI-Ac-LDL; Invitrogen, Carlsbad, CA) at 37�C
for 4 h and then counterstained with 10 mg/mL fluorescein
isothiocyanate-conjugated lectin Ulex europeaus agglutinin-
1 (UEA-1; Sigma-Aldrich, St. Louis, MO) at 37�C for 2 h.
The results were evaluated using fluorescence microscopy
(Olympus BX51, Tokyo, Japan) by two independent in-
vestigators [3].

Further characterization was performed using mouse
monoclonal anti-CD133 (MAB4399; Millipore), rabbit
polyclonal CD34 (sc-9095; Santa Cruz, Santa Cruz, CA) and
rabbit polyclonal von Willebrand factor (vWF) (Abcam,
Cambridge, MA) immunofluorescence staining. Briefly,
UCB EPCS were cultured on glass coverslips (VWR, West
Chester, PA) coated with fibronectin (Millipore) for 1 day and
fixed in 4% (w/v) paraformaldehyde (Sigma-Aldrich) for
15 min at room temperature. The cells were washed with PBS
and blocked for 1 h in a blocking solution [PBS containing
10% (v/v) normal goat serum (Invitrogen), 0.3% Triton
X-100 (Sigma-Aldrich), and 0.1% NaN3 (Sigma-Aldrich)].
The samples were incubated in the primary antibodies at 4�C
overnight. After washing with PBS, fluorescent-labeled sec-
ondary antibodies (Alexa Fluor546/488 goat anti-mouse/rabbit;
BD Biosciences, San Jose, CA) were diluted 1:800 in PBS and
applied for 1 h at room temperature. After washing, the cell
nuclei were counterstained with Hoechst 33342 (Invitrogen).
The negative control samples were processed in parallel
without the primary antibody. Immunoreactive cells were

visualized and the images were recorded using a fluorescent
microscope (Olympus BX51). The quantification of the cells
was based on counting the number of Hoechst-stained nuclei
and immunoreactive cells in at least five independent fields,
for a total of at least 500–1,000 cells [6,7]. The data was
collected by Image-Pro Plus 6.0 (Media Cybernetics, Be-
thesda, MD), which is an automated software for counting.

Human UCB EPCs labeled with CD34
immunomagnetic nanoparticles

The UCB EPCs were magnetically labeled using the
EasySep Human Cord Blood CD34 Positive Selection Kit
according to the manufacturer’s protocols (StemCell Tech-
nologies) [8]. Briefly, the second passage of UCB EPCs was
suspended in 5 mL tube (BD Biosciences) with 100mL of
the recommended medium (2 · 108 cells/mL, PBS contain-
ing 2% FBS and 1 mM EDTA, free of Ca + + and Mg + + ),
and the EasySep Positive Selection Cocktail [contains a
combination of monoclonal antibodies, which are bound in
bispecific tetrameric antibody complexes (TAC), directed
against CD34 and dextran] was added at 100 mL/mL. The
solution was mixed well and incubated at room temperature
for 15 min. The EasySep Magnetic Nanoparticles (a sus-
pension of magnetic dextran iron particles in water) were
added at 50 mL/mL cells, and the solution was mixed well
and incubated at room temperature for 10 min. The cell
suspension was brought to a total volume of 2.5 mL by
adding the recommended medium. The cells were mixed by
gently pipetting up and down two to three times. The tube
was placed into the EasySep magnet and set aside for 5 min.
The magnet was picked up, and the magnet and tube were
inverted in one continuous motion, pouring off the super-
natant fraction. The magnetically labeled cells remained
inside the tube. The tube was removed from the magnet, and
2.5 mL of the recommended medium was added. The cells
were mixed, and the tube was placed back into the magnet
and set aside for 5 min. The supernatant fraction was poured
off and the magnetically labeled cells remained inside the
tube ready for use.

In vitro evaluation of cell proliferation after labeling
with CD34 immunomagnetic nanoparticles

After labeling, CD34 was further tested by flow cytom-
etry. The following monoclonal antibodies were used: anti-
human CD34 and FITC-conjugated mouse IgG1 isotype
control (eBioscience, San Diego, CA). The labeled cells
were incubated with antibodies for 30 min at 4�C in the
dark. The samples were then washed twice with buffer (PBS
with 4% FBS) and resuspended with 200 mL buffer, which
was ready for analyzing by a flow cytometer (Epics Altra;
Beckman Coulter, Fullerton, CA).

The cell counting kit-8 (CCK-8) (Dojindo, Kumamoto,
Japan) assay was used to test the cytotoxicity of the mag-
netic nanoparticles and cell proliferation [9]. Briefly, UCB
EPCs P2 with and without nanoparticle labeling were sus-
pended at a final concentration of 5 · 103 cells per well and
were cultured in two separate 96-well plates. At days 0, 1, 2,
3, 4, and 5 of the culture period, the CCK-8 solution was
added to the corresponding well. After the cells were in-
cubated for another 3 h at 37�C according to the reagent
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instructions, the absorbance at 450 nm was measured using
an ELISA microplate reader (ELX800; BioTeK, Winooski,
VT). The cell viability is directly proportional to the ab-
sorbance at 450 nm, and the viability was expressed as the
A450 value [6].

A cell proliferation marker, Ki-67 (mouse anti-human
Ki-67; BD Biosciences), was examined in the UCB EPCs
with or without CD34 immunomagnetic nanoparticles. The
immunofluorescence protocol to detect Ki-67 is as described
above [6].

Magnetic design

The magnet was a compound structure (Shanghai Te-
Bearing Electronic Devices & Meter Parts Co. Ltd., Shang-
hai, China). The inner portion was made up of a Neodymium
magnet, 3,500 gauss, with a diameter of 15 mm. The outer part
was made of copper with an outer diameter of 20 mm. The
magnet height was 8 mm.

In vitro attraction of UCB EPCs labeled with CD34
immunomagnetic nanoparticles with a magnet

The efficiency of the magnet attraction was tested in vitro
with a simple device simulating the anterior chamber (Fig.
1). A 35-mm culture dish was used containing 6 mL of
EGM-2 medium (5% FBS). The CD34 immunomagnetic
nanoparticle-labeled UCB EPCs with a total number of
2 · 106 suspended in 2 mL EGM-2 were added in the culture
dish and mixed well. An additional 1 mL EGM-2 was added
to fill the culture dish. The culture dish was carefully cov-
ered, avoiding overflow of the medium. The culture dish
was moved from the super clean bench evenly, and was
quickly turned over with the thumb and forefinger holding
the dish tightly. The dish was placed in a 10-cm culture dish
for convenient shifting and to avoid contamination. The
sterilized magnet was placed on the 35-mm culture dish.

The cells were cultured in this device at 37�C in a 5% CO2

humidified atmosphere. Different time periods of magnetic
attraction were examined. In Group 1, after 2 h of culture,
the magnet was removed, the medium with the nonadherent
cells was discarded, and the adherent cells continued to
be cultured with fresh EGM-2 in an inverted position. The
observation time points were 2, 24, and 48 h. In Group 2,
after 24 h of culture, the magnet was removed, the me-
dium with the nonadherent cells was discarded, and the
adherent cells continued to be cultured with fresh EGM-2 in
an inverted position. The observation time points were 24
and 48 h.

Targeted transplantation of UCB EPCs
with immunomagnetic nanoparticles in vivo

The New Zealand white rabbits were obtained from the
Shanghai Animal Experimental Center, and all procedures
were approved by the Animal Research Committee of Ninth
People’s Hospital, Shanghai Jiao Tong University School of
Medicine.

The surgical procedure followed DMEK. New Zealand
white rabbits weighing 2.0–2.5 kg were anesthetized with
ketamine hydrochloride (10 mg/kg) and xylazine hydro-
chloride (6 mg/kg). After applying topical hydrochloric
oxybuprocaine eye drops (Santen, Osaka, Japan), the central
cornea was gently marked using a 9 mm trephine. A 2.5 mm
puncture incision was made at the limbus at the 9 o’clock
position with a 2.5 mm diamond knife. Surgery was per-
formed on the right eye only, under an ophthalmic micro-
scope (Leica M620 F18). Medical hyaluronan gel (Bausch
Lomb, Rochester, NY) was injected to maintain the volume
of the anterior chamber. The EDM was removed using an
inverted hook inside the 9-mm marking [2]. The anterior
chamber was washed with sodium lactate ringer’s injection
(Baxter, Irvine, CA) to remove the viscoelastic solution. The
incision was sutured by 10-0 monofilament thread (Ethicon,

FIG. 1. Diagram of in vitro
attraction of umbilical cord
blood endothelial progenitor
cells (UCB EPCs) labeled
with CD34 immunomagnetic
nanoparticles with a magnet
and a simple device simulat-
ing the anterior chamber.
Color images available online
at www.liebertpub.com/scd
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Johnson & Johnson, Somerville, NJ). The UCB EPCs with
CD34 immunomagnetic nanoparticles (4 · 105 cells in 100mL
EGM-2) tracked with CM-Dil (C700; Invitrogen) were in-
jected into the anterior chamber with a 25-gauge needle at
the 8 o’clock position (Fig. 2). The magnet was fixed on the
eyelid with a bandage for 12 h to attract the UCB EPCS to the
host corneal stroma.

Four groups of rabbits with four rabbits in each group
were studied, including rabbits with CD34 immunomagnetic
nanoparticle-labeled UCB EPCS and a magnet (nano
group), CD34 immunomagnetic nanoparticle-labeled UCB
EPCS without a magnet (control group), EDM stripping but
no injection of cells (model group), and normal group.

Observations of transplanted corneas

The surgically treated eyes were examined weekly after
surgery. The data were recorded at 2 weeks and 2 and 4
months by external examination with a slit lamp biomicro-
scope followed by photography. The corneal edema was
classified as described by Mimura: 0, completely transparent
cornea; 1, minimal corneal opacity, but iris vessels easily
visible; 2, moderate corneal opacity, iris vessels still visible;
3, moderate corneal opacity, only pupil margin visible; 4,
complete corneal opacity, pupil not visible [10]. The central
corneal thickness (CCT) and anterior chamber angle were
measured using the Zeiss Cirrus HD-OCT (Carl Zeiss
Meditec, Inc., Dublin, CA). The intraocular pressure was
measured by a rebound tonometer (SUOER SW-500,
Shanghai, China). The endothelial density was measured by
Topcon sp3000p noncontact specular microscopy (Topcon,
Tokyo, Japan).

Histological examination of UCB EPCs

Four months after transplantation, the rabbits were an-
esthetized and killed by air injections into the ear vein. The
corneas were excised and fixed in 4% paraformaldehyde for
18 h. The corneal paraffin sections were used for Hema-
toxylin and Eosin (HE) staining, mouse anti-human nuclei
monoclonal antibody (MAB1281; Millipore) immunohis-
tochemistry (IHC) staining (only for human cell nuclei

staining, not reacting with nuclei from rabbit or mouse) [11]
performed automatically by Leica BOND-MAX� (IHC
staining system), and Berlin blue staining (iron stain). The
corneal cryosections were used for CM-Dil tracking and
Aquaporin 1 (rabbit polyclonal AQP1, sc-20810; Santa
Cruz) immunofluorescence staining, using the method
described above.

Statistical analysis

All the data presented in this study are shown as the
mean – standard deviation. The t-test was used to compare
CCK-8, Ki-67, and endothelial density. The general linear
model was used to compare the corneal edema grading, cor-
neal thickness, and intraocular pressure in different groups.
P-values < 0.05 were considered statistically significant.

Results

Characterization of UCB EPCs

Colonies of the UCB EPCs appeared between 4 and 6
days of culture, and the number and size increased quickly
at 8 days of culture. The colony number per 10 mL of
UCB on the fifth day was 20 – 2 and increased to 64 – 5 on
the eighth day. The colony diameter on the fifth day was
0.90 – 0.74 mm and increased to 1.56 – 1.47 mm on the eighth
day, and some colonies came to fusion. The morphology of
the colonies was identified as well-circumscribed monolayers
of cobblestone-appearing cells. After the UCB EPC passage,
monolayers of short spindle cells formed (Fig. 3). The UCB
EPCs could uptake Dil-Ac-LDL and bind endothelial specific
lectin UEA-1. Additional staining revealed that the cells were
positive for CD133, CD34, and vWF (Fig. 4).

Cell viability and proliferation after being labeled
with CD34 nanoparticles

91.4% – 4.0% of the isolated UCB EPCs expressed CD34
after labeling. To investigate the effect of the CD34 nano-
particles on UCB EPCs proliferation, the proliferation was
evaluated by CCK-8 analysis. There were no significant
differences in the proliferation of the UCB EPCs with

FIG. 2. Diagram of in vivo targeted transplantation of UCB EPCs labeled with CD34 immunomagnetic nanoparticles with
magnet attraction. With the magnet attraction, the cells could migrate directionally (blue arrows). Color images available
online at www.liebertpub.com/scd
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FIG. 3. The colonies and morphology
of human UCB EPCs. (A) Colony
numbers. The colony number per 10 mL
human UCB on the fifth day was 20 – 2
and increased to 64 – 5 on eighth day.
(B) Colony size. The colony diameter
on the fifth day was 0.90 – 0.74 mm and
increased to 1.56 – 1.47 mm on the eighth
day. (C) Colony of 5 days of culture with
small diameter. (D) The same colony
after 8 days of culture (scale bar = 500
mm). (E) First passage of the UCB EPCs
showed short spindle shape. (F) Second
passage of the UCB EPCs (scale bar =
100mm).

FIG. 4. Characterization of human
UCB EPCs. The fluorescent micro-
graph showed that the UCB EPCs
could take up Dil-Ac-LDL, (red),
bind UEA-1 (green), and express
CD133, (green), CD34, (green),
and vWF (red). Nuclei were stained
with Hoechst (blue) (scale bar =
50mm). Color images available
online at www.liebertpub.com/scd
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immunomagnetic nanoparticles and the negative control
groups (P > 0.05) (Fig. 5A).

Immunostaining demonstrated no significant differences in
the Ki-67 expression between the UCB EPCs with or with-
out CD34 immunomagnetic nanoparticle labeling (69.66% –
7.67%, 70.77% – 6.45%, respectively, P > 0.05) (Fig. 5B, C).
The results of this study demonstrated that the immuno-
magnetic nanoparticles did not slow the cell proliferation.

In vitro attraction of UCB EPCs labeled with CD34
immunomagnetic nanoparticle with a magnet

The magnet could efficiently attract the UCB EPCs la-
beled with CD34 immunomagnetic nanoparticles antigravity
to the upper side of the culture dish and formed a round
morphology with a diameter of 15 mm. There was no dif-
ference between 2 and 24 h of magnet attraction (Fig. 6).

Evaluation of corneal appearance and thickness
after transplantation

The corneas in the three groups showed obvious edema,
and the cornea was thick 2 weeks after surgery (Fig. 7A).

The rabbits in the CD34 immunomagnetic nanoparticle-
labeled UCB EPCS and the magnet transplantation group
(nano group) had minimal corneal opacity 4 months af-
ter surgery. The rabbits in the nanoparticle-labeled UCB
EPCS without magnet transplantation group (the control
group), and the EDM stripping but no injection of cells (the
model group) had severe corneal opacities (Fig. 7B). The
corneal thickness in the nano group was decreased from
1322.5 – 187.9 mm 2 weeks postoperatively to 490 – 21.6 mm
4 months postoperatively. The corneal thickness of the
control group was decreased from 1517.5 – 36mm 2 weeks
postoperatively to 832.5 – 53.2mm 4 months postoperatively,
and the thickness in the model group was decreased from
1637.5 – 45.7mm 2 weeks postoperatively to 1,000 – 14.2mm
4 months postoperatively. Normal corneal thickness is
350 – 18.3mm (Fig. 7C).

Four months after surgery, the corneal edema score was
significantly lower in the nano group (1 – 0) than in the
control group (3.5 – 0.6) and the model group (3.8 – 0.5)
(P < 0.001) (Fig. 8A).

The corneal thickness in the nano group was significantly
lower than in the control group (P < 0.001) and the model

FIG. 5. Cell proliferation of human UCB EPCs after labeling with CD34 nanoparticles. (A) Cell counting kit-8 (CCK-8) assay
for the proliferation of UCB EPCs labeled with and without CD34 nanoparticles in vitro culture for different days. The optical
density (O.D.) values after 0, 1, 2, 3, 4, 5 days of culture showed that there was no significant difference in the proliferation between
these two groups (P > 0.05). (B) Immunostaining analysis of Ki-67 (red) for UCB EPCs labeled with and without CD34
nanoparticles. Nuclei were stained with Hoechst (blue) (scale bar = 100mm). (C) There was no significant difference in the Ki-67
positive cells between these two groups (P > 0.05). Color images available online at www.liebertpub.com/scd
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FIG. 6. In vitro attraction
of human UCB EPCs labeled
with CD34 immunomagnetic
nanoparticles. (A) The nano-
particle-labeled UCB EPCs
at different culture times af-
ter 2 h of magnet attraction.
(B) The nanoparticle-labeled
UCB EPCs at different cul-
ture times after 24 h of magnet
attraction (scale bar = 500mm).

FIG. 7. Corneal appearance and thickness after transplantation. (A) Two weeks after surgery. The corneas had obvious
edema with increased corneal thickness. (B) Four months after surgery. The corneas in the UCB EPCs labeled with
nanoparticles and magnet attraction transplantation group (the nano group) had minimal corneal opacity, and the pupil and
iris vessels were easily visible. The corneas in the nanoparticle-labeled UCB EPCS without magnet transplantation group
(the control group) and the endothelium–Descemet membrane stripping, but no injection of cells (the model group) had
severe corneal opacity, only pupil margin visible. OCT scan showed that the corneal thickness in the nano group was lower
than in the control and the model group and similar to the normal group. (C) The corneal thickness decreased from 2 weeks
to 4 months postoperatively in the nano, control, and model groups (2w, 2 weeks; 2mo, 2 months; 4mo, 4 months). Color
images available online at www.liebertpub.com/scd

762



group (P < 0.001) and was close to the normal group (nano
group vs. normal group, P = 0.049) (Fig. 8B).

Compared with the intraocular pressure of the normal
group (4.76 – 1.35 mmHg), there were no significant differ-
ences in the other three groups (nano group, 4.36 – 1.63 mmHg,
P = 0.767; control group, 5.11 – 1.62 mmHg, P = 0.858; model
group, 6 – 0.89 mmHg, P = 0.124) (Fig. 8C).

The center corneal endothelial cell density in the nano
group (2,294 – 152 cells/mm2) was lower than in the normal
group (2,798 – 227 cells/mm2) (P = 0.01) (Fig. 8D). The

center corneal endothelial cell density in the control group
and the model group was not obtained.

OCT revealed an open anterior chamber angle, and no
UCB EPCs clogged the angle in the nano group (Fig. 8E).

Histological examination after transplantation

The HE staining revealed a UCB EPC confluent monolayer
attached tightly on the host corneal stroma in the nano group,
and AQP1 immunoreactivity was detected. No inflammatory

FIG. 8. Corneal edema grading, corneal thickness, intraocular pressure, endothelial cell density, and anterior chamber
angle in the different groups 4 months postoperatively. (A) Grading of corneal edema. The corneal edema score was
significantly lower in the nanoparticle-magnet group (1 – 0) than in the control group (3.5 – 0.6) and the model group
(3.8 – 0.5) (**P < 0.01). (B) Corneal thickness. The corneal thickness in the nanoparticle-magnet group was significantly
less than in the control group and the model group (**P < 0.01) and similar to the normal group (P = 0.049). (C) Intraocular
pressure. Compared with the intraocular pressure of the normal group, there was no significant difference in the other three
groups (P > 0.05). (D) Endothelial cell density. The endothelial cell density in the nanoparticle-magnet group was lower
than the normal group (*P < 0.05). (E) Anterior chamber angle measured by OCT. OCT revealed an open anterior chamber
angle and that no UCB EPCs clogged the angle in the nanoparticle-magnet group. (F) Normal anterior chamber of rabbit.

UMBILICAL CORD BLOOD EPCS REPAIR CORNEAL ENDOTHELIUM DEFECT 763



cells or neovascularization were observed. The control group
had few UCB EPCs on the center of the host corneal stroma,
and AQP1 immunoreactivity was not detected. The model
group, in which the endothelium and Descemet’s membrane
were absent, showed marked stromal edema with no AQP1
expression. The normal cornea expressed AQP1 (Fig. 9A, B).

CM-Dil was tracked with weak red fluorescence, and human
cell nuclei were stained by mouse anti-human nuclei mono-
clonal antibody with dark brown in the nano group, proving that
the cells were transplanted UCB EPCs (Fig. 10A, B).

The Berlin blue staining for iron revealed no iron residue
in the endothelium in the nano group (Fig. 10C, D).

Discussion

The corneal endothelial cells form a barrier between the
cornea and the aqueous humor, helping to transport water from
the corneal stroma, and maintaining corneal transparency
through its barrier and ionic pump function. The human corneal
endothelial cells (CECs) do not proliferate in vivo because they

are arrested in the G1-phase of the cell cycle. Any loss or
damage to the CECs is repaired by the spread of existing cells.
When the cell density is reduced to below 400–500 cells per
mm2, the CECs could no longer adequately function, resulting
in corneal edema, the development of bullous keratopathy, and
the loss of visual acuity [12]. With the increasing worldwide
shortage of corneas, stem cells, such as corneal endothelial
precursor cells [13], corneal stroma stem cells [14], human
embryonic stem cells [15], and human UCB mesenchymal
stem cells [16], have been investigated to replace CECs. Pu-
tative EPCs were first isolated from human peripheral blood by
magnetic bead selection on the basis of cell surface expression
of the CD34 antigen [17]. EPCs could be isolated from human
UCB [18], fetal livers or bone marrow by culturing sorted cells
expressing the surface antigen CD34, CD133, vWF, and in-
gesting DiI-Ac-LDL or expressing antigens shared by hema-
topoietic and EPCs [19]. We previously reported that EPCs
from the human fetus could transdifferentiate into corneal en-
dothelial-like cells in vitro after coculture with CECs [3], but
the obtaining of these cells is met with ethical issues.

FIG. 9. Histological examination 4 months after transplantation. (A) The Hematoxylin and Eosin (HE) showed confluent UCB
EPCs monolayers in the nanoparticle-magnet group (the nano group). The nanoparticle without magnet group (the control group)
had few UCB EPCs on the host corneal stroma, and the model group had no corneal endothelial cells. (B) AQP1 immunore-
activity (red) was detected in the nano group and the normal group. Nuclei were stained by Hoechst (blue). Color images
available online at www.liebertpub.com/scd
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The current studies explore the feasibility of human UCB
EPCs to repair corneal endothelial defects. UCB EPCs have
several advantages over other stem cell sources for the
following reasons: (i) Fewer moral and ethical issues than
embryonic stem cells; (ii) EPCs from UCB are a younger
type of stem cell than bone marrow, which could exhibit a
decrease in the proliferative and differentiation capacity
with donor age [16]. (iii) EPCs were enriched in UCB
compared with adult peripheral blood. The number of EPCs
per equivalent blood volume was increased 15-fold in cord
blood compared with adult samples. EPCs from UCB con-
tain higher levels of telomerase activity compared with adult
samples [5]. (iv) With the increasing use of the Cord Blood
Bank, autologous UCB EPCs transplantation would be
easily achieved in the future, which can eliminate allogeneic
rejection and would be safer. Moreover, EPCs obtained
from cryopreserved UCBs were phenotypically and func-
tionally indistinguishable from freshly isolated EPCs [20].

Various biological and synthetic scaffolds, such as decel-
lularized corneal stroma [21], decellularized bovine corneal
posterior lamellae [22], and silk fibroin membrane [23], have
been used for corneal endothelium transplantation. Poor bio-
compatibility and degradation limit the application of these
scaffolds. Attempts to transplant endothelial cells without
biomaterial have been reported. A temperature-dependent
culture system was used to reconstruct the endothelium, but it
is difficult to manipulate during surgery [24]. Mimura trans-
planted iron-endocytozing cultured CECs with magnetic at-
traction to treat CEC defects. The drawback to this technique
is that hemosiderosis might occur after the injection of iron-
endocytozing CECs [10,25]. Bi attempted to use super-
paramagnetic iron oxide nanoparticle cell labeling to assist
with HCEC transplantation by attaching the posterior corneal
stroma in ex vivo animal models, but this has not been used for
transplants in vivo [26].

Immunomagnetic nanoparticles, which refer to identifica-
tion of the target antigen through capture antibodies conjugated

onto the surface of magnetic particles. The most documented
and currently the most useful application of magnetic nano-
particles is isolation and separation of specific molecules,
which has been used in almost all areas of biosciences and
biotechnology. A novel application of magnetic nanoparticles
and magnetic force for tissue engineering, termed ‘‘magnetic
force-based tissue engineering (Mag-TE)’’ has been proposed
[27]. For medical use, especially for in vivo applications, it is of
great importance that these particles do not have toxic effects or
incompatibility with biological organisms. The noninvasive-
ness and simple nature of this method continues to enable the
widespread use of magnetic particles [28,29].

In this study, we first proposed the application of im-
munomagnetic nanoparticles in the treatment of corneal en-
dothelium defects. The UCB EPCs were specifically labeled
with dextran-coated magnetic nanoparticles using bispecific
TAC. These complexes recognize dextran and the cell surface
antigen. The small size of the magnetic dextran iron particles
allows for efficient binding to the TAC-labeled cells, through
a fast, easy, and column-free cell isolation platform. The in
vitro study showed that the nanoparticles did not alter the
viability and proliferation of UCB EPCS. With the magnet
attraction, the UCB EPCs labeled with nanoparticles could
migrate directionally. In vivo, Berlin blue staining showed no
residual iron in the endothelium. OCT revealed no cells or
nanoparticles blocking the anterior chamber angle. The in-
traocular pressure was not increased. These results proved the
effectiveness and safety of transplantations of UCB EPCs
labeled with nanoparticles.

The white-to-white (corneal diameter), endothelial cell
density, and CCT of New Zealand white rabbits are reported
to be 13.5 mm, 3,000 cells/mm2, and 373mm, respectively
[30,31]. The advantage of this designed magnet is that the
magnetic force was well distributed on the area of the inner
magnet, with a diameter of 15 mm, which was slightly larger
than the rabbit corneal diameter, to ensure the attraction
range. We developed a simple device filled with fluid to

FIG. 10. Cell source and Berlin
blue. (A) CM-Dil was tracked with
weak red fluorescence in the nano-
particle with magnet group (scale
bar = 100mm). (B) Cell nuclei in the
center corneal endothelium were
stained by mouse anti-human nuclei
monoclonal antibody with dark
brown in the nanoparticle with
magnet group (scale bar = 50mm).
(C) The Berlin blue staining for iron
revealed no iron in the endothelium
in the nanoparticle with magnet
group (scale bar = 50mm). (D) The
Berlin blue staining was positive for
the CD34 nanoparticles showing
blue color (scale bar = 50mm). Color
images available online at www
.liebertpub.com/scd
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simulate the anterior chamber, and turned over the culture
dish to simulate anti-gravity. The in vitro study showed that
the magnet could efficiently attract the UCB EPCs labeled
with nanoparticles and distribute the cells uniformly. The
UCB EPCs used in the in vitro and in vivo studies were
calculated to be equivalent to the rabbit corneal endothelial
cell density, which could ensure a sufficient cell number and
avoid excess cells clogging the anterior chamber angle.

After transplantation, the corneas in the nanoparticle-
magnet group showed little edema, and the corneas in the
other group showed obvious edema. No immunological
rejection has been detected. The corneal thickness in the
nanoparticle-magnet group was close to the normal group.
The UCB EPCs in the nanoparticle-magnet group could
express AQP1, indicating that a pump function was estab-
lished. These results indicate the UCB EPCs labeled with
nanoparticles can move directionally in vivo and repair
endothelium defects effectively. To the best of our knowl-
edge, few published studies have described this technique.
The advantage of this technique is fewer ethical issues,
abundant stem cell resources, ease of manipulation, high
safety, and no need for scaffolds, thereby avoiding poor
biocompatibility and the degradation of scaffolds. This
technique may be applied in clinic in the future.

The cornea did not become absolutely transparent during
the follow-up time. We consider the following causes: (i)
The follow-up time was not long enough; (ii) rabbits are not
an optimal model for endothelial dysfunction. The rabbit
cornea is too thin compared with the human cornea, and
the anterior chamber is 2.08 – 0.16 mm [32], which is too
shallow for DMEK surgery to be performed without sig-
nificant modification [33]; (iii) Descemet’s membrane is the
basement membrane of the corneal endothelium and helps
keep the endothelial monolayer in place to maintain corneal
clarity [34]. Rabbits regenerate their endothelium. If endo-
thelium is stripped away alone without the Descemet mem-
brane, the endothelial cells could quickly proliferate and
repair the defects in the endothelium. So in this study, the
Descemet’s membrane was also stripped away. The absence
of Descemet’s membrane could keep the cornea from be-
coming clear. If this technique could be used in the clinic, the
Descemet’s membrane should not be stripped away, which
might improve the results; (iv) The UCB EPCs might need to
be differentiated into corneal endothelial cells first in vitro,
which could launch the repair function immediately after
transplantation. Recently, Hara et al. established a novel
serum-free culture system for expanding human corneal en-
dothelial progenitor cells (HCEPs) [35]. The HCEPs highly
expressed p75 neurotrophin receptor, SOX9, and had a high
proliferative potency. If the nanoparticle technique could be
applied in HCEPs, the complete repair of cornea endothelium
could be achieved with minimally invasive, easier to com-
mand, and avoiding the drawback of detachment of trans-
planted EDM sheet in DMEK surgery.

Conclusion

This study described a novel therapeutic method to repair
corneal endothelium defects. In this work, human UCB
EPCs were labeled with CD34 immunomagnetic nano-
particles, which could effectively be attracted directionally
by a magnet in vitro in a self-made device simulating an-

terior chamber, and could be used to target to the host
cornea stroma in vivo. The human UCB EPCs could repair
corneal endothelial defects, providing a promising cell
therapy for corneal endothelial dysfunction.
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