Visible DDS for Diagnosis and Therapy of Solid Tumors

 emn o e

A ~#-DACHP! in micefles, n =4 ~#-Gd-DTPA in micelles, n =4
- Oxaliplatin, n=4 2 ~“-Gd-DTPA, n=4
100 10°
-~ = 10 |
E 0 E, \.\‘\
g 5 10!
2 1 & 102
g g 103
£ 10
108
0.01 108!
5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h}
Figure 3. In vivo b§f\a\lior of Gd-DTPA/ B & DACHPY in micelles; n =4 & G4-DTPA in mi . ne4 |
DACHPt-loaded micelles. A, left, plasma 161 .3 Oxaliplatin, n =4 3; 0 GA-DTPA, n=4 |
clearance of Pt drugs after i.v. injection of T 14 T i~ ‘
oxaliplatin and Gd-DTPA/DACHPt—loaded E i ! g 25 1
micelles; right, plasma clearance of Gd i 12 | =
complexes after i.v. injection of Gd-DTPA = 10 — .8 < 2 g
and Gd-DTPA/DACHPt-loaded micelles. g . g
B, left, accumulation of Pt drugs in the C-26 8 - = 15 T z
tumor after i.v. injection of oxaliplatin or g [ oy T -
Gd-DTPA/DACHPt-loaded micelles; right, g 4 ‘é
accumulation of Gd complexes in C-26 S g5
tumors after i.v. injection of Gd-DTPA & 2" - 3
or Gd-DTPA/DACHPt-loaded micelles. olo— BB e Lo o S R
C, left, in vivo MRI series of T;-weighted 0 5 10 15 2 B o 5 10 15 20 25
transaxial slices of G-26 subcutaneous Time (h) Time (h)
tumor after i.v. injection of Gd-DTPA/ —
DACHPt-loaded micelles or Gd-DTPA at [ g C.] Mwl;;A
5 pymol/kg Gd-DTPA. Right, top, g 02 0D
tumor-to-muscle intensity ratio for the Micelles E
micelles and Gd-DTPA at 5, 60, and 5 min ‘g‘
180 min; bottom, relative intensity - 5
enhancement in the tumor after i.v. o %o
injection of Gd-DTPA/DACHPt-loaded [ g9
micelles or Gd-DTPA at 5 pmol/kg T "7:;' < g
Gd-DTPA. 3 % £
§
0
£ Smin 60 min 180 min
-#- Micelies
£ <1 Gd-DTPA
=130
% —
2120
£ 10
o
E
0 100 200 300 400
Time. (min)

distribution of heme proteins. Accordingly, the PECAM-1-
positive area from the immunofluorescence microscopy
(Fig. 6A) showing the existence of endothelial cells is consis-
tent with this Fe-rich area (Fig. 6B). The K-rich regions pos-
sibly correspond to pancreatic cancer cells because K is a
cofactor required to obtain maximum activity of the pyruvate

kinase, an enzyme involved in glycolytic energy production,
which has been observed in carcinoma tissue of the pancreas
(31). The Gd as well as the Pt atoms located at those K-rich
areas suggest the selective tumor accumulation of Gd-DTPA
and DACHPt. Moreover, the colocalization of the Gd-DTPA
and DACHPt confirms the high potential of Gd-DTPA/
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Figure 4. In vivo behavior of Gd-DTPA/DACHPt-loaded micelles on an orthotopic pancreatic cancer (BxPC3). A, in vivo MRI series of T;-weighted
transaxial slices of mice after i.v. injection of Gd-DTPA/DACHPt-loaded micelles or Gd-DTPA at 5 umol/kg. B, relative MRI intensity in each organ after

i.v. injection of Gd-DTPA/DACHPt-loaded micelles at 5 umol/kg Gd-DTPA or i.

. injection of Gd-DTPA at 5 pmol/kg. C, the Gd-DTPA/DACHPt—loaded

micelles and Gd-DTPA accumulation in the BxPC3 tumor 4 h after i.v.

(n=4).D, top, findings of pic BxPC3-bx

BALB/c nude mice after MRI acquisition. Scale bar, 1 cm. Pancreatic cancer (T), liver (L), kidney (K), and spleen (S). Middle, the pancreatic tumor
after excision with spleen and normal pancreas. Scale bar, 0.5 cm. Bottom, microscopic findings (H&E staining) of the pancreatic cancer (T) and normal

pancreatic tissue (P). Scale bar, 100 ym.

DACHPt-loaded micelles to assess the distribution of the an-
ticancer drug at the tumor site by MRL

Discussion

Pancreatic cancer has one of the worst prognoses among
cancers (32). The high mali of p ic ad ci-
noma prompts the destruction of the surrounding tissue,
whereas the lack of serous membrane in healthy pancreas
cannot prevent the dissemination of cancer cells. The micro-
environment characteristics of the pancreatic adenocarcino-
ma, including hypovascularity and thick fibrosis, prevent the
accumulation of drugs in the tumor tissue (33). Moreover,
the anatomic position of the pancreas in the deep retroper-
itoneal space makes early detection difficult. Although com-

puted tomography is widely used for the evaluation of
pancreatic carcinoma in the clinical setting, MRI may better
predict the therapeutic efficacy and the prognosis in patients
with pancreatic cancer because of its superior contrast reso-
lution of noncontour deforming lesions of the pancreas,
small liver metastases, and peritoneal disseminations (34).
Thus, the outstanding contrast enhancement achieved by
Gd-DTPA/DACHPt-loaded micelles on this tumor model
suggests the great potential of this modality for the clear de-
tection of the lesions in the abdominal cavity and the facile
recognition of the carcinomas of the pancreas as distinct
from the surrounding internal organs by MRIL.

The exceptionally bright contrast achieved by Gd-DTPA/
DACHPt-loaded micelles can be attributed to the enhanced
accumulation of the micelles at the tumor site and to the
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augmentation of the relaxivity of the Gd-DTPA in the core of
the micelles. The amount of Gd-DTPA delivered by the mi-
celles in the orthotopic pancreatic tumor was >3% of the
injected dose after 4 hours. Because the r, of Gd-DTPA in
the micelles is 24 times higher than that of free Gd-DTPA,
the resulting contrast enhancement probably mimics a much
higher accumulation level. In this regard, it has been reported
that the r; of Gd-based MRI contrast agents increases after
binding with polymers or proteins due to the flexibility reduc-
tion per Gd molecule and the increase of the rotational corre-
lation time (7y; ref. 35). Moreover, Livramento and colleagues
(36) suggested that an Fe/Gd chelate, a metallostar Fe{Gda(bi-
pyridine(diethylenetriaminetetraacetic acid)y(Hy0)4)s}*
structure, showed a high relaxivity because the inner-sphere
water molecules presented an exch rate (7,,) close to the
optimal value in addition to the increasing 7. In our system,
the formation of the Gd-DTPA/DACHPt-loaded micelles
probably combined an increase of the 7y and the optimization
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of the 7, in the hydrophobic environment at the micelle core,
leading to the increase in relaxivity. Further studies are need-
ed to establish the mechanism of the relaxivity enhancement
of Gd-DTPA/DACHPt-loaded micelles, and they are currently
under way in our laboratory.

The construction of macromolecular MRI contrast agents
has been an attractive strategy to achieve diagnostic agents
with extended blood circulation. Nevertheless, for Gd-based
contrast agents, this approach could increase the risk
of toxicity due to the prolonged tissue exposure to those
macromolecules and the potential release of Gd** ions.
Thus, the lation of high- ation dendrimer con-
trast agents in the healthy tissues might potentiate the
nephrotoxicity and hepatotoxicity risks (37). Accordingly,
only 20% of the injected dose of a generation 4-based
PAMAM-Gd contrast agent was excreted from the body
during the first 2 days, showing transient lation in
the renal tubules. In contrast to this, the biodistribution of
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Tumor size
is reduced

Increased
intensity at
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Figure 5. In vivo antitumor activity of Gd-DTPA/DACHPt-loaded micelles on orthotopic pancreatic cancer model (BxPC3) assessed by volumetric MRI.
A, effect of Gd-DTPA/DACHPt-loaded micelles (8 mg/kg on Pt basis) and Gd-DTPA (30 mg/kg) injected i.v. at day 0, 4, 11 and 18 on the growth of
BxPC3 tumors. B, left, weight of the whole pancreas for mice treated with the micelles or Gd-DTPA at day 18 on the antitumor experiment; right,
macroscopies of the excised pancreas after treatment with the micelles or Gd-DTPA. C, MRI at days 0 and 18 of a tumor-bearing mouse treated with
Gd-DTPA/DACHPt-loaded micelles. The tumor size was 89 mm® at day 0 and 5 mm® at day 18.
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Figure 6. Intratumoral distribution of Gd-DTPA/DACHPt—loaded micelles in orthotopic BxPC3 tumors. A, immunofiuorescence microscopy of tumor
sections 4 h after injection of the micelles. The cell nuclei were stained with Hoechst, and the blood vessels were marked with PECAM-1 antibody. Scale
bars, 100 ym. B, K, Fe, Pt, and Gd distribution in a tumor section including normal pancreatic tissue determined by u-SR-XRF. Scale bars, 100 pm.

Gd-DTPA/DACHPt-loaded micell led | accu-
mulation of Gd-DTPA in normal tissues. Moreover, the Gd-
DTPA released from the micelles probably is rapidly excreted
from the body because of the relatively fast plasma clearance
of low-molecular weight Gd-DTPA, thus eliminating the
risk of undesired toxicity.

The real-time observation of drug distribution can in-
crease the accuracy of treatment and enable practitioners
to obtain feedback on the therapeutic efficacy at an earlier
stage, and promptly adjust the treatment strategy. Gd-
DTPA/DACHPt-loaded micelles might be helpful for directly
assessing the distribution of the anticancer drugs at early
stages by MRL In this study, the p-XRF results showed that
the delivered Gd-DTPA and DACHPt were colocalized and
uniformly distributed within the pancreatic tumors, whereas
there was no drug ion in healthy p sup-
porting the strong diagnostic and anticancer effect of the mi-
celles (Fig. 6B, Pt and Gd). Moreover, the chemotherapy
regimens are given in periodic cycles, for example, one cycle
every 2 weeks during 12 weeks in FOLFOX (folinic acid, fluo-
rouracil, and oxaliplatin) regi for the t of colo-

Gd-DTPA/DACHPt-loaded micelles will have significant im-
plications in the design and development of advanced multi-
functional nanomedicines with great potential for clinical
application as visible DDS.
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rectal cancer. By using Gd-DTPA/DACHPt-loaded micelles,
the tumor size can be followed up in real-time by imaging
at the day of the drug administration. Consequently, the
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Abstract: We descnbe the develop and application of intravital
confocal micro- to visuali distribution, and
clearance of drugs wnthm vanous tissues and organs. We use a Nikon AIR

focal laser pe system hed to an upright ECLIPSE
FN1. The Nikon AIR allows simultaneous four channel acquisition and
speed of 30 frames per second while maintaining high resolution of 512 x
512 scanned points. The key techniques of our intravital imaging are (1) to
present a flat and perpendicular surface to the objective lens, and (2) to
expose the subject with little or no bleeding to facilitate optical access to
multiple tissues and organs, and (3) to isolate the subject from the body
mo without pressing the blood vessels, and (4) to insert a tail
vein catheter for timed injection without moving the subject. Ear lobe
dermis tissue was accessible without surgery. Liver, kidney, and

b tumor were d following exteriorization through skin
incision. In order to image initial ions of compounds into tissue
followmg mtravenous mjecnon, movne acquisition was initialized prior to
drug 2 ion. Our que can serve as a powerful tool for

ing biological mechanisms and functions of i y inj
drugs, with both spaual and temporal resolution.
© 2010 Optical Society of America
OCIS codes: (170.1790) Confocal mi py; (170.2655) Functional and imaging.
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Introduction

In vivo imaging has received much attention in recent years, as it can elucidate the complex
biological and pathological events within a living animal. Although histological examination
of excised tissues has long served as a fundamental approach for tissue analysis, intravital
confocal microscopy provides instant histopathology at the cellular and subcellular level and
therefore is ideal for investigating dynamic events involved. Here we describe the
development and application of intravital confocal micro-videography to visualize entrance,
distribution, and clearance of drugs within various tissues and organs. In order to image initial
extravasations of compounds into tissue following intravenous injection, movie acquisition
was initialized prior to drug administration. Many groups have adapted commercial confocal
microscopes for intravital imaging, but they often use conventional galvano scanners with
slow acquisition speed. Progressive groups build confocal and/or multi-photon microscopes
and even microendoscopes with rapid scanning systema in-house to achieve video-rate
imaging [1-3].

Table 1. C i il rapid ing confocal mi: P
Maximum Frame Number of
Vendor Product Name  Scanning System Rate at 512 x 512 Simultaneously
Pixels Detectable Channels
Nikon AIR Resonant Scanner 30 fps 4
Leica
Microsystems TCS SP5 11 Resonant Scanner 25 fps 5
Carl Zeiss LSM 7 LIVE Linear Scanner 120 fps 2
Yokogawa 2 Nipkow spinning
Electric CSU-X1 disk 2000 fps 3
Olympus DSU S"g‘:;'f‘gc‘;‘s" 15 fps 1

Recently, several rapid scanning confocal microscopes became commercially available
(Table 1). Although all vendors primarily recommend use of their products with an inverted
configuration (optimized for live cell imaging), combination with an upright microscope has
advantages for intravital imaging. Here, we attached a Nikon AIR confocal laser scanning
microscope system to an upright ECLIPSE FNI to acquire video images. The AIR
incorporates both a conventional galvano scanner and also a high-speed resonant scanner,
which allows an acquisition speed of 30 frames per second and simultaneous four channel
detection, while maintaining high resolution of 512 x 512 scanned points.Our technique
consists of the following essential features:

(1) Front-end design presenting a flat and perpendicular surface against the objective
lens;
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(2) Exposure surgery with little or no bleeding to facilitate optical access to multiple
tissues and organs;

(3) Stabilization of the sample to isolate from the body without P
the blood vessels;
(4) Tail vein catheterization for timed injection during data acquisition, without moving
the subject;
Our technique is parti ly effective for igatil the dynamic and plex events
that occur i diately foll g drug i igated the infl of

molecular weight on phannaookmeuc behavnor by lmagmg the ear lobe dermis. We also
investigated the accumulation of pDNA within liver tissue by hydrodynamic mjectmn Kidney

and tumor tissues were imaged to observe renal ion and tumor

Results and discussion

During the develop of a promising drug delivery system, there is a strong need to
ly grasp the i ital behavior of the admini: d drugs [4,5]. We investigated the

influence of molecular weight on pharmacokinetic behavior using fluorescein (MW = 332)
and fluorescein-labeled dextrans (FD) with average molecular weights of 10-, 40-, and 500
kDa (Fig. 1). Fl in and FDs demc d different pharmacokinetics [Fig. 1(c), 1(e),
Media 1, Media 2, Media 3, and Media 4]. Arterial entrance was observed 10 seconds after
injection, followed by venous migration 30 ds after i i in diffused into
extravascular tissue concurrently with venous migration. FD 10 kDa gradually lranslocaled
into extravasculature tissue 10-15 mi after inj and ly ge was
observed after 20 minutes. FD 70- and 500 kDa remained in the vasculature during the entire
60-minute observation period. Our confocal micro-videography technique is superior to
conventional methods used to study plasma clearance in regard to the number of animals
needed to generate a clearance curve and also the ability to obtain more information from a
single expenment Conventional protocols used in plasma clearanoe studies requu'e blood
extraction at various post-injection time points, using multiple ani In

confocal micro-videography yields 30 time points per seconds before, during, and after the
injection. Moreover, our technique provides spatial resolution so that we can individually
investigate multiple regions such as arteries, veins, extravascular tissue, lymphatic vessels,
and even cells and nuclei if desirable [Fig. l(d)] For long-term plasma clearance studles,
however, we still perform ional ion with our techniqy
prolonged anesthesia periods longer than five hours are not practical.
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Fig. 1. (a) The earlobe is an excellent location for intravital confocal micro-videography —*
because blood vessels are easily observed in the dermis and the ear is easily accessed and
positioned in the imaging apparatus. (b) Earlobe was attached to the coverslip with a small drop
of immersion oil. (c) Fluorescein, FD 10-, 70-, and 500 kDa were administered via tail vein
catheter 10 seconds after movie acquisition was initiated. Video-rate (30 fps) movies were
recorded for the first minute, and subsequent time-lapse images were recorded every minute for
an additional 60 minutes. The arrow indicates lymphatic drainage. Obtained data sets were
further processed using Nikon NIS-Elements C software. Image size: 645.50pm x 645.50um.
(d) Three regions of interest (ROI) are selected respectively as an artery (red), vein (blue), and
extravascular skin tissue (green). Image size: 645.50pm x 645.50pm. (¢) Fluorescence inu:nsity
in these ROIs plotted against time. All movies are provided as supplementary movie files
(Media 1, Media 2, Media 3, and Me

The liver is a vital organ that has a wide range of functions, including detoxification,
protein synthesis, storage, and production of bile. Real-time imaging of liver dynamics and
small changes in hepatocytes will provide insight to poorly understood processes that occur in
the liver. We applied our real-time imaging technique to observe the accumulation of pDNA
within liver tissue by hydrodynamic injection [Fig. 2(a)]. Delivery of pDNA by hydrodynamic
injection involves rapid tail vein injection of a large volume of pDNA solution and efficient
accumulation of pDNA in the liver is reported [6,7]. This method has been widely utilized by
the gene therapy community for evaluating therapeutic activities of various genes [89].
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Following normal injection, pDNA flowed into the hepatic lobule from the hepatic artery,
through the sinusoids, and towards the central vein (Media 5). After 20 minutes, pDNA was
observed adjacent to vessel walls, but was rarely transferred into hepatic cells. In contrast,
hydrodynamic injection of pDNA resulted in initial flow into the hepatic lobule from the
hepatic artery, but the flow stopped at the sinusoids. After 50 seconds, pDNA appeared from
the central vein, indicating retrodynamic blood flow. Blood flow oscillated back and forth
within the sinusoids, indicating that the blood pressure of central and portal vein remained in
equilibrium, which lasted as long as 3 minutes (M 6). During the 30-minute period after
injection, pDNA was observed in more hepatic cell nuclei by hydrodynamic injection than
normal injection. It has been hypothesized that hydrodynamic injection generates
retrodynamic blood flow from the central vein [10-12]. This hypothesis was well described
by performing dual pressure detector system of the portal vein and inferior vena cava, and is
further supported by our results obtained by direct imaging of the hepatic lobule.

10sec 20sec 25sec 90sec 3mis Smin 10min 20min 30min (60x)

D..ﬁﬁ..

20sec 2586

d)

HD (Enta

30sec 3586

40sec 458eC 50sec 5656C 60sec

FD 10 kDa gy

Hoechst  Evans Blue

Merged

Fig. 2. (a) Intravital confocal micro-videography of the mouse hepatic lobule. Hoechst (blue)
was intravenously injected 15 minutes before imaging Cy5-labeled pDNA (red) were normally
or hydrodynamically (HD) injected via tail vein catheter 10 seconds after movie acquisition

was initiated (Media 5 and Media 6). Image frames were extracted from both videos at
identical time points for comparison. Image size: 645.50pm x 645.50um. Zoomed pictures
were taken 30 minutes after injection. Image size: 212.13pm x 212.13um. Hoechst channels are
shown at 10 sec and 30 min for histological comprehension. Arrows indicate reverse blood
flow from central vein. Arrowheads indicate nuclei that pDNA were successfully transferred.
(b) Intravital confocal micro-videography of mouse kidney tissue. Hoechst (blue) and Evan’s
Blue dye (red) were intravenously injected 15 minutes and 5 minutes before imaging,
respectively. FD 10 kDa (green) were administered via tail vein catheter 10 seconds after
movie acquisition was initiated (Media 7). Image size: 645.50pum x 645.50um.
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To further demonstrate the feasibility of our technique, kidney and tumor tissues were
imaged to observe renal excretion and tumor extravasation. Deeper kidney structures such as
glomeruli could not be imaged because renal tissue highly absorbs and scatters light [13].
Although the imaging of the renal cortex was limited to shallow features such as proximal and
distal tubules and capillary vessels, we still could evaluate glomerular filtration indirectly
[Fig. 2(b)]. FD 10 kDa flowed into the capillary blood vessels and proximal tubules at the
same time, which indicate that FD 10 kDa were immediately filtered by glomerulus. FD 10
kDa flowed into the distal tubules shortly afterward, until all the tubules were filled. The
albumin - Evan’s blue dye complex remained in blood circulation throughout the study for 60
minutes. Observation of the albumin - Evan’s blue dye complex also depicted tumor
vasculature [Fig. 3(a)]. Multiple frames were merged to produce a wide-area image
[Fig. 3(b)].

10sec 30sec 50sec 70sec 90sec

a
b

Fig. 3. (a) Intravital confocal mi i of HeLa*H2BGFP tumor.
Evan’s blue dye was administered via tail vein catheter 10 seconds after movie acquisition was
initiated. Image frames were extracted from the video at indicated time points. Image size:
212.13pm x 212.13um (b) Motorized XY stage enables ‘large image acquisition’ feature of the
Nikon NIS-Elements C software. Multiple frames were automatically captured in sequence and
merged to produce a wide-area image. Scale bar: 1 mm.

Arterial entrance, venous migration, extravasation into tissue, and clearance was directly
observed within various tissues and organs. The intravital confocal micro-videography
technique described here is useful for investigating biological mechanisms and functions in
both spatial and temporal resolution. Our technique is particularly effective for investigating
the dynamic and complex events that occur immediately following drug administration, such
as first path effects, site-specific drug accumulation, blood circulation and metabolism
behavior.

Materials and methods
Microscope

All picture/movie acquisitions were performed using a Nikon AIR confocal laser scanning
microscope system attached to an upright ECLIPSE FN1 (Nikon Corp., Tokyo, Japan). The
AIR incorporates both conventional a galvano scanner and also a high-speed resonant
scanner. The resonant scanner allows an acquisition speed of 30 frames per second while
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maintaining high resolution of 512 x 512 scanned points. Modification of the ECLIPSE FN1
was necessary for intravital imaging because this upright microscope is originally designed
for imaging thin, sectioned slices, and not for live animals. The trans-illumination unit
(halogen lamp, condenser, sub-stage and turret) was removed entirely from the microscope, as
confocal imaging never requires transmitted light, which allowed for more space between the
microscope stage and the objective lens. The motorized stage was set as low as possible onto a
customized framework, and a custom-designed height-adjustable mouse stage was fixed onto
the motorized stage. Small temperature controller (Thermoplate; Tokai Hit Co., Ltd.,
Shizuoka, Japan) was integrated to the mouse stage [Fig. 1(a)]. For sample imaging, a custom-
designed height adjustable coverslip holder is placed onto the tissue of interest to provide a
flat surface for the objective lens [Fig. 1(b)]. The coverslip must be perpendicular to the
objective lens, tightly fixed, and rigid enough so that the tissue of interest will not move
during the imaging, but not so tight as to restrict blood flow. The detailed blueprint of the
custom-designed mouse stage and the coverslip holder (fabricated and assembled by Sigma
Koki Co. Ltd., Tokyo, Japan) will be provided upon request.

Fluorescent reagents

Hoechst 33342 dye (8 mg/kg in PBS, Lonza Group Ltd., Basel, Switzerland) was used to stain
the nuclei of cells present in circulation and in the perivascular space. Evans Blue dye (8
mg/kg in PBS, Wako Pure Chemical Industries, Ltd., Osaka, Japan), which binds to plasma
albumin, was used to stain the vasculature. Fluorescein (4 mg/kg in PBS, molecular weight of
332.31, Alcom Japan, Ltd., Tokyo, Japan) and fluorescein-labeled dextrans with average
molecular weights of 10k, 70k, 500k (Invitrogen Corporation, Carlsbad, CA, USA) were used
to study molecular weight-dependent pharmacokinetics. For the comparison study of normal
and hyrodynamic injection, psFLT-1 plasmid DNA was labeled with Cy5 using Label IT
Tracker Nucleic Acid Localization Kits (Mirus Bio Corporation, Madison, WI, USA).

Surgical procedures

All animal experimental procedures were executed in accordance with the Guide for the Care
and Use of Laboratory Animals as stated by the National Institutes of Health. Mice were
anesthetized with 2.0-3.0% isoflurane (Abbott Japan Co., Ltd., Tokyo, Japan) using a
Univenter 400 Anaesthesia Unit (Univentor Ltd., Zejtun, Malta). Mice were then subjected to
lateral tail vein catheterization with a 30-gauge needle (Becton, Dickinson and Co, Franklin
Lakes, NJ, USA) connected to a non-toxic, medical grade polyethylene tube (Natsume
Seisakusho Co., Ltd., Tokyo, Japan). Catheterization technique is described elsewhere
(http://imaging .bme ucdavis.edu/surgical.html). This catheterization allows multiple and
timed injection without moving the mouse during data acquisition.

Ear lobe dermis tissue was accessible without surgery and easily fixed beneath the cover
slip with a single drop of immersion oil. Tumor, kidney, or liver tissues were accessed
following exteriorization through skin incision. For tumor imaging, female BALB/c nude
mice were inoculated subcutaneously with H2B-GFP cells, which express green fluorescence
protein in cell nuclei. Tumors were allowed to mature until the size of the tumor reached 5
mm in diameter. To minimize bleeding during the surgical procedure required to present
tumors for imaging, a Surgitron (R) radio-frequency surgical device equipped with a Vari-Tip
(TM) Wire Electrode (Cat. No. A8D) (Ellman International Inc., Oceanside, NY, USA) was
used for bloodless, micro smooth incision with minimal tissue alteration.

Movie and time-lapse image acquisition

Video acquisition at a speed of 30 frames per second was performed for the indicated times,
followed by time-lapse imaging every 1 minute. Drugs were administered via the tail vein
catheter 10 seconds after video acquisition was initiated.
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Polyplex micelles fonned with plasmld DNA (pDNA) and poly(ethylene glycol) (PEG)-block-poly{N-[N-(2-
)-2 tamide} [PAsp(DET)] exhibit effective endosomal escaping properties
based on di-protonation of diamine side chains with decreasing pH, which improves their transfection
efficiency and thus are promising candidates for local in vivo gene transfer. Here, PEG-PAsp(DET) polyplex
micelles were further improved as in vivo systemic vectors by introduction of cholesterol (Chole) into the
w-terminus of PEG-PAsp(DET) to obtain PEG-PAsp(DET)-Chole. Introduction of the cholesterol resulted in
enhanced association of block copolymers with pDNA, which led to increased stability in proteinous
medium and also in the blood stream after systemic injection compared to PEG-PAsp(DET) micelles. The
synergistic effect between enhanced polymer association with pDNA and increased micelle stability of
PEG-PAsp(DET)-Chole polyplex micelles led to high in vitro gene transfer even at relatively low
concentrations, due to efficient cellular uptake and effective endosomal escape of block copolymers and
pDNA. Finally, PEG-PAsp(DET)-Chole micelles achieved significant suppression of tumor growth
following intravenous injection into mice bearing a subcutaneous pancreatic tumor using therapeutic
PpDNA encoding an anti-angiogenic protein. These results suggest that PEG-PAsp(DET)-Chole micelles can
be effective systemic gene vectors for treatment of solid tumors.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

characteristics as in vivo gene vectors [9,10]. The biocompatible
PEG shell layer surrounding the polyplex core contributes to high

As expectations for gene therapy increase, so have efforts to
develop non-viral vectors with high transfection ability and low
toxicity [1,2]. Polyplexes, which are composed of polycations and
plasmid DNA (pDNA), are expected as alternatives to viral vectors
due to the fine-tuned properties for specific applications by
altering the structure of the polycation used for polyplex forma-
tion [3—5]. Polyplex micelles formed with poly(ethylene glycol)
(PEG)-block-polycation block copolymers and pDNA are particu-
larly promising candidates [6—8], due to their excellent
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of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656,
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colloidal stability, allows micelles to maintain their initial size of
approximately 100 nm, and reduces non-specific interactions with
blood components, which are all desirable properties for systemic
administration.

Recently, we reported that polyplex micelles prepared with
pDNA and PEG-block-poly{N-|[N-(2-aminoethyl)-2-aminoethyl]
aspartamide} [PEG-PAsp(DET)] [11] achieved successful in vitro
transfection of primary cells due to effective endosomal escape of
PDNA contained in the micelle core. The PAsp(DET), polycationic
segment of the block copolymer is characterized by a distinctive
two-step p ion behavior in T to pH and possessed
endosomal membrane-selective destabilizing capacity upon acidi-
fication [12]. Furthermore, PEG-PAsp(DET) polyplex micelles have
shown successful in vivo gene transfer by local administration in
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several animal models including: a clamped rabbit carotid artery
with neointima without vessel occlusion by thrombus [13],
a mouse skull by regulated release from a calcium phosphate
cement scaffold to induce bone regeneration through the osteo-
genic factors [14], and a rat lung pulmonary arterial hypertension
model via intratracheal administration [15]. In these cases,
however, excess block copolymers relative to pDNA (high N/P ratio)
were required to achieve high transfection efficiency, suggesting
the existence of free polymer. If free polymer plays a significant role
for gene transfer with polyplex micelles prepared from PEG-PAsp
(Dl:'l') and pDNA, the transfection efficiency under highly diluted
i such as application, could be drastically
decreased
The aim of this study was to further develop PEG-PAsp(DET)
polyplex micelles towards in vivo systemic pDNA delivery vectors.
In order to enhance the association of PEG-PAsp(DET) polymers
with pDNA and thus increase the efficiency of cellular internaliza-
tion of polymer necessary for improved endosome escaping, we
utilized both electrostatic interaction between polycations and
PDNA and hydrophobic interaction by cholesterol to form micelles
with improved stability. Specifically, cholesterol was introduced
onto the a»-tennmus of the PAsp(D]:T) seg'ment in PEG-PAsp(DET)
block ¢ Chol duction significantly increased
the number of block copolymers associating with a pDNA. In vitro
experiments were done to demonstrate improved transfection
efficiency of PEG-PAsp(DET)-Chole polyplex micelles at low N/P
ratios and under the diluted conditions compared to the control
micelles formed without cholesterol modified block copolymer.
Then, the enhanced stability by the cholesterol introduction in
blood was shown, thus allowing successful treatment of a subcu-
taneous tumor by systemic administration of micelles prepared
with PEG-PAsp(DET)-Chole and therapeutic pDNA encoding for an
anti-angiogenic protein.

2. Materials and methods

2.1 Materials
Dichloromethane (CH;Clp), NN- (DMF), tric i
(TEA), and 3-(4,5-di 2-y1)-2,5-di bromide (MTT)

were purchased from Wako Pure Chem. Co. Ltd. (Osaka, Japan). Cholesterol chior-
oformate was purchased from Aldrich Chemical Co. Ltd. (Milwaukee, WI). Dieth-
ylenetriamine (DET) was purchased from Tokyo Kasei Kogyo (Tokyo, Japan) and
distilled over CaH, under reduced pressure. DMF was dehydrated using activated
molecular sieves (4A) and distilled under reduced pressure. PEG-PAsp(DET) block
copolymer (PEG: 12,000 g/mol, polymerization degree of PAsp(DET) segment: 68)
was synthesized as previously reported [11). Alexa Fluor 680 (Alexa680) succini-
midyl ester was a product of Invitrogen (Carlsbad, CA). A Micro BCA protein assay
reagent kit was from Pierce kford, IL). The assay kit was
a product of Promega (Madison, W1). Plasmid pCAcc+Luc coding for firefly luciferase
under the control of the CAG promoter was provided by RIKEN Gene Bank (Tsukuba,
Japan), amplified in competent DH5a Escherichia coli, and then purified using
a HiSpeed Plasmid MaxiKit purchased from Qiagen Sciences (Germantown, MD).
pDNA encoding for a soluble form of VEGF receptor-1 (sFit-1) was prepared as
previously reported [16].

22 Animals

Balbjc mice (female, 8 weeks old) and balb/c nude mice (female, 5 weeks old)
were purchased from Charles River Laboratories (Tokyo, Japan). All animals were
treated in accordance with the guideline of the Animal Ethics Committee of The
University of Tokyo.

slycol)-block-
[PEG-PASp(DET)]

PEG-b-poly(B-benzyl 1-aspartate) (PEG-PBLA) (PEG: 12,000 g/mol, polymeriza-
tion degree of PBLA segment: 68) was prepared as previously reported [11]. PEG-
PBLA (210 mg) was dissolved in CH,Cl, (4 mL), followed by the addition of 11 v/v&
TEA/CH2Cl2 (200 pL) and cholesterol chioroformate (344 mg) in CHzCl; (1 mL) at
0 °C. The reaction mixture was stirred at room temperature for 24 h. The reactant
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Fig. 1. (A) The number of PEG-PAsp(DET-Alexa680) block copolymers associating with
a pDNA. (B) Transfection efficiency of PEG-PAsp(DET) polyplex micelles. Closed circles:
addition of polyplex micelle solutions prepared at various N/P ratios into the cell
culture medium. Open circles: addition of polyplex micelle solutions prepared at
a constant N/P value of 4, with separate addition of PEG-PAsp(DET) free polymer
solution into the cell culture medium to obtain the same N/P values shown in the
experiment with open circles.

benzene, to obtain PEG-PBLA-Chole (197 mg). PEG-PBLA-Chole (100 mg) was dis-
solved in DMF (4 mL), followed by reaction with DET (50 equiv. to benzyl group of
PBLA segment, 1.43 g) at 40 °C. After 1 h, the reactant mixture was slowly added to
a 20% acetic acid (13.8 mL) solution, and subsequently dialyzed against 0.01 N HCl
and finally distilled water. The final solution was lyophilized to obtain PEG-PAsp
(DET)-Chole (98 mg).

The "H NMR spectrum of each polymer was obtained with an EX300 spec-
trometer (JEOL, Tokyo, Japan). Chemical sifts were reported in ppm relative to the
residual protonated solvent peak.

24. Introduction of Alexa680 into block copolymers

Alexa680 was introduced into the side chains of both PEG-PAsp(DET) and PEG-
PAsp(DET)-Chole polymers. The typical synthetic procedure of PEG-PAsp(DET-
Alexa680) is described as follows: Alexa680 succinimidy! ester (1 mg) in 100 pL of
DMF was added to PEG-PAsp(DET) (30 mg) in 1.5 mL of 0.1 N NaHCO5 (pH 9.3) and
stirred at 4 °C for 1 hﬂwumdpolymwnptmﬁedbydhlyskaylnstdlsﬂlhd
‘water and to obtain PEG. p(]

Alexa680 into PEG-PAsp(DET)-Chole was completed slmllany uslng Alexa680 su:-
cinimidyl ester (1 mg) and PEG-PAsp(DET)-Chole (30 mg) to obtain PEG-PAsp(DET-

polymer was isolated by itation into it and ilized from

Chole (23 mg). The number of Alexa680 introduced into the strand of
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PEG-PAsp(DET) and PEG-PAsp(DET)-Chole was estimated to be 0.6 and 0.7,
respectively, using a spectrofluorometer (ND-3300, NanoDrop, Wilmington, DE).

25. Preparation of polyplex micelles

Each block copolymer and pDNA was dissolved separately in 10 mM Tris—HCI
buffer (pH 7.4) or 10 mM Hepes buffer (pH 7.3). Polymer solutions of various
concentrations were added to a two-fold excess volume of pDNA solution to form
polyplex micelles with different compositions. The final pDNA concentration was
adjusted to 33.3 pg/mL for in vitro experiments and 100 pg/mL for in vivo experi-
ments and micelle solutions were stored at 4 °C overnight prior to use. The N/P ratio
was defined as the residual molar ratio of the amino groups of PAsp(DET) units to the
phosphate groups of pDNA. The N*/P ratio was defined as the molar ratio of
protonated amino groups of PAsp(DET) units to the phosphate groups of pDNA.

2.6. Ultracentrifugation

In order to evaluate the amount of free polymer in the polyplex micelle solution,
ultracentrifugation analysis of polyplex micelles, composed of Alexa680-labeled
block copolymers and pDNA, was carried out by a Beckman XL-1 ultracentrifuge
(Beckman Coulter, Inc., Fullerton, CA) using an An-60 Ti 4-hole rotor and standard
double-sectors (Epon centerpieces) equipped with quartz windows. The concen-
tration of polyplex micelle solutions prepared at various N/P ratios were adjusted to
333 pg pDNA/mL in 10 mM Hepes buffer (pH 7.3). Sedimentation of polyplex
micelles was confirmed by UV absorbance measurement at 260 nm, while that of
Alexa680-labeled polymers was confirmed by visible absorbance at 680 nm. Poly-
plex micelle solutions prepared at various N/P ratios were ultracentrifuged at
49,000 g for 1 h in ofder to sediment only the polyplex micelles. The concenmmon
of free polymers contained in the supernatant was using a cali

followed by 3-h incubation at 37 °C. Then, 100 uL of sodium dodecyl sulfate (SDS)

solutmn (20 w/v% in PBS) was added to dissolve the formed formazan. After 15-min
ion at room the e from each well was measured at

570 nm. Results were expressed as percentage relative to non-treated controls.

2.11. Cellular uptake of polymers and pDNA

Polyplex micelles were prepared with non-labeled polymer and Cy3-labeled
PDNA (Fig. 8A), or with Alexa680-labeled polymer and non-labeled pDNA (Fig. 8B)
for these experiments. pDNA was labeled with Cy3 using a Label IT Nucleic Acid
Labeling Kit (Mirus, Madison, WI) according to the manufacturer’s protocol. Huh-7
cells were seeded on 24-well culture plates (10,000 cells/well) and incubated
overnight in 500 uL of DMEM containing 10% FBS. The medium was replaced with
fresh medium and then 30 pL of polyplex micelle solution (33.3 pg pDNA/mL) was
applied to each well. After 24-h incubation, the medium was removed and the
cells were washed 3 times with PBS and detached with trypsin. Harvested cells were
re-suspended in PBS and analyzed using the flow cytometer (BD LSR II, BD, Franklin
Lakes, NJ).

2.12. Confocal laser scanning microscope (CLSM) observation

PpDNA was labeled with Cy5 according to manufacturer’s protocol using a Label
IT Nucleic Acid Labeling Kit. Huh-7 cells (30,000) were seeded on a 35-mm glass
base dish (Iwaki, Tokyo, Japan) and incubated overnight in 1.5 mL of DMEM con-
taining 10% FBS. After the medium was exchanged, 90 pL of polyplex micelle solution
(33.3 ug pDNA/mL) was applied to each sample. After 24-h incubation, the medium
was removed and the cells were washed three times with PBS. The intracellular
distribution of the polyplex micelles was observed by CLSM after staining acidic late

curve prepared from Alexa680-labeled polymer solutions. The number of block
copolymers associating with pDNA was then estimated from the calculated
concentration of free polymers.

2.7. Dynamic light scattering (DLS) measurement

The size of the polyplex micelles was evaluated by DLS using Nano ZS (ZEN3600,
Malvern Instruments, Ltd., UK). A He—Ne ion laser (633 nm) was used as the incident
beam. The concentration of polyplex micelle solutions prepared at various N/P ratios
were adjusted to 33.3 pg pDNA/mL in 10 mM Tris—HCl buffer (pH 7.4). Light scat-
tering data was obtained at a detection angle of 173° and a temperature of 37 °C and
was subsequently analyzed by the cumulant method to obtain the hydrodynamic
diameters and polydispersity indices (PDI) (1/I?) of the micelles.

2.8. Stability of polyplex micelles against bovine serum albumin (BSA)

Polyplex micelle solution (33.3 pg pDNA/mL) prepared at N/P ratio = 2 was
adjusted to 10 ug pDNA/mL in 10 mM Tris—HCl buffer (pH 7.4) with 150 mM NaCl
and 0.1 mg/mL BSA. DLS measurements of the polyplex micelle solution were then
carried out every 30 min at 37 °C using Nano ZS.

2.9, In vitro transfection

Huh-7 and Hela cells were separately seeded onto 24-well culture plates
(10,000 cells/well) and incubated overnight in 500 uL of Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum (FBS). The medium was
exchanged and the pDNA micelle solutions (33.3 ug pDNA/mL) prepared at various
N/P ratios were applied to each well at the desired concentrations. The amount of
micelle solution added was as follows: 30 L for 2 ug pDNA/mL, 10 L for 2/3 pg
pDNA/mL, or 3.3 ul for 2/9 ug pDNA/mL. For experiments shown in Fig. 1B (open
circles), polymer solution was added to cultured Huh-7 cells simultaneously with
PEG-PAsp(DET) micelle (N/P = 4), in order to elucidate the effect of free polymer on
transfection efficiency. After 24-h incubation, the medium was replaced with 500 uL
of fresh medium, followed by 24-h further incubation. Luciferase gene expression
was then based on intensity using the Luciferase
assay kit and a Luminometer (Lumat LB9507, Berthold Technologies, Bad Wildbad,
Germany). The amount of protein in each well was concomitantly determined using
aMicro BCA protein assay kit. One nanogram of luciferase corresponded to 9.1 x 107
RLU in our experiments according to a standard curve calibrated with recombinant
luciferase (QuantiLum, Promega).

2.10. Cytotoxicity of polyplex micelles

Huh-7 and Hela cells were separately seeded onto 96-well culture plates (2500
cells/well) and incubated overnight in 100 uL of DMEM containing 10% FBS. After the
medium was replaced with fresh medium, 7.5 uL of polyplex micelle solution
(33.3 ug pDNA/mL) prepared at various N/P ratios was applied to each well (0.25 ug
PDNA/well). After 24-h incubation, the medium was replaced with 100 uL of fresh
medium, followed by 24-h incubation. Cell viability was evaluated using the MTT
assay. Briefly, 20 pL of MTT solution (5 mg/mL in PBS) was added to each well,

with Lyso Tracker Green (Molecular Probes, Eugene, OR), and
nuclei with Hoechst 33342 (Dojindo Laboratories, Kumamoto, Japan). CLSM obser-
vation was performed using an LSM 510 (Carl Zeiss, Oberlochen, Germany) equipped
with a 63x objective (C-Apochromat, Carl Zeiss) at the excitation wavelengths of
488 nm (Ar laser) for Lyso Tracker Green, 633 nm (He—Ne laser) for Cy5, and 710 nm
(MaiTai laser, 2 photon excitation; Spectra-Physics, Mountain View, CA) for Hoechst
33342. To evaluate the endosomal escaping behavior of polyplex micelles, the rate of
colocalization of Cy5-labeled pDNA with Lyso Tracker Green was quantified [17].
Colocalization was quantified as follows:

Amount of izati = Cy5 pixel Cy5 pixelsiory x 100

where Cy5 pixelscolocalization represents the number of Cy5 pixels colocalizing with
Lyso Tracker Green in the cell, and Cy5 pixelsioral represents the number of all the
Cy5 pixels in the cell.

2.13. Fluorescence correlation spectroscopy (FCS) measurement

PEG-PAsp(DET-Alexa680)-Chole free polymer, polyplex micelles composed of
PEG-PAsp(DET-Alexa680)-Chole and pDNA, and polyplex micelles composed of
PEG-PAsp(DET) and Cy5-labeled pDNA, were used in this experiment. Block copol-
ymers and polyplex micelles (N/P = 8) were adjusted to a polymer concentration of
187 pg/mL (33.3 pug pDNA/mL) in 10 mM Hepes buffer (pH 7.3), and then diluted to
a concentration of 18.7 ug/mL using 10 mM Hepes buffer (pH 7.3) (Fig. 10A) or 10 mM
MES buffer (pH 5.5) (Fig. 10B), or 2.08 pug/mL using 10 mM Hepes buffer (pH 7.3)
(Fig. 10A). FCS measurements were carried out using an LSM 510 (Carl Zeiss)
equipped with a 40x objective (C-Apochromat, Carl Zeiss) and the ConfoCor3
module. Excitation of Alexa680 and Cy5 was achieved with a He—Ne laser (633 nm).
The relative diffusion times of polymer and micelles (Fig. 10A) were determined
using PEG-PAsp(DET- AIEXAS&O) -Chole solution and its polyplex micelle solution,
respectively. F of polymers iating with pDNA in the
micelle solution was calculated as follows:

Percentage of polymers associating with pDNA =
[NfP PEG-PASp(DET-Alexa680)-Chole
(NP peG.pAsp(DET-exas0)-Chole/pon — NID pec.Pasp(0ED -chate/cys-pona) |
/NP pEG_PASp(DET- Alexa680)-Chole % 100
where Nfp pec_pasp(DET-Alexa680)-chole Tepresents the number of fluorescent particles
(free polymers) in PEG-PAsp(DET-Alexa680)-Chole solution, Nfp pec pasp(oer-
Alexa680)-Chole/pDNA Tepresents the number of fluorescent species (free polymers and
micelles) in PEG-PAsp(DET-Alexa680)/pDNA micelle solution, and Nfp pec.pasp(pEr)-

Cholefcys-pDNA Tepresents the number of fluorescent species (micelles) in PEG-PAsp
(DET)-Chole/Cy5-pDNA micelle solution.

2.4, Stability of polyplex micelles in the blood stream
Polyplex micelles (N/P = 8) incorporating Cy5-labeled pDNA (100 pg pDNA/mL,

200 pL) in 10 mM Hepes buffer (pH 7.3) with 150 mM NaCl were intravenously
injected into the tail vein of balb/c mice at a dose of 20 pg pDNA/mouse. Blood
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Scheme 1. Synthesis of PEG-PAsp(DET)-Chole block copolymer.

was collected from the postcaval vein under anesthesia at appointed times after
injection, followed by centrifugation to obtain the plasma, Two microliters of 10x
trypsin-EDTA were added to 20 uL of the obtained plasma and incubated at 37 °C
overnight. The fluorescence intensity of the sample solution was measured using
a (ND-3300, The injected dose (%) was calculated
using a standard curve.

2.15. Anti-tumor activity assay

Balbjc nude mice were inoculated subcutaneously with human pancreatic
adenocarcinoma BxPC3 cells (5 x 108 cells in 100 pL of PBS). Tumors were allowed to
grow for 2—3 weeks to reach proliferative phase (approximately 45 mm?3). Subse-

3. Results

3.1. Ultracentrifugation analysis of PEG-PAsp(DET) polyplex
micelles

The amount of free block copolymer in PEG-PAsp(DET) micelle
solutions was quantified by ultracentrifugation analysis of polyplex
micelles prepared with fluorescent-labeled block copolymer [PEG-
PAsp(DET-Alexa680)]. Polyplex micelles were confirmed to
precipitate after 1 h of ultracentrifugation at 49,000 g, whereas free

quently, polyplex micelles loading pDNA encoding sFlt-1 (20 ug pDI in
10 mM Hepes buffer (pH 7.3) with 150 mM NaCl were injected into the tail vein 3
times at 4-day intervals. Tumor volume (V) was calculated as the following equation:
V=axb?/2

where a and b denote the long and short di

f the tumor tissue,

block copoly could not sedi (data not shown). Thus, the
amount of free block copolymers was estimated by visible absor-
bance at 680 nm. Fig. 1A shows the number of block copolymers
associating with a pDNA in the polyplex micelle ion prepared
at each N/P ratio. Note that a stoichiometric charge ratio of PEG-
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Fig 2. "H NMR spectrum of PEG-PAsp(DET)-Chole block copolymer in DMSO at 25 °C.
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Fig. 3. Cumulant diameters of PEG-PAsp(DET) (closed circles) and PEG-PAsp(DET)-
Chole (open circles) polyplex micelles,

PAsp(DET) micelle should be N/P = 2 (N*/P = 1) because half of the
amino groups in PAsp(DET) are protonated at pH 74 [11]. The
number of block copolymers associating with a pDNA at N/P = 2
and at N/P > 4 (N*/P > 2) was estimated to be 150 and approxi-
mately 190, respectively by the results obtained by ultracentrifu-
gation experiments. The theoretical number of block copolymers
associating with a pDNA at stoichiometric charge ratio was calcu-
lated to be 189 based on complete neutralization of PAsp(DET) with
a polymerization degree = 68 and pDNA with 6411 bp long. This
result indicated that PEG-PAsp(DET)/pDNA polyplex micelles at N/
P > 4(N*/P > 2) were formed at polymer/pDNA charge ratio = 1/1
(polymer/pDNA molar ratio = 190/1), and that the block copoly-
mers present in solution in excess of that ratio should exist as free
polymers at this concentration.

The number of polymers
associating with pDNA

N/P ratio

Fig. 4. The number of PEG-PAsp(DET-Alexa680) (closed circles) and PEG-PAsp(DET-
Alexa680)-Chole (open circles) block copolymers associating with a pDNA.
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Fig. 5. Time-dependent change of cumulant diameters (A) and polydispersity index
(PDI: 4/I’%) (B) of polyplex micelles (N/P = 2) in the presence of bovine serum albumin
(0.1 mg/mL). Closed circles: PEG-PAsp(DET) polyplex micelles. Open circles: PEG-PAsp
(DET)-Chole polyplex micelles.

3.2. In vitro transfection efficiency of PEG-PAsp(DET) polyplex
micelles

In order to confirm the effects of free polymer on in vitro
transfection, we evaluated the transfection efficiency of PEG-PAsp
(DET) micelles in Huh-7 cells under the following conditions:
(i) polyplex micelles prepared at each N/P ratio; (ii) polyplex
micelles prepared with PEG-PAsp(DET) at N/P = 4 with addition
of free polymer to achieve the same polymer concentration
achieved at each N/P ratio used in condition (i). Under the
conventional transfection conditions used in (i) above, the
transfection efficiency increased with N/P ratio as previously
reported [11]. Surprisingly, the profile of transfection efficiency
under the condition (ii) showed the same behavior as that under
the condition (i) with the addition of free polymer as shown in
Fig. 1B. These results imply that increased transfection efficiency
of PEG-PAsp(DET) micelles prepared at high N/P ratios might
involve the effect of non-associating polymers with pDNA in the
culture medium.
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3.3. Synthesis of PEG-PAsp(DET)-Chole block copolymer

PEG-PAsp(DET)-Chole was synthesized using PEG-PBLA (PEG:
12,000 g/mol, polymerization degree of PBLA segment: 68) [11] as
a starting material (Scheme 1). Addition of excessive cholesterol
chloroformate and TEA to PEG-PBLA, which possessed a primary
amino group in the terminus of PBLA, in CHzCl; afforded PEG-PBLA-
Chole with w-terminus of cholesterol. Conversion of PBLA segment
into PAsp(DET) segment was achieved by aminolysis reaction [18].
Introduction rates of cholesterol and ethanediamine were deter-
mined by "H NMR analysis (Fig. 2) based on the peak intensity ratio
of the methylene protons of PEG (OCH2CHz, 6 = 3.6 ppm) to the
vinyl proton of cholesterol (C—=CHCHa, 6 = 5.4 ppm), or to the
methylene  protons of DET  (NHCH,CH,NHCH>CH;NH,,

= 3.1-3.5 ppm), respectively. Cholesterol introduction and the
aminolysis reaction were confirmed to proceed quantitatively.

34. Formation of PEG-PAsp(DET)-Chole polyplex micelles

Agarose gel electrophoresis showed that free pDNA was not
detected in both PEG-PAsp(DET) and PEG-PAsp(DET)-Chole
micelles at N/P > 1.75 (N*/P > 0.875) (data not shown), confirming
that all of the pDNA were entrapped in polyplex micelles. Complex
formation of pDNA with PEG-PAsp(DET) at pH 7.4 was previously
reported to reach completion at N/P = 2 (N*/P = 1) [11,19], which
is consistent with the result obtained in this work. Complex
formation was not hindered by cholesterol introduction into the
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PAsp(DET) segment of the block copolymer as the N*/P for
complete pDNA entrapment did not change compared to the parent
polymer. The size of the polyplex micelles was evaluated by DLS
(Fig. 3). The cumulant diameters of polyplex micelles prepared with
both block copolymers were found to be approximately 70~80 nm
by DLS measurement.

3.5. Ultracentrifugation analysis of PEG-PAsp(DET)-Chole polyplex
micelles

The amount of free polymer in PEG-PAsp(DET)-Chole micelle
solution was also quantified by the same method as described for
micelles prepared with PEG-PAsp(DET). As shown in Fig. 4, the
number of polymers associating with a pDNA at N/P = 2 (N*/P =1)
was approximately 190, which corresponds to the stoichiometric
value. However, at N/P > 2 (N*/P > 1), micelles formed with PEG-
PAsp(DET)-Chole exhibited an increased number of polymers in the
polyplex (in excess of the stoichiometric charge ratio), whereas
micelles prepared with PEG-PAsp(DET) showed a constant number
of associated polymers.

3.6. Stability of polyplex micelles against bovine serum albumin
(BSA)

PEG-PAsp(DET) micelles have high transfection ability with low

cytotoxicity at high N/P ratios, however, they are unstable and
easily decondensed in the medium containing serum [20], probably
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Fig. 6. Transfection efficiency (A) and cytotoxicity (B) of polyplex micelles prepared at various N/P ratios against Huh-7 cells and HeLa cells. Closed circles: PEG-PAsp(DET) polyplex
‘micelles. Open circles: PEG-PAsp(DET)-Chole polyplex micelles. Error bars in the graph represent SEM, n = 4.
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due to the weak association power of PAsp(DET) segment with
PDNA. Therefore, the stability of polyplex micelles containing
cholesterol was compared to micelles without cholesterol by
monitoring the time-dependent change of cumulant diameter and
PDI in the presence of BSA (Fig. 5). After adding BSA (0.1 mg/mL) to
polyplex micelle solution (prepared at N/P = 2), the cumulant
diameter and PDI were measured every 30 min. PEG-PAsp(DET)-
Chole micelles maintained their initial size and PDI for 12 h
(Fig. 5A). On the other hand, the size and PDI of micelles prepared
with PEG-PAsp(DET) remained constant for only ~6 h and then
gradually increased, and monodispersity was not maintained
(Fig. 5B). These results imply that cholesterol introduction resulted
in increased stability of polyplex micelles in BSA solution.

3.7. In vitro transfection efficiency and cytotoxicity of polyplex
micelles

The in vitro transfection efficiency of PEG-PAsp(DET) and PEG-
PAsp(DET)-Chole micelles prepared at various N/P ratios was
evaluated against Huh-7 and Hela cells by the luciferase assay
(Fig. 6A). Transfection efficiencies of PEG-PAsp(DET) micelles
increased with N/P ratio, and reached a maximum at N/P 32—64.
However, PEG-PAsp(DET)-Chole micelles showed the highest
transfection efficiencies at N/P = 8—16, with maximum transfection
levels comparable to PEG-PAsp(DET). Cholesterol introduction
clearly enhanced transfection efficiency at lower N/P ratios, espe-
cially at N/P 4 and 8. Fig. 6B shows the results of cytotoxicity
analysis performed under the same condition as the luciferase
assay. Increased cytotoxicity as a result of cholesteryl introduction
was not detected in Huh-7 and Hela cells.

3.8. Effect of pPDNA concentration on transfection efficiency

All transfection experiments in the preceding section were
carried out at a constant pDNA concentration of 2 pg pDNA/mL
(1 pg pDNA/well, 24-well plate) (Fig. 6). Here additional trans-
fection experiments were repeated against Huh-7 cells at the
diluted concentration of 2, 2/3, and 2/9 pg pDNA/mL in order to
confirm the influence of dilution (Fig. 7). The transfection effi-
ciency of PEG-PAsp(DET) micelles markedly decreased with
reduced pDNA concentration (Fig. 7A), while of the transfection
ability of PEG-PAsp(DET)-Chole micelles was maintained
without a severe decrease (Fig. 7B). PEG-PAsp(DET) micelles at
N/P = 16 showed approximately 1/1000 of transfection effi-
ciency in response to the concentration change from 2 pg to 2/
9 pg pDNA/mL. In contrast, the decrease in the transfection with
PEG-PAsp(DET)-Chole micelles was less than 1/10. Thus, trans-
fection efficiency of PEG-PAsp(DET)-Chole micelles was
confirmed to be more tolerable in dilution compared to PEG-
PAsp(DET) micelles, suggesting their feasibility for in vivo gene
delivery, which requires high transfection ability under highly
diluted conditions.

3.9. Cellular uptake of micelles

Flow cytometric analysis was used to quantify the cellular
uptake of micelles with respect to pDNA (Fig. 8A) and polymer
(Fig. 8B) by using Cy3-labeled pDNA and Alexa680-labeled poly-
mer, respectively. PEG-PAsp(DET)-Chole micelles showed higher
PDNA uptake than PEG-PAsp(DET) micelles at both N/P = 8 and 16
(Fig. 8A). Cholesterol introduction enhanced the stability of
polyplex micelles against BSA (shown in Fig. 5), thus, PEG-PAsp
(DET)-Chole micelles likely maintained their structures without
dissociation or aggregation in the cell culture medium, which likely
increased the uptake of pDNA. The cellular uptake of polymer was

also higher for PEG-PAsp(DET)-Chole than PEG-PAsp(DET) (Fig. 8B).
PEG-PAsp(DET)-Chole polymers might be more effectively inter-
nalized into the cells due to their strong association power towards
PDNA.

3.10. CLSM observation and evaluation of endosomal escape

The intracellular distribution of polyplex micelles was inves-
tigated by CLSM using Cy5-labeled pDNA (red) incorporated
micelles (Fig. 9A). Lyso Tracker Green (green) and Hoechst 33342
(blue) were used to label late endosomes/lysosomes and nuclei,
respectively. The amount of Cy5-pDNA observed in the cells was
much higher for PEG-PAsp(DET)-Chole micelles than PEG-PAsp
(DET) micelles at both N/P = 8 and 16, which was consistent with
the results obtained by flow cytometric analysis (Fig. 8A).
Colocalization of pDNA with the late endosomes/lysosomes was
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Fig. 7. Effect of pDNA concentration on transfection efficiency of PEG-PASp(DET) (A)
and PEG-PAsp(DET)-Chole (B) polyplex micelles against Huh-7 cells. Closed circles,
squares, and triangles represent 2 pg/mL, 2/3 pg/mL, and 2/9 pg/mL of pDNA
concentration in the culture medium, respectively. Error bars in the graph represent
SEM, n = 4.
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Fig. 8. Cellular uptake of Cy3-labeled pDNA (A) and Alexa680-labeled polymers (B). Closed bars: PEG-PAsp(DET) polyplex micelles. Open bars: PEG-PAsp(DET)-Chole polyplex

micelles. Error bars in the graph represent SEM, n = 4.

quantified and shown in Fig. 9B. At N/P = 8, more than 80% of
pDNA in PEG-PAsp(DET) micelles was localized in the late
endosomes/lysosomes, while only 20% of that in PEG-PAsp(DET)-
Chole micelles was localized there. These results revealed that
PEG-PAsp(DET)-Chole micelles internalized into the cells could
achieve effective endosomal escape. Note that increasing N/P
ratio appreciably decreased the endosomal/lysosomal entrap-
ment of PEG-PAsp(DET) micelles from more than 80% to less than
60%, consistent with the result of the transfection efficiency
(Fig. 6).
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3.11. FCS measurement

FCS analysis was performed in order to estimate a change in
the association state of polyplex micelles with respect to dilution
and pH (Fig. 10). At pH 7.3, the relative diffusion time of PEG-PAsp
(DET)-Chole micelle solution was approximately 8-fold higher than
that of PEG-PAsp(DET)-Chole polymer solution, and the diffusion
time was not significantly changed by 9-fold dilution (Fig. 10A).
These results suggest that the association state of PEG-PAsp(DET)-
Chole micelles remains constant in this concentration range, which
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of polyplex micelles containing Cy5-labeled pDNA (red) with late endosomes|lysosomes (green) and nuclei (blue)

stained using Lyso Tracker Green and Hoechst 33342, respectively. Bars represent 10 um. (B) Quantification of Cy5-labeled pDNA colocalization with Lyso Tracker Green in the Huh-7
cells. Closed bars: PEG-PAsp(DET) polyplex micelles. Open bars: PEG-PAsp(DET)-Chole polyplex micelles. Error bars in the graph represent SEM, n = 10.



