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Figure 7. Effect of bone marrow-derived mesenchymal stem cell (BM-MSC) transplantation and/or treatment with candesartan on vessel den-
sity and infarction size in the heart in vivo. (A): The percentage of CD34 positive area in control myocardial infarction (MI) (CNT), MI with bone
candesartan-pretreated BM-MSCs transplantation (BM), candesartan-pretreated BM (A-BM), and additional oral administration of candesartan after
the transplantation (CNT+A, BM+A, A-BM+A) are calculated and averaged. (B): Representative microscopic image of immunohistochemistry
using anti-CD34 antibody to detect vessels at center of MI zone and peri-MI normal zone (non-MI) are shown. Scale bar = 20 um. Pretreatment with
candesartan significantly increased vessel density at MI zone; on the other hand, oral administration of candesartan significantly increased vessel den-
sity at non-MI zone. (C): Representative masson-trichrom staining of the heart at the tendinous cord level of CNT, BM, and A-BM are shown. The
digitized data were measured and calculated in (D). By the candesartan-pretreatment, BM-MSC transplantation significantly decreased in percentage
fibrosis volume. Scale bar = 5 mm. *p<0.05. Abbreviations: BM, bone marrow; CNT, control; MI, myocardial infarction.

incidence of cardiomyogenic transdifferentiation of human
BM-MSCs is extremely rare, it has been impossible to statisti-
cally analyze the effect on CTE of various drugs or interven-
tions in vivo. Therefore, there has been no systematic strategy
for improvement of CTE of BM-MSCs until our previous arti-
cle [6, 9-11, 19]. Our in vivo model of ARB-treated BM-
MSCs is able to statistically analyze the effects of drugs on
CTE, which is important for further improvement of CTE. In
vitro, the pioglitazone’s effect on CTE was independent from
the effect of ARB; therefore, the additional administration of
pioglitazone, as a PPAR-y activator may be expected to
improve CTE further. Further experiments should be done.

Study Limitation

In our previous study, we have used BM-MSCs obtained from
a 41-year-old and a 90-year-old men. The CTE results were
1% and 0.3% in vitro [19], respectively. In this study, the
CTE of default BM-MSCs from neonates was approximately
3%—5%. This data implies BM-MSCs obtained from younger
generations that may have higher cardiomyogenic transdiffer-
entiation ability. As ARB is known to have a potential for an
anti-aging effect, the effect of ARB on BM-MSCs might
increase the CTE by ARB’s anti-aging effect on BM-MSCs.
Further experiments should be done on this issue.

www.StemCells.com
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In vivo MI model was performed by two series (Sham,
CNT, BM, A-BM series and CNT-A, BM-A, A-BM-A series)
at different periods. As it was difficult to control the size of
the MI at the coronary ligation, the size of the MI of later se-
ries are slightly larger (N.S.) than the former series. There-
fore, we did not perform statistical analysis on some parame-
ters between the series (separated by dotted line in the
figures). The serum BNP level and the size of percentage MI
volume are slightly larger in the later series. In this study,
intra-individual difference values were compared with the val-
ues of the two series.

CONCLUSION

Pretreatment with angiotensin receptor blockers (ARBs) in
culture activate human marrow-derived mesenchymal stem
cells by angiotensin-II receptor type 1 blockade. ARBs-pre-
treated human marrow-derived msenchymal stem cells was
significantly improved cardiomyogenic transdifferentiation ef-
ficiency in vitro and in vivo, and transplantation of the ARBs-
pretreated cells significantly improved cardiac function and
can be a promising cardiac stem cell source from which to
expect cardiomyogenesis.
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Background and Objective: This study proposes photo-
sensitization reaction for non-thermal cardiac ablation in
arrhythmia therapy. Acute and chronic phase experi-
ments were conducted in exposed porcine hearts to
demonstrate the photosensitization reaction-induced
myocardial electrical conduction block in vivo.

Study Design/Materials and Methods: The porcine
left atrial appendage was exposed under an open-chest
procedure. Then, a water-soluble chlorin photosensitizer,
NPe6, was injected into the pigs intravenously at 5 or
10 mg/kg. About 15 or 30 minutes after the injection, a
663-nm continuous-wave diode laser was irradiated on
the surface of the atrial appendage through a silica optical
fiber. The laser energy was delivered to the tissue point
by point at an energy density of 50-208 J/cm?,

Results: Acute and chronic tissue damages as a result of
the photosensitization reaction were determined by
electrophysiology and histology, respectively. The change
in the myocardial conduction time between two electrodes
was measured immediately after the completion of the 35-
mm irradiation line between the electrodes. The conduc-
tion delay of 35.5 milliseconds might be due to the change
in the conduction pathway induced by transmural acute
conduction block with the photosensitization reaction.
The tissue temperature increase in the irradiated area
was approximately 12.8°C. Azan-staining revealed about
1-mm transmural fibrosis of the atrial appendage at
2 weeks after the irradiation (50 J/cm?).

Conclusions: The results suggest that the photosensiti-
zation reaction might induce acute and chronic myocardi-
al electrical conduction block. Cardiac ablation with the
photosensitization reaction might be a non-temperature-
mediated methodology for arrhythmia therapy. Lasers
Surg. Med. 43:984-990, 2011.

© 2011 Wiley Periodicals, Inc.
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INTRODUCTION

The most common curative therapy for atrial tachyar-
rhythmia is radiofrequency catheter ablation to isolate

© 2011 Wiley Periodicals, Inc.
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arrhythmogenic foci [1-3]. The resistive heating of myo-
cardium with radiofrequency energy induces thermal tis-
sue injury in the pathway of ectopic beat conduction,
resulting in myocardial electrical conduction block. How-
ever, there are several limitations of radiofrequency abla-
tion including thermal complications (total incidence rate,
4-6%), such as thromboembolism and cardiac tamponade
[4-6]. Alternative energy sources for cardiac ablation
have been developed such as laser ablation, in which the
laser energy is absorbed by the myocardium, resulting in
temperature rise of tissue [7-9]. However, the laser abla-
tion might face the same problem of the thermal complica-
tions as radiofrequency ablation. In spite of the relatively
low incident rate of the thermal complications appeared
in these thermal ablation therapies, totally beneficial
methodologies are required compared to conservative
treatment with medication.

We proposed the use of non-temperature-mediated cyto-
toxic process with photosensitization reaction to create a
myocardial electrical conduction block. In clinical prac-
tice, photosensitization reaction is applied to a non-inva-
sive cancer therapy known as photodynamic therapy
(PDT) using photosensitizer specific accumulation to
tumor tissue [10,11]. The photochemical interactions
between photons, photosensitizer, and oxygen result in
the generation of reactive oxygen species, mainly singlet
molecular oxygen [12,13], which induce oxidative damage
of biological molecules, resulting in apoptotic or necrotic
cell death [14,15]. Since there is no photosensitizer specif-
ic accumulation in normal myocardium, particularly short
drug-light intervals (approximately one-order shorter
than the conventional interval) can be used in the applica-
tion of photosensitization reaction for myocardial tissue.
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PHOTOSENSITIZATION REACTION IN PORCINE HEARTS

The aim of this study was to demonstrate the feasibility
of the application of photosensitization reaction for non-
thermal cardiac ablation. Myocardial electrical conduc-
tion block caused by the photosensitization reaction with
a water-soluble chlorin photosensitizer was examined
electrophysiologically in an acute phase study and histo-
pathologically in a chronic phase study with surgically ex-
posed porcine hearts.

MATERIALS AND METHODS

Animal Preparation

The animal study was conducted with the approval of
the Animal Care Committee in Keio University, Japan.
LW female pigs weighing about 15 kg (1.5-2 months
in age) for the acute phase study and about 24 kg
(2-2.5 months in age) for the chronic phase study were
sedated by injecting ketamine (2 mg/kg) and xylazine
(2 mg/kg) intramuscularly, followed by mask-induced
anesthesia with 5% isoflurane and pure Oy at 1.5-2.0 L/
minute. After tracheal intubation, general anesthesia was
maintained by inducing inhalation of 2.5% isoflurane and
pure Oy at the same flow rate. The left cervical vein was
cannulated for blood sampling. Standard limb-lead II elec-
trocardiogram, heart rate, body temperature, and oxygen
saturation by pulse oximetry were monitored continu-
ously throughout the procedure.

Photosensitizer and Laser Light Source for
In Vivo Study

A water-soluble chlorin photosensitizer, NPe6 (mono-L-
aspartyl chlorin-e6), also known as talaporfin sodium,
was used. NPe6 is approved in Japan as Laserphyrin®
(Meiji Seika Kaisha, Ltd, Tokyo, Japan) for the treatment
of early stage bronchopulmonary cancer [16]. This photo-
sensitizer has a molecular weight of 799.69 and a signifi-
cant absorption peak in the Q band at 664 nm [16-18].
NPe6 has a strong molar absorption coefficient of
4.0 x 102 M~ ! em™! and a high quantum yield of singlet
oxygen generation of 0.77 with the absorption peak in the
Q band [18]. A 663-nm red diode laser was employed as a
light source to excite NPe6 at the Q band. The laser light
was delivered through a silica optical fiber with a core
diameter of 1,200 pm.

Optical Characteristics of Porcine Myocardium

The optical properties of porcine myocardium were
obtained using Kubelka—Munk two-flux theory, in which
the scattering and absorption coefficients can be directly
expressed in terms of the measured reflectance, transmit-
tance, and thickness of the tissue sample [19]. Extracted
porcine ventricular myocardium was cut in approximately
1-mm thick slices and placed between 0.2-mm-thick glass
slides. The diffused transmittance and reflectance of the
tissue samples were measured at 663 nm by a spectro-
photometer (UV-3600; Shimadzu Co., Kyoto, Japan),
equipped with an integrating sphere. The Kubelka—Munk
coefficients Axm and Sk are related to transport
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coefficients using the following relations [20]:
1
Agm = 2“31 Sgm = Z (SI’L; - I“La) 1)

The absorption coefficient, u,, and reduced scattering
coefficient, ul, of the porcine myocardium were calcu-
lated with the measured diffused reflectance and
transmittance.

Photosensitizer Concentration in Plasma

The NPe6 concentration in plasma during the proce-
dure was measured to obtain the decay curve of the
plasma concentration with time. The photosensitizer con-
centration in plasma might have a proportional relation
to that in tissue; NPe6 concentration in heart is reported
to be about one-sixth of that in plasma [21]. Porcine blood
samples were collected in evacuated tubes containing
ethylenediamine tetra-acetic acid (EDTA) 5-60 minutes
after the photosensitizer injection. The blood samples
were centrifuged at 3,000 rpm for 10 minutes at 4°C. The
optical absorption spectra of NPe6 in the plasma were
measured in the wavelength range of 350-710 nm by the
spectrophotometer. The obtained absorption peak area of
the Q band was determined using the baseline method
and converted into the NPe6 concentration by comparison
with a calibration curve constructed previously using
known photosensitizer concentrations.

Electrophysiological Study in the Acute Phase

To demonstrate the acute and transmural electrical
conduction block with the photosensitization reaction, we
designed an electrophysiological study using porcine atri-
al appendage. The porcine chest was surgically opened,
and the left atrial appendage (1-3 mm thickness) was ex-
posed through an incision in the lateral chest wall. With
the heart beating, two plunge electrodes (electrodes A and
B) were inserted onto the atrial appendage. Electrode A
was used for electrical stimulation of the myocardium
with stimulation conditions of 6.3 milliseconds pulse
width, 3.0 Hz frequency, and 1.5 V amplitude. Electrode
B was used to measure the propagated activation signal.
The measured electrical signals were amplified by Bio
Amplifier (PowerLab, ADInstruments, Hastings, UK) and
recorded by a computer with a data acquisition program,
Chart 4 (ADInstruments). NPe6 dissolved in physiological
saline was injected intravenously at 10 mg/kg into the
pigs (around 15 kg, n = 2). The laser irradiation via the
optical fiber started 30 minutes after the injection. The
optical fiber was not in direct contact with the myocardial
surface; instead, it was fixed by hand using a spacer to
keep a constant distance of about 18 mm between the fi-
ber tip and myocardial surface. The red laser light beam,
with a spot size of 7 mm at a power density of 5.2 W/em?
and a total energy density of 208 J/cm?, was irradiated
point by point to make about 35-mm irradiation line
between the two electrodes so that the adjacent irradiated
areas overlapped by about 30%. The conduction time from
electrode A to B was measured immediately (within
1 minute) after each irradiation to assess the acute
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myocardial electrical conduction block by the photosensi-
tization reaction. If the transmural conduction block was
obtained during the procedure as in the case with radio-
frequency ablation, the conduction time might be pro-
longed depending on the irradiation length to wrap
around the transmural conduction block line.

Histopathological Study in the Chronic Phase

The porcine chest was surgically opened, and the left
atrial appendage was exposed as described before. NPe6,
dissolved in physiological saline at 5 mg/kg, was injected
intravenously into pigs weighing about 24 kg (n = 2). Fif-
teen minutes after the injection, the red laser light beam
was irradiated through the optical fiber on the surface of
the atrial appendage as described previously with a spot
size of 3 mm, power density of 3.5 W/em?, and total ener-
gy density of 50 or 100 J/cm?. During the irradiation, the
temperature change on the tissue surface was measured
with an infrared thermo-camera (Avio TVS-500; Nippon
Avionics, Ltd, Tokyo, Japan). Two weeks after the proce-
dure, the pigs were euthanized, and their hearts were
extracted and subsequently fixed in 10% formalin. The
fixed heart samples were sectioned, and the cross-section-
al slices at the irradiated sites were used to determine the
area affected by the photosensitization reaction. The irra-
diated site was identified by the anatomical features of
the appendage. The tissue specimens were stained with
standard staining for histological examination; hematoxy-
lin and eosin (HE) to examine the extent of viable or non-
viable cells and changes in cellular and nuclear morpholo-
gy, or Azan to differentiate between the normal and
affected areas replaced by fibrotic (scar) tissue.

RESULTS

Optical Properties of the Porcine Myocardium at
663 nm

The absorption coefficient (u,), reduced scattering coef-
ficient (u}), effective attenuation coefficient (1.¢), and op-
tical penetration depth (§) of the porcine ventricular
myocardium at 663 nm were obtained by Equation (1).
ier and § were obtained from the following equation:
ot =871 = /3p,(uq + 1.). The obtained parameters of
the porcine myocardium were as follows: u,= 0.35mm™1,
ph=0.68mm, p=1.0mm™!, and §=0.96mm~'. The
obtained absorption and scattering coefficients at 663 nm
were within the range of previously reported data:
0.1 < puy < 0.6 mm™*, 0.6 <) <1.4mm!in the wave-
length range of 600—700 nm [22,23].

Decay of NPe6 Concentration in Porcine Plasma

The NPe6 concentration in plasma between 5 minutes
and 1 hour after the administration of 5 or 10 mg/kg
NPe6 to the pigs (n = 2) during the procedure was mea-
sured. The plasma concentration of NPe6 decreased with
~ time, exhibiting kinetics similar to previously reported
data [24]. Similar to that reported in humans, the
observed decay curve of plasma concentration with time
could be divided in two phases [17]: the measured
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elimination half-life was about 7 minutes in the initial
rapid exponential decline (the first phase) and about
77 minutes in the subsequent slower exponential decline
(the second phase). In this study, the drug-light interval
was determined to be 15-30 minutes, during which the
NPe6 concentration in plasma was about 10 pg/ml,
decreasing relatively gently in the second exponential
decline phase. Our preliminary studies demonstrated the
photosensitization reaction-induced electrical conduction
block with a plasma concentration of 8 ng/ml in extracted
rat hearts [25].

Acute Electrical Conduction Block With the
Photosensitization Reaction

To demonstrate the acute myocardial electrical conduc-
tion block as a result of the photosensitization reaction,
the conduction time of the electrical signal from electrode
A to B after each irradiation was assessed using the ex-
posed porcine left atrial appendage in vivo from the acute
phase study. Figure 1 shows a macroscopic photograph of
the left atrial appendage extracted immediately after the
procedure, indicating the electrode arrangements and
irradiated site. Although there was uneven coloration on
the tissue surface of the atrial appendage due to varia-
tions in tissue thickness, we found no obvious evidence of
acute thermal coagulation or edema formation. Figure 2
shows the electrical potential waveforms at the measur-
ing electrode B immediately after each irradiation. The
conduction time of the electrical signal generated at the

Fig. 1. A macroscopic photograph of a left atrial appendage
extracted after the procedure. The extracted atrial append-
age was washed with biological saline to remove blood. The
area enclosed within the white dotted line shows the irradiat-
ed area. The length of the irradiated area is about 35 mm.
The open squares indicate the sites of the stimulation and
measurement electrodes in the myocardial tissue.
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Fig. 2. The electrical potential signal recorded at electrode B
in the initial state and after each irradiation. A shift in the
electrical waveform indicates a conduction delay at electrode
B as result of the photosensitization reaction. The black
arrows indicate the time used to calculate the conduction
time from stimulation to measurement at electrode B after
each irradiation.

stimulated site and propagating to electrode B (¢5_g) was
prolonged after each irradiation, indicating that the elec-
trical response of the myocardium was obtained immedi-
ately (within 1 minute) after irradiation. The obtained
values of £5_g were 55.2 milliseconds at the initial state
and 90.7 milliseconds after the sequence of the irradia-
tions; a conduction delay of 35.5 milliseconds from the ini-
tial state was recorded.

Chronic Electrical Conduction Block as a Result of
the Photosensitization Reaction

To demonstrate the permanent myocardial electrical
conduction block as a result of the photosensitization re-
action, chronic histopathological observations of the por-
cine left atrial appendage were examined in vivo. Figure 3
shows a macroscopic photograph of an extracted left atrial
appendage fixed in formalin 2 weeks after the procedure.
There were no obvious changes in tissue color on the sur-
face of the irradiated area. Furthermore, there was no ev-
idence of thermal damage in the irradiated area, which
would be characterized by hemorrhage and edema sur-
rounding coagulation necrosis. The measured tempera-
ture increase on the surface of the irradiated area during
the irradiation was about 12.8°C. Figure 4 is a microscop-
ic image of Azan- and HE-stained specimens at total ener-
gy densities of 50 J/cm?, 2 weeks after the procedure. We
found that the areas affected by the photosensitization re-
action were demarcated and replaced transmurally with
fibrosis tissue in the Azan-stained specimens (Fig. 4a).
Neither myocardial wall rupture nor endocardial thrombi
were observed. The maximum depths affected by the
photosensitization reaction were >1.0 mm at a total
energy density of 50 J/cm? and >1.3 mm at 100 J/cm?.
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Fig. 3. A macroscopic photograph of a left atrial appendage
fixed in formalin 2 weeks after the procedure. The dotted
open circles indicate the irradiated sites.

Since the tissue thickness of the atrial appendage was
around 1 mm in the irradiated area, the affected depth
might exceed 1 mm under these irradiation conditions.
There was almost no shrinkage in the affected area com-
pared with the normal area, so that the reduction in size
due to the scar shrinkage might be negligible. Microscopic
observations of the HE-stained specimens indicate that
the affected area exhibited nuclear shrinkage and loss of
muscle striations (Fig. 4b) in comparison with the normal
area (Fig. 4c¢). These tissue changes might induce a per-
manent electrical conduction block.

DISCUSSION

The estimated length of the shortest path to wrap
around the irradiation line (Fig. 1) indicates that the
change in the conduction pathway might be 22 mm. The
conduction delay corresponding to the expected conduc-
tion pathway change is calculated to be 22-55 millisec-
onds with the reported conduction velocity in the
mammalian atrial appendage of 0.4-1.0 m/second [26].
The measured conduction delay of 35.5 milliseconds is
within the range of the above calculated value. These
results suggest that the conduction delay is due to the
change in the conduction pathway induced by transmural
myocardial electrical conduction block obtained immedi-
ately after the photosensitization reaction. In the short
drug-light interval condition, the photosensitizer might
be distributed mainly in the blood and interstitial spaces
of myocardium; it is reported that NPe6 might get into
the interstitial spaces <20 minutes after the injection
[27,28]. The photosensitization reaction with an intersti-
tial space-distributed photosensitizer might induce imme-
diate necrotic-like cell damage, which may be responsible
for the acute myocardial electrical conduction block
[25,29]. Our previous report indicates that the damage to
ion channels and cell membranes induced by the photo-
sensitization reaction might cause an influx of Ca*, rapid
increase in the intracellular Ca?" concentration, and
eventually a necrotic cell response [29]. The acute myocar-
dial electrical response to the photosensitization reaction
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Fig. 4. a: An Azan-stained specimen of the irradiated area of a porcine left atrial appendage.
The red laser light was irradiated from the direction of the arrow with a spot size of 3 mm,
power density of 3.5 W/em? and total energy density of 50 J/em? The border between the
affected and normal region was demarcated by the black dotted line. b,c: The HE-stained
specimens of (b) the affected area and (c) the normal area indicated in (a).

was also demonstrated by the authors with exposed rat
hearts in vivo [25].

The affected tissue depth by the photosensitization
reaction obtained in the chronic histopathological study is
reasonable on the basis of the measured optical penetra-
tion depth in the myocardium of 0.96 mm at 663 nm. As
the condition of the photosensitization reaction is almost
the same between the acute and chronic phase study,
these results suggested that the acute electrical conduc-
tion block obtained in the electrophysiological evaluation
might be kept in the chronic case. The observed tissue
changes might be due to the oxidative process with the
photosensitization reaction and not the thermal process,
because the tissue temperature during the irradiation on
the myocardial surface was <50°C for irradiation dura-
tions <30 seconds. It is reported that irreversible thermal
damage in myocardium, including irreversible cellular
electrophysiological changes and thermal denaturation is
observed at temperatures exceeding 50°C for several
minutes [30,31]. The temperature increase of the myocar-
dium is rather small with the photosensitization reaction,
compared to thermal ablation therapies in which the max-
imum temperature of the myocardial surface during the
ablation is around 80°C [32,33]. The small temperature
increase in the photosensitization reaction might be due
to the low input power; the input power required to create
a myocardial lesion with 2-3 mm in diameter and several
millimeter deep may be <1 W for the photosensitization
reaction, and is reported to be 10-30 W for laser ablation
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[7-9], and 20-50 W for radiofrequency ablation [32]. The
energy consumption used for singlet oxygen generation in
the photosensitization reaction with NPe6 is roughly
estimated to be 1.9% of the total input energy under the
experimental conditions, by considering (i) a molar
absorption coefficient of NPe6, (ii) a quantum yield of sin-
glet oxygen generation, and (iii) a NPe6 concentration in
myocardium [18,21]. In contrast, almost all of the total
input energy is used to generate heat in the thermal abla-
tions. Therefore, the process of myocardial tissue damage
with oxidative interaction in the photosensitization reac-
tion is energy efficient. We think that catheterization ap-
plication to cardiac ablation with the photosensitization
reaction may be promising approach in non-thermal
arrhythmia therapy, because temperature increase of the
irradiated tissue might be suppressed by cooling effect of
blood flow.

The electrophysiology and histology evaluation were
conducted with healthy young pigs. Due to the rapid
clearance of NPe6 from the body, large amount of the pho-
tosensitizer dose was needed in order to obtain optimal
condition of photosensitizer concentration in plasma dur-
ing the procedure, so that young light-weight pigs were
used. In the case of human, the excretion rate of NPe6 is
slower than that in animals; the elimination half-life of
NPe6 is about 9 hours, so that the plasma concentration
of the photosensitizer might be almost constant for sever-
al hours after the injection [17]. The myocardium of
arrhythmia patients might have different structure and
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function to the normal one; the optical properties and pho-
tosensitizer pharmacokinetics in the myocardium may
change with the disease progression, such as collagen con-
tent of the myocardium. These factors need to be taken
into account when determining the treatment protocol for
clinical studies. In the measurement of the optical proper-
ties, we used ventricular tissue rather than atrial tissue.
The measured optical properties of atrial (n = 2) and ven-
tricular myocardium (n = 16) were almost the same, so
that we showed the results with ventricular myocardium
as the statistically collected value.

In conclusion, we demonstrated acute and chronic myo-
cardial electrical conduction blocks as a result of the
photosensitization reaction with NPe6 in the porcine left
atrial appendage. The electrophysiological study indicat-
ed that the photosensitization reaction induced acute elec-
trical conduction block according to the conduction delay
of the electrical signal. The histopathological study
showed that the photosensitization reaction induced
transmural tissue scarring, indicating permanent electri-
cal conduction block. These results indicate that a non-
thermal catheter ablation using a photosensitization reac-
tion could be applied in arrhythmia therapy.
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Abstract Research in order that artificial organs can
supplement or completely replace the functions of impaired
or damaged tissues and internal organs has been underway
for many years. The recent clinical development of
implantable left ventricular assist devices has revolution-
ized the treatment of patients with heart failure. The
emerging field of regenerative medicine, which uses human
cells and tissues to regenerate internal organs, is now
advancing from basic and clinical research to clinical
application. In this review, we focus on the novel bioma-
terials, i.e., fusion protein, and approaches such as three-
dimensional and whole-organ tissue engineering. We also
compare induced pluripotent stem cells, directly repro-
grammed cardiomyocytes, and somatic stem cells for cell
source of future cell-based therapy. Integrated strategy of
artificial organ and tissue engineering/regenerative medi-
cine should give rise to a new era of medical treatment to
organ failure.
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Introduction

The human body is made up of approximately 60 trillion
cells but can be traced back to one fertilized egg created by
the union of an ovum and a sperm. The fertilized egg
divides repeatedly, creating various cells that coordinate
with each other to form all the different tissues and organs,
ultimately leading to the formation of a complete individ-
ual. Whereas the human genome has been almost com-
pletely decoded and the genes involved in various
mechanisms of the body are becoming known, many parts
of this epic developmental process remain unclear. How-
ever, because these developmental mechanisms are closely
related to the homeostatic maintenance and the regenera-
tive mechanisms of organs and tissues, the field of regen-
erative medicine, which aims to use these mechanisms to
treat diseases, is expanding rapidly.

Tissue engineering
Fusion protein

Biological tissue is composed not only of cells but also of a
surrounding environment that is crucial in maintaining cell
function in vivo and in homeostasis. Most importantly, the
extracellular matrix is known to have dynamic and func-
tional roles, such as providing a scaffold for cell adhesion
(basement membrane and fibronectins) as well as main-
taining and providing growth factors (heparan sulfate).
Technological development with respect to manipulating

@ Springer



172

J Artif Organs (2011) 14:171-177

Fig. 1 Tissue engineering for
regenerative medicine
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this extracellular matrix in order to control tissues and
cells, and its subsequent application in regenerative medi-
cine, is underway. For example, studies have revealed that
a variety of growth factors play important roles in wound
healing, and some of these growth factors are in clinical
use. However, the short-term effects of these growth fac-
tors pose some limitations on their use. An example is
provided by fibrin, which is released in the wounded area
when tissue damage occurs. An increasing amount of
research is being conducted on the use of fibrin as a
material for tissue regeneration. If a protein produced by
the fusion of a fibrin-binding domain (FBD) to epidermal
growth factor (EGF) is added to an epidermal wound-
model culture system, binding of the growth factor to the
fibrin released from the wound leads to healing by stimu-
lating growth in the surrounding cells [1]. This phenome-
non presumably occurs not because of the independent
function of the growth factor, but because the growth factor
stabilizes after binding to fibrin, and the FBD-EGF com-
plex causes continuous cell stimulation. This suggests that
the process of altering the combination of extracellular
matrix and growth factors can be of therapeutic value in a
variety of conditions. Another example can be considered
with respect to vascular grafts. The development of small-
caliber vascular grafts, such as those used to treat coronary
artery disease, has slowed down because these grafts tend
to fail at an early stage owing to thrombotic occlusion. To
prevent this, prompt graft endothelialization and prevention
of blood clot adherence is necessary. The use of a protein
produced by fusion of the collagen-binding domain
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(CBD)—which binds collagen (a component of the extra-
cellular matrix)—to hepatocyte growth factor (HGF) has
been considered in such cases, and it has been shown that
this complex (CBD-HGF) effectively promotes growth of
endothelial cells [2]. Furthermore, this type of fusion pro-
tein could be placed onto a biodegradable sheet of extra-
cellular matrix and affixed to the wounded area, where it
may stimulate vascular cell growth. This has the potential
for a wide application in medicine (Fig. 1).

Three-dimensional tissue engineering

A substantial amount of tissue engineering research has
been performed on the three-piece that are cell, growth
factors, and scaffolds. There are, however, various limita-
tions to using scaffolds. First, cells tend to be distributed
over the surface of the scaffold, thus making it difficult to
form a solid tissue. Second, a 3D array and structure cannot
be controlled when multiple cell types are used. Third, the
concentration gradient of growth factors cannot be con-
trolled. Fourth, there are certain limitations to the process
of creating the vasa vasorum by tissue engineering tech-
niques. In recent years, the concept of the scaffold has been
put aside, and attempts to construct 3D tissue with cells and
growth factors are now frequently reported. This method is
generally called biofabrication [3], and the techniques of
bioprinting [4] and organ printing [5] also fit into this
category. In addition, although 3D structures using inkjet
printer technology have already appeared as rapid proto-
typing, a 3D printer with an inkjet nozzle from which
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droplets with a volume identical to that of cells are
embossed, and which can be operated in a sterile envi-
ronment, has been developed [6]. This could make the
construction of 3D tissues possible [7]. Biorapid proto-
typing, a method in which many cellular spheres are used
together with arbitrary structures to create 3D tissue, has
also been reported [8]. This is expected to be an extremely
promising methodology despite many issues, such as those
related to cell solvents.

Cell sheets

Of all the recently developed tissue engineering techniques,
practical application of cell sheets has advanced the most.
This technology is based on the properties of a temperature-
responsive polymer, poly(N-isopropylacrylamide). Culture
dishes coated with this material are hydrophobic at 37°C
and hydrophilic <32°C. When cells are cultured to conflu-
ence, they can be recovered as a sheet without enzymatic
digestion [9]. This technique has been made available from
Japan for worldwide application in the development of
regenerative medicine-related products [10]. It was reported
that stratification, which was initially limited to a few lay-
ers, could evolve to include many layers with neovascu-
larization. So far, cell sheets have been made that consist of
myoblasts [11], mesenchymal stem cells [12], cardiac pro-
genitor cells [13], and a mixture of fibroblasts and endo-
thelial progenitors [14]. Osaka University is coordinating a
clinical trial using autologous myoblast sheets in patients
carrying a left ventricular assist device (LVAD) with the
aim of providing a bridge to recovery. In France, a clinical
trial using epithelial cell sheets for corneal regeneration is
being conducted by a venture company.

Whole-organ tissue engineering

The technology of perfusion decellularization of organs is a
unique method of tissue production using scaffolds that has
been reported in recent years. Intracellular structures can
be completely eliminated by perfusing the heart using a
Langendorff coronary perfusion apparatus for more than
12 h with the surfactant sodium dodecyl sulfate. It has also
been reported that components of the extracellular matrix,
including collagen type I/III, laminin, and fibronectin, can
be preserved without disturbing their array structure; fur-
thermore, the structure of valves and basal membrane of
the epicardial vessels are not affected [15]. A heartbeat,
albeit faint, has been achieved using this technique. The
feasibility of whole-organ decellularization has been
demonstrated in the pig heart [16] and rat liver [17].
Although the process of cellularization has its flaws, it
is a creative initiative that holds promise for future
developments.
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Regenerative medicine
Induced pluripotent stem cells (iPSC)

The term regenerative medicine was introduced in 2000.
Clinical applications have increased greatly since then,
beginning with research on human embryonic stem cells
(ESC) and confirmation of the plasticity of somatic stem
cells. Amid frustration that human ESC could not be
applicable not only to medicine, but also in biological
research, the phenomenon of initialization via nuclear
transplantation has been achieved in an elaborately planned
experiment with four gene transfers. Now, these cells,
called induced pluripotent stem cells (iPSC), certainly
appear to be a major topic in regenerative medicine. Basic
research into the clinical application of iPSC demonstrated
the successful treatment of model mice for Parkinson’s
disease [18], sickle cell anemia [19], and hemophilia [20]
with mouse iPSC. These reports indicate the same scheme
could be applicable to human diseases. However, problems
in iPSC application include the development of teratomas
from undifferentiated cells, carcinomas due to gene trans-
fer, and infection with xenogeneic materials used in cell
cultures. These problems have attracted the interest of a
large number of researchers, and many proposals for
solutions to them have been reported (Fig. 2).

Teratoma formation in mice can reportedly be prevented
by eliminating stage-specific embryonic antigen-1-positive
cells [18]. If the target of interest is the heart, enrichment
with mitochondria could prevent teratoma formation [21].
Of the four genes transferred during iPSC initialization,
which are considered to be reprogramming genes, it was
feared that the existence of c-Myc, in particular, which is
an oncogene, would lead to cancer; carcinogenesis through
c-Myc reactivation was actually observed in vivo. In
addition, because the basic protocol uses a retrovirus as the
vector for gene transfer, the possibility of carcinogenesis
after its insertion into a genome is a problem. It was sub-
sequently reported that just three factors (excluding c-Myc)
induced iPSC, albeit at a low frequency [22]. However,
recently, induction of iPSC with RNA [23] and proteins
[24] of reprogramming factors has been reported in an
attempt to circumvent carcinogenesis because of the
methodology. Of the four factors, Sox2 and c-Myc could
be replaced with transforming growth factor-o receptor
antagonists [25], the nuclear acceptor Esrrb could be
replaced with KIf4 [26], and Oct4 could be replaced with
nuclear acceptor Nr5a2 [27].

Currently, xenogeneic materials are used in various
processes in standard ESC/iPSC culture (Fig. 3). Feeder
cells are used to maintain the undifferentiated state of both
ESC and iPSC; usually, mouse embryonic fibroblasts
(MEF) treated with mitomycin C to arrest their growth are

@ Springer



174

J Artif Organs (2011) 14:171-177

Fig. 2 Order-made stem cell
therapy

Immune rejection-free
cell therapy

o >

Differentiated Cells

Patients

Biopsy l

Safety
Genomic stability

G’”““”\ 5

Somatic cells |

| SOX2 OCT3/4

Aging \

Canceration

Fig. 3 Xenogeneic factors and
materials in human embryonic
stem cell/induced pluripotent
stem cell (ESC/iPSC) culture

#Serum Replacement

#Bovine albumin

#Extracts made from
bovine brain tissue

used as feeder cells. It was feared that if these xenogeneic
cells were used in clinical situations, contamination with
xenogeneic cells may lead to infection. This did, in fact,
occur: the presence of non-human-derived Neu5Gc was
confirmed on the cell surface of human ESC cultured onto
MEF. Many individuals possess antibodies for this antigen,
and an immune reaction can be provoked in these indi-
viduals [28]. In order to avoid xenogeneic contamination,
coating cell culture dishes with fully synthetic compounds
and the chemical defined-culture medium has been
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reported from several institutes. A 3D porous natural
polymer scaffold consisting of chitosan and alginate was
able to sustain human ESC self-renewal [29]. Recombinant
vitronectin also supported cultivation of three human ESC
under feeder-free conditions [30]. Moreover, suspension
culture of human ESC and iPSC in chemically defined
media supplied a scalable number of cells [31]. However,
the ability of xeno-free protocols to maintain the self-
renewal ability and pluripotency of human ESC or iPSC
remains questionable. On the other hand, autologous
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fibroblasts could be used as feeder cells in the culture of
human iPSC [32].

Almost the entire process of reprogramming in iPSC
remains poorly understood. It is still unclear whether iPSC
reprogramming is equal to nuclear transplantation, which
showed that the somatic nucleus reacquired totipotency.
The following factors imply that multiple processes exist in
reprogramming: the expression of stem cell-related genes
differs between iPSC clones [33], and “memories” of the
parent cells remain. It has been reported that trichostatin A,
a histone deacetylase inhibitor, is a factor that promotes
this phenomenon [34]. The necessity of using it under
strictly controlled temporal and quantitative requirements
indicates the preciseness of its mechanism.

Direct conversion to differentiated cells

The phenomenon termed direct conversion to differentiated
cells is a novel occurrence recently reported to occur in
several organs. Although many researchers have searched
for the master gene, such as MyoD, that can induce for-
mation of skeletal muscle cells from fibroblasts, no such
gene has been discovered. However, because the use of
four genes allows the differentiated cell to have pluripo-
tency, transformation with one batch of gene transfer is
been investigated. A first report described successful dif-
ferentiation of pancreatic exocrine cells into insulin-
secreting beta-like cells by the transfer of three genes
(Ngn3/Pdx1/MafA) [35]. Another report documented suc-
cessful induction of cells expressing myocardial cell
structural proteins through the transfer of Gatad/Tbx5/
Baf60c into mouse mesodermal cells [36]. According to
later reports, functional neurons can be induced by trans-
ferring Asc11/Brn2/Myt11 into fibroblasts [37], and myo-
cardial cells can be induced by transferring Gata4/Tbx5/
Mef2c into fibroblasts [38]. Thus far, the possibility that
these cells only caused specific gene expression that exists
in the lower area of transgenes cannot be denied. Func-
tional and quantitative assessments of induced cells pro-
duced by direct reprogramming are required to determine
their application in the clinical setting.

Somatic stem cells

It was long believed that cardiomyocytes were in a state of
terminal differentiation in adults and that the heart cannot
heal itself or restore its homeostatic functions. These
properties led researchers in cardiac regeneration to
increased interest in somatic stem cells, including bone-
marrow-derived stem/progenitor cells, mesenchymal stem
cells, and adipose-derived stem cells. Because cells derived
from fetal-related tissue (including the amnion, umbilical
cord, and placenta) contain a multipotent population that
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shows plasticity, many organizations, institutes, and com-
panies run banking systems for these cells. Transplantation
of amniocytes caused cardiac regeneration in myocardial
infarction in rats [39]. On the other hand, other researchers
have continually asserted the heart has regenerative prop-
erties. Recently, clear evidence that cardiomyocytes can be
reborn in the adult heart was reported. This evidence was
based on cardiomyocyte age estimation by measuring
carbon-14, which was generated by nuclear weapons test-
ing during the Cold War [40]. The impetus for the
expansion of this field of study was the reporting of a
method that was apparently based on embryonic bodies
[41]: by forming a sphere with cardiac-tissue-derived cells,
a group of nearly undifferentiated cells could be enriched.
Subsequently, several groups reported that stem cells and
precursor cells exist in the heart. Several profiles were
reported for these cells, including c-kit (4) [42], sca-1 (+)
[43], and side population cells [44]. Whether this means
that we are observing the process of differentiation as it
develops or that multiple stem cell systems exist is an issue
that needs to be addressed. Matsubara et al. [45], who
reported that murine sca-1 (4) cells could be cardiac stem
cells (CSC), performed a detailed preclinical study in pigs
to treat ischemic heart disease [46] and are directing the
world’s first clinical trial using CSC. This clinical trial
targets patients with severe chronic ischemic heart failure
whose left ventricular ejection fraction is <35%. The
method involves intramuscular injection of CSC during
coronary artery bypass grafting. The injected stem cells are
isolated from cardiac tissue collected during a previous
biopsy from the right ventricular septal region. During cell
culture, recombinant basic fibroblast growth factor (bFGF)
is used rather than xenogeneic materials, and blood serum
is obtained from autologous blood. The cells are injected
through the epicardium, and the injection sites are covered
with a basic sustained-release gelatin sheet of bFGF.
Patients are not randomized, and six cases are scheduled
for an open-label phase I/Ila clinical trial, with a planned
1-year follow-up study. It is assumed that after this trial,
cases will accumulate in multifacility clinical studies and
that this method will develop into a highly advanced
medical technology.

Chemical pharmacology is faced with difficulty finding
new classes of drugs despite increasing budgets. Cells and
tissues, therefore, are likely to become important medical
treatments. Moreover, integrated therapy of ventricular
assist device (VAD) and regenerative medicine should
have great potential to treat severe heart failure (Fig. 4).
Although implantable VADs are being used with excellent
prognosis, many issues remain; for example, right ven-
tricular failure, infection, thrombosis, and device mechan-
ical failure. A market report on VAD anticipates that the
“bridge to recovery (BTR)” strategy will constitute more
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Fig. 4 Integrated strategy to
heart failure
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than half of future VAD therapy. The emerging field of
regenerative medicine will surely accelerate the trend to
BTR therapy.
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Abstract Low efficiencies of nonviral gene vectors, such
as transfection reagent, limit their utility in gene therapy.
To overcome this disadvantage, we report on the prepara-
tion and properties of magnetic nanoparticles [diameter
(d) = 121.32 £ 27.36 nm] positively charged by cationic
polymer deacylated polyethylenimine (PEI max), which
boosts gene delivery efficiency compare with polyethy-
lenimine (PEI), and their use for the forced expression of
plasmid delivery by application of a magnetic field. Mag-
netic nanoparticles were coated with PEI max, which
enabled their electrostatic interaction with negatively
charged molecules such as plasmid. We successfully
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transfected 81.1 = 4.0% of the cells using PEI max-coated
magnetic nanoparticles (PEI max-nanoparticles). Along
with their superior properties as a DNA delivery vehicle,
PEI max-nanoparticles offer to deliver various DNA for-
mulations in addition to traditional methods. Furthermore,
efficiency of the gene transfer was not inhibited in the
presence of serum in the cells. PEI max-nanoparticles may
be a promising gene carrier that has high transfection
efficiency as well as low cytotoxicity.

Keywords Deacylated polyethylenimine - Magnetic
nanoparticle - Efficient nonviral transfection method

Introduction

Nanotechnologies that allow the nondisruptive introduction
of carriers in vivo have wide potential for gene and ther-
apeutic delivery systems [1-4]. Extremely small particles
have been successfully introduced into living cells without
any further modification to enhance endocytic internaliza-
tion, such as for cationic help. The cells containing the
internalized nanoparticles continued to thrive, indicating
that the particles have no inhibitory effect on mitosis.
Therefore, iron oxide magnetic nanoparticles have played
an important role as magnetic resonance imaging contrast
agents [5, 6], and cytotoxicity of this nanoparticle was none
(or low) [7, 8]. Thereby, the functionalized iron oxide
magnetic nanoparticles are expected to be useful as a new
gene delivery tool [3].

Cationic polymer polyethylenimine (PEI) (linear, MW
25,000) is known as the transfection reagent in molecular
biology [9], and the dispersant in nanotechnology [10]. PEI
are configured to form the positively charged complex with
DNA, which binds to anionic cell surface residues and
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enter the cell via endocytosis [9, 11], keeping the dis-
persed state in the solution [10]. However, PEI containing
residual N-acyl groups is a disadvantage for transfection
efficiency. Also, the deacylated PEI (PEI max) for
transfection reagent was reported, showing an increase in
optimal transfection efficiency of 21-fold in comparison
with PEI [12].

The transfection method using magnetic nanoparticles
utilizes a magnetic force to deliver DNA into target cells.
Therefore, the plasmid is first associated with magnetic
nanoparticles. Then, the application of a magnetic force
drives the plasmid—-nanoparticle complexes toward and into
the target cells, where the cargo is released (Fig. 1a) [13—
16]. The magnetic nanoparticles are also coated with bio-
logical polymers, such as PEI, to allow plasmid loading
(Fig. 1b). The binding of the negatively charged plasmid to
the positively charged PEI max-coated magnetic nanopar-
ticles (PEI max-nanoparticles) occurs relatively quickly.
After complex formation, the loaded nanoparticles are
incubated together with the target cells on a magnet plate.
Owing to the magnetic force, the iron particles are rapidly
drawn toward the surface of the cell membrane. Cellular
uptake occurs by either endocytosis or pinocytosis [17].
Once delivered to the target cells, the plasmid is released
into the cytoplasm [17, 18]. The magnetic nanoparticles
accumulate in endosomes and/or vacuoles [18]. Over time,
the nanoparticles are degraded and the iron enters normal
iron metabolism [19]. An influence of magnetic nanopar-
ticles on cellular functions has not been reported yet.
However, in most cases, the increased iron concentration in
culture media does not lead to cytotoxic effects [7].

Plasmid DNA

a Plasmid DNA

-Magnetic nanoparticle complex

\O N
Magnetic nanoparticle @

o

Bottom of
the culture dish

Fig. 1 Nanoparticle transfection method and cationic coating: a Plas-
mid-conjugated magnetic nanoparticles moved to the cell surface on
the magnetic sheet upon application of magnetic force. Then, the
magnetic force drove this complex toward and into the target cells.
b Magnetic nanoparticles (y-Fe,Os3, d = 70 nm) (CIK NanoTek Inc.)
were coated with deacylated polyethylenimine max linear (PEI max)
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In this study, we coated the transfection reagent, PEI
max, on the surface of magnetic nanoparticles and applied
a gene vector using PEI max-nanoparticles for a highly
efficient transfection method. Our results indicate a high
level of expression of the transfected gene in living cells
using the plasmid-conjugated PEI max-nanoparticles.

Materials and methods
Materials

Magnetic nanoparticles (y-Fe,O3;, d = 70 nm) were pur-
chased from CIK NanoTek. PEI max linear (MW 25,000)
was purchased from Polysciences Inc. FuGENE HD was
purchased from Roche Diagnostics. Deionized water was
purchased from Gibco. Magnetic sheet (160 mT), and
neodymium magnet (130 mT) was purchased from Magna
Co. Ltd.

Preparation of the PEI max-nanoparticles

The magnetic nanoparticles (1.0 g) were dissolved in 30 ml
of PEI max solution (1.6 mg PEI max/ml). The mixture was
sonicated for 2 min (40 W) on ice, and 20 ml of deionized
water was added (final concentration 1.0 mg PEI max/ml).
The ferrofluid was centrifuged at 4,100x g for 5 min. The
supernatant fluids were harvested and transferred into a
fresh tube. This fluid was washed twice by deionized water
and resolved into an equal volume of the PEI max solution
(1.0 mg PEI max/ml). Magnetic nanoparticles in this fluid

~¢ N

CI" H

Polyethylenimine max, linear
(PEI max)

Magnetic PEI max-coated
nanoparticle magnetic nanoparticle
(y-Fez203) (PEI max-nanoparticle)

(MW 25,000) (Polysciences Inc.), known as a dispersive agent, and
transfection reagents. The surface of the PEI max-nanoparticle was
positively charged. Nanoparticles and plasmid formed complexes by
ionic interaction of the negatively charged plasmid and the positively
charged surface of the PEI max-nanoparticle



J Artif Organs (2011) 14:215-222

217

were coated with PEI max and dispersed in PEI max solu-
tion or deionized water.

Measurement of PEI max-nanoparticle size
and (-potential

The size of the PEI max-nanoparticles was measured with a
laser light-scattering method using a fiberoptics particle
analyzer (FPAR-1000, Otsuka Electronics). The measure-
ment was performed in triplicate, and median size and
range of size distribution were obtained. The {-potential of
the PEI max-nanoparticles was determined with electro-
phoretic  light-scattering spectrophotometer (ELSZ-2,
Otsuka Electronics).

Charge characteristics of PEI max-nanoparticle

PEI max-nanoparticle (100 pg) and each weight of plasmid
(2,000, 1,000, 750, 500, 375, 250, 188 ng) were mixed in
deionized water or PEI max solution (1 mg/ml). Each
solution were reacted for 1 h at room temperature.

Plasmid DNA was bound to PEI max-nanoparticles

Plasmid DNA (5 pg) was reacted with various weights of
PEI max-nanoparticles (0-1.8 mg/tube) in deionized water
for 15 min at room temperature. Then, the reaction mix-
tures were centrifuged at 12,000x g for 15 min and were
formed in a sol-like precipitation in the lower layer. The
concentration of DNA in the upper layer (hyaline layer)
was determined by NanoDrop 1000 spectrophotometer
(Thermo Scientific). The relative concentration of plasmid
DNA treated without PEI max-nanoparticles was regarded
as 100%.

Cell culture

P19CL6 cells (CL6 cells) from a mouse embryonic carci-
noma cell line were grown on 100-mm dishes (Becton-
Dickinson) in alpha-minimum essentioal medium (MEM)
(Nacalai Tesque) supplemented with 10% fetal bovine
serum (FBS) (JRH Bioscience Inc.), penicillin, and strep-
tomycin (Gibco), and were maintained in a 5% carbon
dioxide (CO,) atmosphere at 37°C.

Transfection procedure using PEI max-nanoparticles

CL6 cells were seeded at 1 x 10° cells/well in six-well
plates (Becton-Dickinson) 18 h before transfection.
Immediately before transfection, cells were rinsed and
supplemented with fresh culture medium (1 ml). The PEI
max-nanoparticles (in 1 mg PEI max/ml solution) were
mixed with 2.0 ug of the plasmid [pCAGGS-enhanced
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green fluorescent protein (EGFP), the modified pCAGGS
expression vector [20], weight ratio PEI max:plas-
mid = 3:1] and incubated in the deionized water at final
volume of 50 pl at room temperature for 15 min. The
complexes were added to the CL6 cells on a magnetic sheet
various times (0, 0.5, 1, 4, and 24 h). Forty-eight hours
after transfection, CL6 cells were evaluated; 1 mg/ml of
PEI max solution was used as a positive control.

Quantitative real-time reverse transcriptional (RT)-PCR

Total RNAs from CL6 cells were extracted using ISOGEN
(Nippon Gene). To perform quantitative real-time poly-
merase chain reaction (PCR) assay, total RNA (1 pg) was
reverse-transcribed using random hexamer and the Prime-
Script RT reagent kit (TaKaRa). Quantitative real-time
reverse transcriptional (RT)-PCR was performed on Line-
Gene (BioFlux), using 100 ng of complementary DNA
(cDNA) in 25 pl reaction volumes with 10 nmol/l EGFP
primer and 12.5 pl of SYBR Premix Ex Taq (TaKaRa).
PCR primers for the gene of EGFP and Gapdh were
designed to amplify each cDNA using the sense primer
(5'-CCGACCACATGAAGCAGCAC-3) and the reverse
primer (5'-CTTCAGCTCGATGCGGTTCAC-3") for the
EGFP, and the sense primer (5'-TGCGACTTCAACAGCA
ACTC-3") and the reverse primer (5'-CTTGCTCAGTGTC
CTTGCTG-3') for the Gapdh. Calculations were auto-
matically performed by fluorescent quantitative detection
system software (BioFlux).

Nanoparticle cytotoxicity

Alamar Blue [21] was used to measure cell proliferation and
metabolic activity as an oxidation-reduction indicator. After
48 h of PEI max or PEI max-nanoparticle exposure, 900 pl of
medium from each condition was transferred into a 24-well
flat-bottomed plate. One hundred microliters of Alamar Blue
(AbD Serotec) was added to each well, and the well plate was
incubated for 3 h at 37°C. Fluorescence was measured at
570/600 nm in a Viento multispectrophotometer reader
(Dainippon Pharmaceutical). The relative absorbance of CL6
cells without any treatment is regarded as 100% (it is indicated
as a percent control in Fig. 4c).

Flow cytometric analysis

To count the numbers of EGFP-positive cells using PEI
max-nanoparticles (0.8 pg/well in a six-well plate) on a
magnetic sheet for 4 h (PEI max alone as a positive con-
trol), a Cytomics FC500 (Beckman Coulter Inc.) was used,
and data were analyzed with FlowJo Ver.7 (Tree Star Inc.).
Each sample was compared with negative control cells
(without treatment).
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Statistical analysis

Results, shown as the mean =+ standard error (SE), were
compared by analysis of variance (ANOVA) followed by
Scheffe test (http://chiryo.phar.nagoya-cu.ac.jp/javastat/
JavaStat-j.htm), with P < 0.05 considered significant.

Results
Characterization of PEI max-nanoparticles

Magnetic nanoparticles were well coated with PEI max and
were highly dispersed in PEI max solution (1 mg/ml) or
deionized water. Secondary size of the PEI max-nanopar-
ticles was approximately 121.32 &+ 27.36 nm (Fig. 2A).
To evaluate stability in PEI max solution (1 mg/ml) or
deionized water, we measured the {-potential of PEI max-
nanoparticles, which was +45.53 mV in PEI max solution
and +30.05 mV in deionized water. The PEI max-nano-
particles were aggregated by magnetic force (Fig. 2Ba) and
quickly redispersed by vortex (Fig. 2Bb). Time-lapse
photography (30 s/s) shows that magnetic nanoparticles
were gradually removed at the site of the neodymium
magnet (right side of the tube) for 2 h (magnetic nano-
particles for transfection: http://www.youtube.com/watch?
v=Hyjfc4moHK4). These nanoparticles in PEI max solu-
tion were not aggregated without magnetic force. To avoid
aggregation of plasmid-attached PEI max-nanoparticle
caused by charge neutralization, it was necessary that their
weight ratio was approximately 1:400 (Fig. 2C). In gen-
eral, 1-2 pg of plasmid per well was mixed with the
transfection reagent such, as PEI max, and FuGENE HD
into six-well plates. However, too much (400-800 pg of
nanoparticle per well) caused inhibition of transfection
(described later). To solve the problem, we decided to use
in 1 mg/ml of PEI max solution as a solvent. As a result,
each concentration of the plasmid did not aggregate with
PEI max-nanoparticle (Fig. 2Bb). To evaluate whether the
plasmid DNA was attached to PEI max-nanoparticles in
deionized water, we reacted PEI max-nanoparticles with
plasmid DNA for 15 min at room temperature. Measuring
the concentration of plasmid DNA in the upper layer
(hyaline layer), the weight of PEI max-nanoparticles was
reduced in a dependent manner (Fig. 2D).

Transfection efficiency using PEI max-nanoparticles
and magnetic sheet, and viability of the CL6 cells
treated with PEI max-nanoparticles

CL6 cells were transfected with pCAGGS-EGFP and PEI

max alone as a positive control (Fig. 3a) and pCAGGS-
EGFP and PEI max-nanoparticles (Fig. 3b) at 48 h after

@ Springer

81

transfection. Many EGFP-positive cells were observed
among CL6 cells transfected with PEI max-nanoparticles
compared with those transfected with PEI max. To evaluate
the optimum condition of transfection using PEI max-
nanoparticles, quantitative real-time RT-PCR was per-
formed at 48 h after transfection. The optimum condition
of transfection was a concentration of 0.8 pg/well (Fig. 4a)
on a magnetic sheet for 4 h (Fig. 4b). EGFP gene
expression level was reduced under transfection of excess
magnetic nanoparticles (7.5 pg/well) (Fig. 4a) and pro-
longed time on the magnetic sheet (24 h) (Fig. 4b). EGFP
expression in CL6 cells transfected with PEI max-nano-
particles was increased approximately two to fourfold
compared with those transfected with PEI max. The via-
bility of CL6 cells treated with PEI max-nanoparticles, as
measured by Alamar Blue assay, did not differ between
cells treated with/without PEI max alone (Fig. 4c).

Number of EGFP-positive cells by flow cytometric
analysis

Forty-eight hours after transfection using PEI max alone
or PEI max-nanoparticles, we examined the number of
EGFP-positive cells (total 10,000 cells) by flow cyto-
metric analysis. Compared with the negative control
(untreated CL6 cells), 42.2 + 8.5% of cells treated with
PEI max alone (Fig. 5a), 81.1 &+ 4.0% of cells treated
with 0.8 pg of PEI max-nanoparticles per well on the
magnetic sheet for 4 h (Fig. 5b), and 13.9 £ 1.1% of
cells treated with FuGENE HD (Fig. 5c¢) expressed
EGFP. The number of EGFP-positive cells was signifi-
cantly increased (approximately twofold) using PEI max-
nanoparticles.

Discussion

In this study, to express target gene with high efficiency
and low cytotoxicity, we focused on PEI max and magnetic
nanoparticles (y-Fe,O3). Many researchers have reported
various transfection methods using PEI and magnetic
nanoparticles, such as y-Fe,O3, and superparamagnetic iron
oxide nanoparticle (used as magnetic resonance imaging
contrast agents) (Table 1). However, these methods had a
low transfection efficiency [14, 15], combined with virus
(adenovirus, or retrovirus) [15], and high cytotoxicity (low
cell viability) [13] and may therefore have little effec-
tiveness for clinical use.

The expression level of the EGFP gene was reduced
under transfection of excess magnetic nanoparticles
(7.5 pg/well) (Fig. 4a). This result may indicate that a high
concentration of PEI max-nanoparticles formed the large
agglutinate complexes with plasmid DNAs [22, 23]



