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Figure 4. Number of total infiltrated cells (black column) and macrophages (white column) in the al-
logeneic fresh and allogeneic acellular nerves at 1-month postoperation (n = 3 each). Three magnified
pictures were taken in each graft and the cells were counted. All data are indicated as the mean =+ SD.
*CD68-positive cells vs total cells in the fresh nerve P > 0.05.
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Figure 5. HE staining and immunostaining for GFAP of transplanted autologous fresh nerve and
allogeneic acellular nerve (A) 110 days and (B) 158 days after operation. Scale bars = 50 pm.
This figure is published in colour in the online edition of this journal, that can be accessed via
http://www.brill.nV/jbs

3.4. Electrophysiology

Electrophysiological recovery of the allogeneic acellular nerves and autologous
fresh nerves was assessed by measuring the myogenic potential of the tibial muscle
group. The results from all animals subjected to the electrophysiological study are
shown in Fig. 6. In the case of the autologous fresh nerves, an electrophysiologi-
cal response at the tibial muscles was observed after short-term transplantation, but
no reaction was seen in the acellular nerve grafts. After long-term transplantation,
the electrophysiological responses in the allogeneic acellular nerve group were dra-
matically recovered; that is, 2 of the 3 cases showed normal reactions to the sciatic
nerve stimulus (Fig. 6C). In the autologous fresh nerve group as well, only 2 of
the 3 cases reacted normally to electrical stimulation. These results demonstrate
that a 10-mm gap in the rat sciatic nerves can be bridged using CIP-treated allo-
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Figure 6. Averaged electromyograms of the tibial muscle of legs into which autologous fresh nerves
(B, D) and allogeneic acellular nerves (C, E) were transplanted. Electromyograms before opera-

tion (A), after short-term transplantation (B, C; n = 1) and after long-term transplantation (D, E;
n=3).

geneic acellular nerves. The induced axon in that graft successfully recovered the
nerve function, although the axonal growth took more time than the autologous
fresh nerve did. Our results show that the myogenic potential that had completely
disappeared immediately after graft transplantation was recovered thereafter.

4. Discussion

To overcome the donor shortage for peripheral nerve treatments, allogeneic acel-
lular nerves will likely be the most viable graft for growing axons. However,
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there have been only a few studies that used allogeneic animal models. In some
cases, inadequate transplantation models in dogs or rats were defined as allogeneic
systems [31, 33]. Rats are thought to be the best animals for investigating allo-
geneic transplantation because of their well-defined histocompatibility and dispar-
ity.

CIP treatment can only disrupt the cells. From this point of view, the thermal
pretreatment of nerves, which is commonly used to reduce their immunogenicity,
can provide the same results as our CIP treatment. However, by combining the
CIP treatment with a washing process, all cells were effectively removed from the
tissue. The chemical process which is commonly employed to decellularize tissue
involves detergent, and that affects axonal growth. However, our washing solution
did not have any such harmful component.

Electrophysiological recovery in the acellular grafts was not demonstrated in the
short-term (about 5 months post-operation). It is believed that this delay of physi-
ological recovery was caused by immature Schwann cell alignments. Although the
Schwann cell alignments were observed in the acellular nerve graft 5 months af-
ter the transplantation just as in the autograft, the cells in the acellular nerve were
smaller and less mature than those in the autograft. In general, from the first day
to the first week following the peripheral nerve injury, macrophages are recruited
in significant numbers to degenerate the axons and to remove the myelin debris for
nerve regeneration. After that, the Schwann cells usually align to form pathways
for the growth of axons from the proximal to distal stump of the nerve defect [34].
Thus, we evaluated the host reaction to the transplanted acellular nerves 4 weeks
after implantation, since the normal reaction to injured host nerves is considered to
be complete at this time point. Four weeks after the subcutaneous implantation of
fresh nerves, many host cells but very few macrophages were observed in the fresh
nerves (Fig. 3A and 3C), suggesting that all allogeneic cells in the transplanted
nerves were removed within 1 month and replaced with the host cells. In contrast,
the acellular nerves were filled with macrophages even though they did not contain
any allogeneic cells when transplanted. This macrophage infiltration did not result
from the incomplete removal of allogeneic cells but might have resulted from the
alteration of extracellular matrix protein by CIP treatment. In fact, when the fresh
and acellular nerves of SD rats were implanted in SD rats subcutaneously (isogenic
transplantation), the same host reactions as in the case of the allogeneic model oc-
curred (data not shown). It has been reported that treatment of bacteriochlorophyll
with a high pressure of 0.6 GPa changed the 800-nm absorbance, reflecting a ter-
tiary structure alteration of the protein [35]. Thus, the 980 MPa pressure used in
our CIP treatment might affect the extracellular matrix structure of both allogeneic
and isogenic nerves, causing them to have a much stronger foreign body reaction
than that in the fresh nerve implantation. Such a large effect of CIP treatment on
the ECM protein was not observed in the case of decellularization of blood ves-
sels or cardiac valves. ECM of nerve tissue is considered to be less stable against
high pressure than the fibrillar ECM of blood vessels due to the large amount of
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proteoglycans. Therefore, although the acellular vessels or cardiac valves prepared
by CIP treatment succeeded in tissue regeneration in animal experiments, further
optimization of the CIP conditions will be needed for the nerve regeneration.

Angiogenesis is one of the inflammatory responses in material implantation. In
the subcutaneous implantation study, only a low level of angiogenesis was observed
in the allogeneic acellular nerves, even though many macrophages were present
(Fig. 3D and 3F). On the other hand, many small vessels were observed in the ailo-
geneic fresh nerves (Fig. 3E). We considered that the allogeneic cells were removed
and host fibroblasts migrated to form granulation tissue, and then the new blood
vessels were induced to provide nutritional support for these cells. In fact, different
cell morphologies were observed in each of the implanted nerves (Fig. 3A and 3B).
The HE staining of the allogeneic fresh nerves showed fibroblast-like cell infiltra-
tion and scar-like collagenous tissue formation in the implanted nerves, which was
not observed in the acellular nerve. From these results, our acellular nerves will be
suitable for nerve regeneration, even though their axonal growth was slower than
that in autologous fresh nerves.

The topographical cues of nerve conduit are another important factor to be con-
sidered. A number of studies have described that the interactions between a 3-D
extracellular microenvironment and axons influence neuronal growth [36]. A suit-
able pore size of the nerve conduits facilitates nerve regeneration. One report has
shown that a macroporous synthetic nerve conduit made from poly(¢-caprolactone)
with pore sizes of 1-10 um was most effective in nerve regeneration among the
bigger and smaller pore size conduits [37]. From the SEM observations, our acel-
lular nerve had about 10 um spaces among the remaining fibers, but failed to
recover myogeneic potential even at 5 months post-operation. On the other hand,
the detergent-treated allogeneic acellular nerves implanted in the 10-mm gap of
a rat sciatic nerve succeeded in promoting axonal growth to the distal portion and
showed good motor function, measured as electromyographic activity, within one
month after the operation [20]. These good results might have arisen from the fact
that their detergent-treated acellular nerves contained larger pores (20—100 pum) than
our acellular nerves did. In a series of in vitro experiments using PC12 cells on var-
ious microchannels, Mahoney et al. showed that the effective widths in the neurite
direction along the axis of the grooves were 20-30 pm [38]. There is expected to
be a slight difference in either synthetic or tissue-derived materials between in vivo
and in vitro studies. The filament diameter in the acellular nerves also affects the
axonal growth activity. The optimal polypropylene filament diameter for alignment
of dorsal root ganglion (DRG) neurites and outgrowth of Schwann cells has been
reported to be 5 um [39]. The combination of biomolecules with acellular nerves is
expected to be another way to accelerate axonal growth. Rat acellular nerve allo-
grafts loaded with vascular endothelial growth factor and beta-nerve growth factor
are reported to lead to greater axonal density at the distal portion of the graft [20].
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5. Conclusion

Our allogeneic acellular nerves show promise for use as axonal scaffolds in periph-
eral nerve defects. As compared to allogeneic fresh nerves, the allogeneic acellular
nerves did not induce scar formation in the graft, and led to a successful recov-
ery of sciatic nerve function. Further optimization of the CIP treatment will result
in fewer protein structural changes and an improvement of the spaces among the
fibrous components, which may improve the regeneration rate and axon density.
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Design and characterization of a polymeric
MRI contrast agent based on PVA for in vivo
living-cell tracking

Yoichi Tachibana®, Jun-ichiro Enmi®, Atsushi Mahara?, Hidehiro lida®
and Tetsuji Yamaoka®*

A novel water-soluble MRI contrast agent for in vivo living cell tracking was developed. Unlike the conventional in vivo
cell tracking system based on superparamagnetic iron oxide beads, the newly developed contrast agent is eliminated
from the body when the contrast agent exits the cells upon cell death, which makes living cell tracking possible. The
contrast agent is composed of gadolinium chelates (Gd-DOTA) and a water-soluble carrier, poly(vinyl alcohol) (PVA),
which is known to interact with cells and tissues very weakly. Since the Gd-PVA was not taken up by cells
spontaneously, the electroporation method was used for cell labeling. The delivered Gd-PVA was localized only
in the cytosolic compartment of growing cells with low cytotoxicity and did not leak out of the living cells for long
periods of time. This stability may be due to the weak cell-membrane affinity of Gd-PVA, and did not affect cell
proliferation at all. After cell labeling, signal enhancement of cells was observed in vitro and in vivo. These results
indicate that Gd-PVA can visualize only the living cells in vivo for a long period of time, even in areas deep within large

animal bodies. Copyright © 2010 John Wiley & Sons, Ltd.

Keywords: MR}; cell tracking; intracellular delivery; cell transplantation; Gd chelate

1. INTRODUCTION

Over the past decade, there has been increasing interest in
developing cell transplantation therapy (1--3) for various diseases
such as ischemic limbs (4), infarcted myocardium (5,6) and
diabetic retinopathy (7). In particular, the transplantation of
autologous cells such as bone marrow- or fat tissue-derived
mesenchymal stem cells is much safer than heterologous
transplantation in terms of rejection, and is promising in clinical
use. However, the mechanism of cell transplantation therapy
remains a matter of debate. One possible mechanism is the
differentiation of transplanted cells into functional cells, and
another is the paracrine effect due to the produced cytokines (8).
Moreover, even the engraftment ratio and survival period of the
transplanted cells remain unclear. A general method of analyzing
the transplanted cells, such as immunostaining, cannot be
used for autologous cell transplantation because there is no
phenotypic difference between transplanted cells and host cells.
In recent years, then, noninvasive tracking systems for cell
transplantation are attracting a great deal of attention (9,10).

Optical imaging methods using fluorescence- or biclumines-
cence-labeled " cells have been studied extensively (11,12).
Recently, green fluorescent protein (GFP)-transgenic animal or
GFP-positive cells have become widely available and have been
easily analyzed using various in vivo optical imaging instruments.
However, since optical lights can penetrate tissues less than
10mm in the case of fluorescence and 30mm in the case of
bioluminescence, only mice or rats can be used in this system
(13). Therefore, cell transplantation model systems cannot be
used for various diseases in large animals (14-16). In addition, the
resolution is low, and the transplanted cells can be detected as
large circles in small animals (13).

In contrast, magnetic resonance imaging (MRl) is a more
promising system because of its high resolution, its absence of
limitations on animal size and its noninvasiveness. In order to
detect the transplanted cells in host tissues using MRI, cells
should be labeled with contrast agents. In the past 15 years,
superparamagnetic iron oxide particles (SPIO) have been studied
as a means of labeling cells because of their high sensitivity
{17,18). SPIO are superior to other contrast agents in terms of the
detection of cells. Rice et al. reported the homing phenomena of
adipose-derived stem cells in cerebral infarction (19). Stuckey
et al. reported the monitoring of bone marrow stromal cells in the
infarcted heart (20). Targeted cells were usually labeled with SPIO
by the endocytosis mechanism or by using gene-transfection
agents. However, in long-term tracking of cells, one of the
problems with this system is the fate of SPIO which leaks out of
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cells (free SPIO) due to exocytosis or cell death. Additionally, SPIO
that has undergone intracellular uptake is slowly digested,
releasing its iron. The free SPIO remains in the body and
continues to show MR contrast, creating the potential for
misunderstanding (21). Amsalem et al. reported that the
observed MRI signals after transplantation of SPIQ-labeled MSCs
were not attributed to transplanted cells but to cardiac
macrophages which took up the released SPIO from transplanted
cells (22). Li et al. reported that SPIO undergoing cell death was
internalized by macrophages or remained in the local tissue (23).

The most important part of cell tracking is to track only the
living cells. In the present study, a novel water-soluble contrast
agent was designed and an effective intracellular delivery system
was established. Gd-DOTA (1,4,7,10-tetraazacyclo-dodecane-
NNN“N"- tetraacetic acid) was conjugated to a bioinert and
highly water-soluble polymeric carrier, poly(vinyl alcohol) (PVA).
PVA is known to circulate for a long period of time in the blood
stream in vivo because of its very weak interaction with the blood
cells, macrophages or tissues. It was reported that the amount of
PVA ingested by macrophages was much less than that of bovine
serum albumin (24). The conjugates would be expected to
be eliminated from the tissues without being ingested by
macrophages when they are outside of the dead cells. The
intracellular delivery system of the conjugates was established
using an electroporation system, and the cytotoxicity, intracellu-
lar stability, body distribution and MR-imaging ability of the
contrast agent were studied in vitro and in vivo.

2. RESULTS
2.1. Synthesis of Gd-PVA (4a-d)

Conjugates 4a-d were synthesized in three steps using PVA
with a molecular weight of 74 800 (1) as shown in Scheme 1.

The structure of conjugates 4a-d was confirmed by 'H-NMR
spectroscopy and their characteristics are summarized in Table 1,
At step 1, the introduction ratios of diamine (m/n x 100 in
Scheme 1) were 13.2, 7.5, 3.6 and 12.9%, respectively. At step 2,
DOTA-NHS-ester was completely reacted with free NH, groups on
2 because the peak of 2.79ppm had disappeared. These
polymers were soluble in water and DMSC and insoluble in
acetone, toluene and tetrahydrofuran, The Gd (lll) content of the
conjugates {4a-d) was analyzed by inductively coupled plasma
atomic emission spectroscopy. To observe the cell labeling
efficiency and the intracellular distribution of the conjugates,
Gd-PVA labeled with fluorescence (4d) was synthesized. MR
imaging of labeled cells was carried out after confirming the cell
uptake of 4d with fluorescent microscopy. By contrast, the
cytotoxicity assay was performed using 4b without FITC because
the wavelength of FITC overlapped with that of the WST assay.

The increase of the relaxivities (R;) of 4a-d with the increased
introduction ratio of DOTA may be due to an increased rotational
correlation and constructive restriction of motion. A maximum
reflexivity value of 7.1mm™" 57" was observed at 13.2 mol% (4a).
All of the relaxivities of 4a-d were higher than that of clinically
used Gd-DTPA (5.1 mm~'s™"), suggesting that each conjugate
can be used as an effective contrast agent.

2.2, In vitro T,-weighted MR measurements of polymer
solutions

Figure 1 shows the MR images of 4d solutions with different
concentrations at 4.7 T. The T,-weighted MRI signal of the 4d
solution increased with the increased polymer unit concen-
tration. Significant contrast enhancement was seen over 0.2 mm.
To achieve cell imaging, it is necessary to introduce the contrast
agents at sufficient concentrations in the cells,

Step 1
N (i) CDI, DMSO

- N
o<

OH 4 h agitation at it
PVA (ii) 1,3-propanediamie NH
1 1 day agitation at rt

é (2)
Step 2 } NH;
DOTA-NHS-ester, DMSO

PVA-diamine

1 day agitation at rt

R Nh

oX

OH
o
NH NH
Step 3
GdCly 1.5 eq to DOTA
) H,O pH 6.6-7.0
H o 20 pH 6.6 NH
/\l 1 day agitation at rt / 0
¢ o 0 o
N N N N
[ (e
N\____/N N N
HO, o ’o\n/’ — o
o) HO 0 0
PVA-diamine-DOTA Gd-PVA
@) (4a-d)

Scheme 1.

wileyonlinelibrary.com/journal/cmmi

Copyright © 2010 John Wiley & Sons, Ltd.

Contrast Media Mol. Imaging 2010, 5 309-317



PVA-BASED MRI CONTRAST AGENT FOR IN VIVO LIVING-CELL TRACKING

Table 1. Syntﬁé{fﬁ of4a-d WIthdlfferent 'cbnvtéht‘s. ‘of gadolinium chelates -

2Scheme 1, m/n x 100.

Introduction ratio Gd/DOTA Ry
of DOTA? (mol%) MnP (x10°) My/M,2 Gd® (Wt%) (mol%) FITC label (mm~' s
4a 13.2 16 1.1 120 70.0 - 7.1
4b 7.5 1.1 12 9.2 69.1 - 6.2
4c 36 12 1.2 5.8 67.0 - 6.2
4d 12.9 = — 93 53.9 + 7.0

PDetermined by size exclusion chromatography using 0.25 mm phosphate buffer as eluent with polystyrene standards.
“Determined by inductively coupled plasma atomic emission spectroscopy measurement.

2.3. Cytotoxicity of Gd-PVA to NIH-3T3 cells and cell
labeling by electroporation

Gd-PVA 4b was used for a cytotoxicity assay since FITC
introduced to 4d obstructs the accurate WST-1 assay. The
viability of NIH-3T3 cells in the presence of 4b was not affected
even at high concentrations (10 mm; polymer unit concentration
in culture medium) for up to 3 days (see Supplementary
Information). The low affinity of PVA (24) might suppress the
interaction of Gd-PVA with the cell membrane and decrease the
cytotoxicity. In fact, weak interaction was demonstrated by a
simple experiment as follows. Compound 4d was added to the
culture medium of NIH-3T3 cells, and the cells were incubated for
1 h. After washing with PBS three times, no fluorescence induced
by 4d was observed, indicating that 4d was unable to attach to
the cell membrane or enter the cells spontaneously.

To deliver such a bio-inert substance into cells, we selected
an electroporation method that is mainly used to transfect DNA
into cells. Since this method can introduce a large amount of
polymeric substances into any kind of cells nonspecifically with
low cytotoxicity, it is suitable for labeling various cells including
_established cell lines, somatic stem cells, or even embryonic stem
cells for cell transplantation (25,26). When electroporation was
carried out, the concentration of Gd-PVA in culture medium was
set to 10 mm (polymer unit concentration) based on the result of
the cytotoxicity assay.

Figure 2 shows bright field and fluorescent photomicrographs
of NIH-3T3 cells 3 days after electroporation with 4d. Almost all
cells were labeled efficiently, and the intracellular 4d was
interestingly located only in the cytosolic compartment of
NIH-3T3 cells even after cell proliferation. This intracellular
distribution pattern is different from that for endocytosis, which is
made from bright dots.

0.5 m

0.3 mh

1M

0 mi

The stability of Gd-PVA in NIH-3T3 cells was assessed by
measuring the total fluorescence intensity of the growing
NIH-3T3 cells with time. The number of Gd(lll) molecules in one
cell calculated from the fluorescence intensity was 7.3 x 10® per
cell just after electroporation. Cells were cultured for a given
period of time without subculture and then lysed. Before the cells
were lysed, they were washed by PBS sufficiently to eliminate any
4d leaching from them. Figure 3 represents the total fluorescence
intensity of 4d in NIH-3T3 cells (solid circle) and cellular
proliferation rates (open circle). Fluorescence derived from 4d
in cells showed no significant change over 10 days, and the
labeled cells grew well. These results show that 4d can remain in
the cytosolic compartment stably for a long period of time
without having any effect on cell proliferation.

2.4. Invitro T;-weighted MR measurements of the labeled
NIH-3T3

Figure 4a shows an MR image of the NIH-3T3 cell suspensions at
4.7 T. Compound 4d-labeled NIH-3T3 cell suspension, non-
labeled NIH-3T3 cell suspension and cell-free and Gd-free
medium were left at rest for 1 day to allow the cells to be
precipitated to the bottom of the test tube. Clear signal
enhancement in tube 1 at slice B passing through the
precipitated cells was seen. On the other hand, no signal was
observed in tube 1 at slice A, which indicates that 4d did not leak
out of the cells and that 4d in cells gives sufficient MR contrast
irrespective of the small amount of free water in the cells

To examine the cell density dependence of signal enhance-
ment, we next acquired MR images of 4d-labeled NIH-3T3 cells at
different densities in agarose gel, which was used to fix the
transplanted cells in the experiment involving the injection of
cells into a rat (Fig. 4b). MRI can depict at least 3.5 x 10 NIH-3T3

0.05 miv

0 mhd 0.1 mh

Figure 1. In vitro T-weighted MR measurements of 4d in water at 4.7 T at the concentrations of 0, 0,05, 0.1, 0.2, 0.3, 0.5, and 1.0 mM. Three test tubes
containing different concentrations were fixed vertically. A horizontal section was scanned. These images were acquired using a 2 D spin echo sequence
with a TR of 2000 ms and a TE of 16 ms. These images were displayed using the same window level and window width.
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Figure 2. (a) Phase image and (b) fluorescentimage of NIH-3T3 cells labeled with 4d (FITC-Gd-PVA) at 3 days after electroporation. After electroporation,
cells were washed three times by PBS. The bright ring forms showed cytosolic compartments in the fluorescent image. The scale bar represents 20 um.
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Figure 3. Changes in fluorescence intensity of 4d existing in total
NIH-3T3 cells in culture (solid circle) and the number of cells (open circle)
measured over the course of the 10 days following electroporation.
Fluorescence intensity is proportional to the amount of 4d in total cells.

cells. The number of cells transplanted to the rat ischemic hind
limb model (27) or infarcted myocardium swine model (28) was
1% 107 or 5 x 107, respectively. The sensitivity shown in Fig. 4
revealed that our imaging agent would surely be useful for
tracking this range of transplanted cells in vivo. Future studies
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should focus on high labeling efficiency at higher concentrations
of 4d using electroporation or another method.

2.5. In vivo fate of free SPIO and free Gd-PVA

To detect the living cells, contrast agents present outside of the
labeled cells (free contrast agent) after cell death should be
eliminated from the transplantation site. Solutions of 4d and
SPIO injected into the tissue were used as the model for free
contrast agents. Solutions of 4d and SPIO were directly injected
into rat femoral muscles, and on days 0, 3 and 6, the MR image
was analyzed (Fig. 5). Representative slices are shown in Fig. 5.
The bright signal attributed to 4d weakened rapidly and was
observed only slightly on day 3. In contrast, the dark signal due
to SPIO remained in the same area and was clearly observed
even 10 days after the injection. The same tendency was
observed in the other slices. SPIO-derived contrast several days
after injection may be attributed to the phagocytes engulfing
the injected SPIO, as has been previously reported (22,23).
Furthermore, the time courses of the contrast-to-noise ratio
(CNR) and the volume of the contrast-enhanced region were
evaluated (Fig. 6). For SPIO, the CNR and the volume of the
contrast-enhanced region showed no significant decrease over
the course of 13 days. In contrast, these same parameters
decreased rapidly when 4d was used. Signal enhancement was
observed in only one out of three rats at 4 days after injection.
Therefore, the data of 4d at 4 days have no error bar. Signal

(b)

106 x10° 4.8 x10° 0.7x10°

Figure 4. (a) In vitro T,-weighted MR measurements of 4d-labeled NIH-3T3 cells (tube 1), unlabeled NIH-3T3 (tube 2), and medium (tube 3) at 4.7 T.
(b) In vitro Ty-weighted image of different numbers of cells labeled with 4d suspended in 100 ul agarose gel.
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Figure 5. In vivo MR measurements after the injection of 4d solution and SPIO solution into rat femoral muscle at 1.5 T. These images showed the slices
passing though the injection site. These images were obtained with a TR of 1500 ms and a TE of 9 ms (FOV, 4 x 8 cm; matrix, 128 x 256; slice thickness,
1 mm; slice gap, 0 mm; number of slices, 35).

(a) 14 (b) 1200
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Figure 6. The time course of (a) the contrast-to-noise ratio (CNR) and (b) the number of voxels in the region where bright or dark signals due to contrast
agents were observed. Contrast enhancement due to 4d and SPIO was assessed using T;- (TE 9 ms, TR 500 ms) and T,- (TE 20 ms, TR 3 s) weighted images,
respectively. The other scanning parameters were the same as in Figure 5. Three rats were examined and treated in the same manner as in Figure 5. CNR
was calculated as (1/2)"?|5,-5,|/S4i» Where Sy, S, and S,;, were the mean intensities in the contrast-enhanced region, muscle and air, respectively.

enhancement due to 4d disappeared completely in all rats at
6 days after injection. These data showed the rapid clearance
of Gd-PVA from muscle and the long-term retention of SPIO
in muscle. Yamaoka et al. reported that the half-life period of
radio-labeled PVA (molecular weight of 74 800) after im.
injection was about 10 h (38). As shown in Fig. 6, the half-life

b} Control
- F -,

€
-

Figure 7. Preliminary in vivo Ty-weighted MR measurements of
4d-labeled NIH-3T3 cells implanted in mice subcutaneously at 2T. These
cells were fixed in agarose gel. (a) 2 x 107 of 4d-labeled cells suspended in
200 p.l agarose gel (b) 200 .l agarose gel only. T,-weighted images were
acquired using a 2D spin echo sequence with a TR of 2000 ms and a TE of
9ms (FOV, 3 x 6 cm; matrix, 128 x 256; slice thickness, 1 mm) at room
temperature.

period of free Gd-PVA from the tissue was about 10 hs,
which was almost the same as that of PVA. This result suggested
that free Gd-PVA behaved like free PVA without interacting
with macrophages in vivo. It can then be considered that
the MR contrast of Gd-PVA is attributable to the living
cells in vivo.

2.6. Preliminary in vivo MR imaging of transplanted
NIH-3T3 cells

Figure 7 shows an MR image of a rat that received
subcutaneous transplantation of 2 x 107 4d-labeled NIH-3T3
cells entrapped in agarose gel and cell-free gel (control) at each
side of the back. In this preliminary MR imaging, we used
undegradable agarose gel to evaluate the MRI contrast at a
known density of cells. Strong contrast enhancement was
observed at the area where labeled NIH-3T3 cells were
transplanted, while the control gel revealed a dark shadow.
These results indicate that transplanted cells can be detected
in vivo at a cell density of 107 cells per 0.1 ml.

3. DISCUSSION

Our goal was to track only the living cells in vivo for a long period
of time. To this end, an MRI contrast agent with adequate
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characteristics for cell labeling and delivery system into the cells
is a key factor. Cell labeling using SPIO as a contrast agent was
reported in detail by Engberink et al. in 2007 (29). They cocultured
human monocytes with SPIO suspension at a concentration of
1.0mg Fe ml™' for 0-6h. Incubation with SPIO resulted in
effective cell labeling by endocytosis, nonspecifically. The
detection limit was 0.5 x 10° labeled cells per 250l on a 4.7
T MRI scanner. SPIO permits the detection of a small number of
cells because of its high sensitivity. In general, however,
endocytosed substrates would be exocytosed over time. The
MR contrast obtained after SPIO-labeled cell transplantation was
not attributed to the transplanted cells but to the macrophages
that engulfed the free SPIO (22,23). In this study, MR imaging data
for SPIO solution in femoral muscle showed that, even at 10 days
after injection, SPIO still remained. These data suggested that
SPIO is less suitable for long-term cell tracking. To track the
transplanted cells for a long period of time, the labeling agent
released upon cell death should be eliminated from the tissue.

Since we found that low-molecular-weight Gd-chelates cannot
remain in cells stably (data not shown), water-soluble conjugates
of Gd-chelates and a bio inert water-soluble carrier were
designed. The characteristics of Gd-containing conjugates
including the body distribution pattern are affected by the
nature of the carrier polymer. The water-soluble contrast agent is
expected to be eliminated from the body once it exits the cells if a
truly bio-inert carrier molecule is selected. To track only the living
cells, the contrast agents should be designed to be different
from the conventional water-soluble imaging agent for vascular
inflammation imaging or vascular imaging (30-36).

We selected PVA in this experiment as the carrier material for
long-term living cell tracking. Selecting nondegradable PVA as
the carrier enabled us to evaluate the potential of the contrast
agent in intracellular distribution or in cell tracking for a long
period of time. The body distribution of various polymeric
carriers has been extensively studied (37,38). Among these
carriers, PVA has various advantages as a candidate for use in the
biomedical and pharmaceutical fields. Some of these advan-
tages include its characteristics of water solubility, nontoxicity
and noncarcinogenicity. The half-life of Gd-PVA was longer than
those of other polymers such as dextran, pullulan and gelatin
because of an insignificant interaction with macrophages and
blood cells (24). This weak interaction with various cells is
believed to be responsible for the high hydrophilicity of PVA.
Since we proposed novel contrast agents in the present study
that would not exit the cells for long-term cell tracking, this
weak interaction with the cell membrane was considered to be
an advantage.

In the present study, we chose electroporation as a method for
delivering Gd-PVA into cells in order to establish a method that
is applicable to a variety of cells such as stem cells and primary
cells. The material delivery efficiency into cells via nonspecific
endocytosis or receptor-mediated encodytosis is probably
affected by the cell type. Interestingly, Gd-PVA delivered into
cells was localized only in the cytosolic compartment even after
cell proliferation (Fig. 2), although the reason for this remains
unclear.

One possible issue in living cell tracking, although unlikely
to occur, is the uptake of dying cells labeled with 4d by tissue
macrophages that remain in the tissue. To study this possibility, it
is necessary to perform an experiment using cells in different
states (viable, dying and dead). However, it is difficult to control
the states of transplanted cells. We are considering evaluating

the effect of macrophages on the fate of Gd-PVA by
transplanting irradiated cells with sublethal doses or by
xenografting Gd-PVA-labeled cells.

Long-term cell tracking will be feasible due to the high stability
of Gd-PVA in cells for a long period of time (Fig. 3). In contrast to
SPIO, the free Gd-PVA will be eliminated from the tissue (Fig. 5)
when the transplanted cells burst upon cell death. The imaging of
only the living cells might be achieved using Gd-PVA.

4, CONCLUSION

The novel MRI contrast agents composed of PVA and Gd showed
high relaxivity and low cytotoxicity. The growing rate of NIH-3T3
cells was not affected by the intracellularly delivered Gd-PVA.
Furthermore, Gd-PVA was retained stably in cells for at least 10
days. The in vitro T,-weighted MR measurements using NIH-3T3
cells revealed that cells could be visualized under MRI. This in vivo
study demonstrates for the first time that Gd-PVA has high
applicability as a novel contrast agent for tracking only living
cells,

5. MATERIALS AND METHODS

5.1. Materials

PVA (M,,: 74,800, degree of saponification 98%) was a kind gift from
Kuraray Co. Ltd (Okayama, Japan). 1,4,7,10-Tetraazacyclododecane-
1,4,7,10-tetraacetic acid mono(N-hydroxysuccinimidyl ester) (DOTA-
NHS-ester) was purchased from Macrocyclics (Dallas, TX, USA).
FITC-NHS-ester was purchased from Invitrogen (Eugene, OR, USA).
Gadolinium chloride (GdCl;) was purchased from Wako Pure
Chemical Industries (Osaka, Japan). Resovist was purchased from
Nihon Schering (Osaka, Japan). Other reagents and solvents were
commercially available and used as received.

5.2, Synthesis of Gd-PVA

The synthetic route and structure of polymeric contrast agents
with different introduction ratios of Gd are shown in Scheme 1. A
mixture of PVA (1; 0.44g, 10 mmol in monomer unit concen-
tration) and carbonyl diimidazole (5, 7.5, and 10 mmol) was
stirred in 80 ml of anhydrous dimethylsulfoxide (DMSO) at room
temperature under a nitrogen atmosphere for 4h. Then,
1,3-propanediamine (50, 75, and 100 mmol) was added to the
mixture, further stirred at room temperature for 1 day, and
dialyzed with Spectra/Pore membrane (cut-off molecular
weight=1 x 10% Spectrum Laboratories Inc, Rancho Domin-
guez, CA, USA) in distilled water three times. The remaining
solution was lyophilized to give 2.

"H NMR (D50): 8 = 4.92 (br, CH,CHO), 3.92 (br, CH,CHOH), 3.10
[br, C(=CINHCH,], 279 (br, CHyNHy), 157 (br, CHCH,, br,
CH5CH,CH,). The introduction ratios were calculated as the ratio
of the integrals of the peaks at 2.79 and 1.57 ppm.

PVA-diamine was reacted with DOTA-NHS-ester (NH, of
FITC-PVA-diamine: DOTA-NHS-ester = 1:1.5) in 80 ml of anhydrous
DMSO at room temperature for 1 day under a nitrogen
atmosphere. The reaction mixture was dialyzed in distilled water
three times, and lyophilized to give PVA-diamine-DOTA (3).

"H NMR (D,0): 8 = 5.07 (br, CH,CHO), 4.06 (br, CH,CHOH), 3.86
[br, C(=0)CH,N)] 3.51 [br, NCH,C(=0)OH], 3.24 [br, C(=O)NHCH,,
br, CH,CH;N], 1.69 (br, CHCH,, br, CH,CH,CH).
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The solution of 3 was then treated with the dropwise addition
of 1.5 mole equiv. of gadolinium chloride to the DOTA while
stirring. The pH was maintained between 6.6 and 7.0 with Tm
NaOH solution and stirred for an additional 24h at room
temperature. The reaction mixture was dialyzed in distilled water
three times and lyophilized to give Gd-PVA (4a-d).

For labeling Gd-PVA with FITC, PVA-diamine was mixed with a
small amount of FITC-NHS-ester (NH, of 2: FITC-NHS-ester = 1:
8% 107% and stirred in 80ml of anhydrous DMSO at room
temperature for 1 day under a nitrogen atmosphere. The reaction
mixture was dialyzed, lyophilized to give FITC-PVA-diamine and
subjected to the DOTA reaction as shown in Scheme 1.

5.3. Measurements

"H-NMR spectra were recorded on a 300 MHz NMR spectrometer
(Gemini2000/300; Varian Inc., CA, USA) with a sample concen-
tration of 8mg per 800l Size exclusion chromatography
analysis was carried out using Shimadzu Gel Permeation
Chromatography System apparatus equipped with a refractive
index and UV detectors under the following conditions: TSKgel
G6000PWXL and G3000PWXL columns and 0.067 m PBS eluent at
a flow rate of 0.3mimin™" at 40°C (Tosoh, Tokyo, Japan) with a
sample concentration of 1 mg per 100 pl. The concentration of
the paramagnetic species [Gd(lil)] was measured by inductively
coupled plasma atomic emission spectroscopy (model 7510,
Shimadzu Co., Kyoto, Japan).

5.4. Relaxivity of conjugated Gd at 7.1 T

Solvent longitudinal relaxation times (7;) in the aqueous
solutions of the gadolinium conjugate were measured at
different concentrations of gadolinium conjugate using a mixture
of distilled water (0.625%) and deuterium oxide (99.375%) as a
solvent. All measurements were performed on a 300 MHz (7.1 T)
NMR spectrometer (Gemini2000/300; Varian Inc., CA, USA) using
an inversion recovery technique with 19 inversion times (7)
ranging from 1 to 5000 ms at ambient temperature (25°C) with a
sample concentration of 8 mg per 800 pl. A typical pulse width
of 180° pulse was 19us. T; values were estimated using
least-squares fitting of the signal intensities measured at 19 7/
values in an exponential fashion. The relaxivity of each
gadolinium complex was determined by a linear regression of
the 1/T; vs the gadolinium complex concentration.

5.5. Cell culture

NIH-3T3 cells were used for evaluating the cytotoxicity, cell labeling
potential and imaging efficiency of the Gd-PVA. They were grown
in Dulbecco’s modified Eagle’s medium (DMEM-LG) supplemented
with 10% bovine calf serum, 100 units mi~" penicillin, and 100
units ml~" streptomycin at 37°C, 10% CO, atmosphere.

5.6. Cytotoxicity assay

NIH-3T3 cells (1 x 10* cells per well) were seeded in a 96-well
culture plate and cultured overnight. Varying concentrations
{(polymer unit concentrations of 10 nm to 10mm) of 4b were
added to each well. At the indicated time points, the number of
cells was measured by WST-1 assay according to the manufacturer's
protocol (Takara Shuzo, Otsu, Japan). Briefly, cells were washed
with PBS three times, and the culture medium (100 p.l) was added

to each well. Ten microliters of WST-1 {4-[3-(4-iodophenyl)-2-
(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate} solution
was added to each well, and the plates were incubated for 30 min.
The absorbance at 450 nm was measured on a microplate reader
(Model 550, Bio-Rad Laboratory Co., Tokyo, Japan).

5.7. Cell labeling by electroporation

NIH-3T3 cells were cultured in a 6cm diameter Petri dish at a
concentration of 5 x 10° cells per dish in DMEM-LG for 1 day. An
arbitrary amount of 4d was added to the culture medium, and
electrical pulses were applied to cells using a CUY-21 electroporator
(CUY-21; NEPPA GENE, Tokyo, Japan). Rectangular electrical pulses
(field strength 300V cm™', number of pulses 10, pulse duration
5ms) were applied to cells using two parallel electrodes with a
5mm gap. Cells were incubated for 1h and washed with PBS twice.

5.8. Stability of 4d in cells

To determine whether 4d molecules stay in NIH-3T3 cells for a
long period of time, the labeled cells (1 x 10 cells) were seeded
in a 6 cm diameter Petri dish and cultured over 10 days without a
subculture, The time course of the fluorescence intensity for the
cultured cells was measured as follows. Before each measure-
ment, cells in one dish were washed three times with PBS to
eliminate the free 4d from the cells and lysed in 1mi lysis
buffer [25 mm tris (pH 7.8), 2 mm dithiothreitol, 2 mm 1,2-diamino-
cyclohexan-N,N,N;N'-tetraacetic acid, 10% glycerol, 1% Triton
X-100]. After 1h incubation at 37°C, the fluorescence intensity of
the cell lysates was measured with a spectrofluorometer
(excitation 430nm, emission 540nm, Wallac 1420 ARVOsx,
Perkin-Elmer Life Sciences, Boston, MA, USA). The time course
of the fluorescence intensity represented the stability of 4d in the
cells. At the same time, the number of cells in each dish was
counted. In addition, the amount of 4d delivered into each cell
by electroporation was calculated using the standard curve of
fluorescence intensity.

5.9. MR imaging of Gd-PVA solution at 4.7 T

MR images of 4d aqueous solutions were obtained on a 200-MHz
(4.7 T) NMR spectrometer (Apollo; Tecmag Inc., TX, USA) equipped
with a gradient system (Jeol Ltd, Tokyo, Japan; maximum gradient
strength 20mTm™"; slew late 50mTm™"ms™") using a saddle coil
with an inner diameter of 47 mm. Aqueous solutions with different
concentrations (0.05, 0.1, 0.2, 0.3, 0.5 and 1 mm) of polymer unit
were prepared. Three test tubes with different concentrations were
fixed vertically. A horizontal section was scanned. T;-weighted
images of the samples were acquired using a 2D spin echo
sequence with a repetition time (7R) of 2000 ms and an echo time
(TE) of 16 ms. Taking the long T, of the water observed inthe 1.5 T
machine into account, TR was greater in comparison to that for
general T;-weighted images. We used the minimum possible TE to
minimize the T, relaxation effect. Other scanning parameters were
as follows: field of view (FOV), 6 x 6 cm; matrix, 256 x 256; slice
thickness, 1cm.

5.10. MR imaging of NIH-3T3 cells in vitro

MR measurements of labeled cells were performed using the
same scanner and the same parameters as in the imaging of
4d solutions. Cells labeled with 4d by electroporation were
trypsinized, centrifuged and resuspended in test tubes (75 mm
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long, 10mm in diameter) at 7 x 10° cells in 2ml of complete
DMEM. The test tubes with labeled cell suspensions were allowed
to settle for 1 day to allow the cells to be precipitated before MR
imaging. A test tube with unlabeled cell suspensions was also
prepared in the same manner. In addition, a test tube with
cell-free pure medium was prepared. The three test tubes
prepared were arranged as shown in Fig. 4(a). Scanned slices
were positioned so that they pass through the cell pellet part
(slice B in Fig. 4a) or the solution part (slice A in Fig. 4a).

The cell density dependence of signal enhancement was
examined as follows. Different numbers of labeled cells were
suspended in 100 p.l of agarose solution at the concentration of
2wt% and cooled to be gelated. The MR imaging data of these
mixtures were collected by a 1 T compact MR imaging system
with a permanent magnet (MRmini, Dainippon Sumitomo
Pharma, Osaka, Japan) with a TE of 9ms and a TR of 1500 ms
(FOV, 3 x 6cm; matrix, 128 x 256; slice thickness, 3.7 mm).

5.11. In vivo fate of free SPIO and free Gd-PVA

The clearance of 4d and SPIO after intramuscular injection was
investigated in male rat F344. The rat was anesthetized by
inhalation anesthesia (1.5% isoflurane). Solutions of 4d (Gd
0.8 wmol per 50l water) and carboxydextran-coated SPIO,
Resovist™ (Fe 0.8 wmol per 50 p.l water, Bayer, Osaka, Japan) were
injected into the left and right femoral muscles, respectively,
using a 29 G needle. Whole inferior limbs of the animal were
scanned at 0, 3 and 10 days after injection ona 1.5 T compact MR
imaging system. These images were obtained with a TR of
1500ms and a TE of 9ms (FOV, 4 x 8 cm; matrix, 128 x 256; slice
thickness, 1 mm; slice gap, 0 mm; number of slice, 35).

For the time course of the CNR and the number of voxels in the
region, whole inferior limbs of the animal were scanned at 0, 1, 4,
6,8, 11 and 13 days after injection on a 1.5 T compact MRimaging
system. These images were obtained with a TR of 500 ms and a TE
of 9ms, and with a TR of 3000 ms and a TE of 20 ms (FOV, 4 x 8 cm;
matrix, 128 x 256; slice thickness, 1 mmy; slice gap, 0 mm; number
of slices, 35). CNR was calculated as (/2)'?|$,-S,|/S,» where S;,
S, and S,;, were the mean intensities in the contrast-enhanced
region, muscle and air, respectively.

5.12. Preliminary MR imaging of transplanted NIH-3T3
cells

In vivo cell tracking was preliminarily performed in male Balb/c
mice. These mice were anesthetized for imaging with the use of a
general inhalation anesthesia (1.5% isoflurane) and were allowed
to breathe spontaneously during preparation and scanning.
NIH-3T3 cells labeled with 4d (2 x 107 cells) were embedded in
2wt% agarose gel (200wl) and transplanted to the mice
subcutaneously. MR images were obtained using a 2 T compact
MR imaging system with a permanent magnet. T;-weighted
images were acquired using a 2D spin echo sequence with a TR of
2000ms and a TE of 9ms (FOV, 3 x 6 ¢cm; matrix, 128 x 256; slice
thickness, 1 mm) at room temperature,

6. SUPPORTING INFORMATION

Supporting information can be found in the online version of this
article.
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Peripheral Nerve Regeneration Using PLA Nanofiber
Conduit Modified with Neurite Outgrowth Promoting
Peptide-Oligo (Lactic Acid) Conjugates in the Rat
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PLA nanofiber conduit modified with neurite outgrowth promoting peptide
(AG73) - oligo (lactic acid) (OLA) conjugates was designed and prepared by
electrospining procedure. PLA/OLA;5-AG73 conduit was implanted at the 10
mm gap of rat peripheral nerve. After 6 months implantation, rat peripheral
nerve was regenerated using PLA/OLA5-AG73 conduit.

Keywords: AG73, conduit, nerve regeneration, PLA, surface modification

Introduction

Autologous nerve graft has been used for treating injured nerve. However, the
extraction of normal nerve results in permanent loss of the donor function, and size
mismatch between the injured nerve and the graft nerve is also an important problem.
Therefore, artificial nerve conduits have been also widely accepted to bridge the gap
between severed nerve stumps. Poly (L-lactic acid) (PLA) is recently used as the
substrate for nerve conduits because it is non-enzymatically hydrolyzed to low-toxic
lactic acid in vivo and has high mechanical properties and excellent shaping and
molding properties. However, the biological activities of PLA are not inherent in PLA
and then PLA is preferred to be modified with bioactive molecules. Many bioactive
peptide sequences such as RGD have been reported to be useful for tissue regeneration
so far. Since various modification techniques for PLA reported so far are prone to
adverse chemical reactions [1], it is necessary to develop simpler and effective
modification techniques.

, In this report, we developed the PLA nerve conduit modified with the
amphiphilic conjugates composed of oligo (lactic acid) (OLA; 26 mers) and AG73
(RKRLQVQLSIRT) which is known as the neurite outgrowth promoting sequence [2]
by electrospining procedure. And then, we tried to regenerate the 10 mm gap of rat
peripheral nerve by PLA/OLA,4-AG73 conduit.
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Results and Discussion

Amphiphilic conjugate, OLA,s-AG73, was prepared by a previously reported
procedure [3]. PLA/OLA,s-AG73 conduits (length=10 mm, inner diameter= 1.0
mm) were fabricated by electrospining procedure using 10 wt% of PLA solution in
hexafluoro isopropanol containing 3 wt% of OLAy-AG73 (Fig. 1 (A)).
PLA/OLA6-AG73 conduits had the suitable construction as nerve conduit to avoid the
outside invention of connective tissues, that is, PLA/OLA,s-AG73 nanofiber showed
approximately 220 nm diameter with tight reticulation (Fig. 1 (B)). The
incorporation of AG73 peptides onto the PLA conduit surface was confirmed by XPS
analysis. PLA/OLA,,-AG73 conduits were implanted at the 10 mm gap of rat
peripheral nerve, and then, the immunohistochemical analysis and electrophysiological
evaluation were performed after 6 months. When PLA/OLA-AG73 conduit was
implanted, neuronal action potential was observed between the more proximal part of
conduits and the tibialis muscle (Fig. 2). The results suggested that the
PLA/OLA-AG73 conduit enhances the nerve regeneration.
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Fig. 1. Fabrication of PLA/OLA,s-AG73 conduit by electrospining procedure (A) and
SEM images of PLA and PLA/OLAs-AG73conduits (B).
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Fig. 2. Peripheral nerve implanted PLA and PLA/OLA;s-AG73 conduits after 6
months.
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Compaction extent of polyplexes was successfully regulated
by cold treatment in buffer solution using thermoresponsive
gene carriers composed of linear poly(ethyleneimine) (1-PEI)
and alkyl side chains. Plasmid DNA (pCMV-Luc) was trans-
fected to COS-1 cells using these carriers with different cold
treatments. The luciferase expression was greatly enhanced
when cells were treated at 4 °C in well-defined timing. This was
a direct observation of how intracellular destabilization in
regulated timing is important for nonviral gene transfection.

There has been significant interest in synthetic polycation as
a non-viral gene carrier and in gene therapy.! Several poly-
cationic carriers, such as poly(ethyleneimine) (PEID),?> poly-
(L-lysine) (PLL),® and chitosan,* have been developed due to
various advantages over viral vectors. Among them, PEI is one
of the most widely studied gene carriers because of its high
efficiency gene expression.? Furthermore, mechanism analysis
for efficient gene transfer including cellular uptake, lysosomal
escape, and nuclear transport has been widely carried out.
Although the decompaction or dissociation of polyplexes is
believed to be important for gene expression, studies of this are
not well developed because it is not easy to control these
phenomena in cells.

Recently, thermoresponsive polymers have received much
attention as intelligent materials for various applications.
Poly(N-isopropylacrylamide) (PNIPAAm) is one of the most
typical thermoresponsive polymers.> A block copolymer con-
sisting of poly(L-lactic acid) and poly(ethylene glycol)® and
poly(amino acid)s’ have been also reported. Kurisawa et al.
reported that thermoresponsive copolymer, poly[N-isopropyl-
acrylamide-co-2-(dimethylamino)ethyl ~ methacrylate-co-butyl
methacrylate], showed high transfection efficiency.®® A PEI-
graft-PNIPAAm copolymer was synthesized as a thermores-
ponsive carrier by Bisht et al.!% Lavigne et al. reported that high
gene expression using PEI-PNIPAAm conjugates as a carrier
occurred below the LCST.!! We report herein synthesis and
timing-controlled gene transfection by use of new thermores-
ponsive PEI derivatives as gene carriers. PEI derivatives were
synthesized by the reaction of 1-PEI (M,, = 22000) with various
carboxylic acid chlorides in chloroform at room temperature for
48h (Scheme 1). In this study, butyryl chloride, propanoyl
chloride, and hexanoyl chloride were used for the synthesis of
PEI derivatives. The synthesis of PEI derivatives is summarized
in Table 1 and the introduction ratio was determined by
HNMR. PEI-C4 was soluble in water at room temperature.
PEI-C5 and PEI-C6 were insoluble in water.

Figure 1 shows the transfection efficiency of PEI deriva-
tive/pCMV-Luc complexes. Complexes were formed by mixing
PEI derivatives with pCMV-Luc at several cation/anion (C/A)

Chem. Lett. 2010, 39, 1238-1239
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Scheme 1.
Table 1. Synthesis of PEI derivatives
. . Introduction
Sample  Chloride Yield/% ratio®/%
PEI-C4 Butyryl chloride 55 64
PEI-CS Propanoyl chloride 64 67
PEI-C6 Hexanoyl chloride 59 58

© 2010 The Chemical Society of Japan

*Determined by 'HNMR.
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Figure 1. Transfection efficiency determined by luciferase activity
in COS-1 at 37°C. The polyplexes composed of pCMV-Luc (100 ng)
and polycations (C/A 48-1.5) in FBS (—) DMEM were added to
culture medium for 1 x 10 cells per well in the presence of 100 uM
chloroquine. @: PEI, A: PEI-C4, B: PEI-CS, and ¢: PEI-C6. Values
are shown as means =+ standard deviations.

ratios. The transfection efficiency was determined by luciferase
activity in COS-1 cells at 37 °C. PEI homopolymer as a control
showed high transfection efficiency with increasing C/A ratio.
The transfection efficiency of PEI-C4 at high C/A ratios of 24
and 48 was almost the same as that of PEL It was demonstrated
that the transfection efficiency was not affected by the
introduction into the side chain of PEI. For PEI-C5 and PEI-
C6, low transfection efficiencies were observed because of their
low solubility in water.

Figure 2 shows photographs of 1wt% solution of PEI-C4
at 4 and 37°C. The transparent solution at 4 °C became opaque
at 37 °C. The turbidity change took place sharply in both heating
and cooling processes. This result showed that PEI-C4 was

www.csj.jp/journals/chem-lett/



PEI-C4 solution

Figure 2. Photographs of the 1wt % polymer solution of PEI-C4 at
(a) 4 and (b) 37°C.
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Figure 3. Relative fluorescence intensities of complexes depending
on the temperature. Fluorescein-labeled plasmid DNA was complexed
with PEI or PEI-C4. Complexes were incubated at 4 or 37°C for
various times. @: PEI-C4 (4 °C), l: PEI-C4 (37 °C), O: PEI (4 °C), and
O: PEI (37°C).

thermoresponsive polymer. The LCST of PEI-C4 was estimated
around 30°C.

Relative fluorescence intensities of complexes depending on
the temperature were examined (Figure 3). Fluorescein-labeled
pCMV-Luc (F-pCMV-Luc) was complexed with PEI or PEI-C4
at the C/A ratio of 24 and complexes were incubated at 4 or
37°C for 1, 2, 4, and 8h. A gradual increase in the relative
fluorescence intensity of PEI-C4/F-pCMV-Luc complex by
treating at 4°C was found, whereas such increase was not
observed when the complex was incubated at 37 °C. In the case
of PEI, the change of relative fluorescence intensities was not
observed. This change must be because of the decompaction
of the polyplexes resulting from the increased hydrophilicity
of the PEI-C4. The temperature lower than the LCST caused
a conformational change of PEI-C4 and made the complex
unstable.

Effects of the post-transfection cold procedure on the
luciferase expression are shown in Figure 4B. Relative gene
expression was calculated as follows: (CPS/mg protein with the
cooling procedure)/(CPS/mg protein without the cooling
procedure). When cells were treated at 4 °C for 6h at 24 h post
transfection, the relative gene expression increased 2.3 times
(Figure 4A, A). This kind of enhancement was not observed for
the PEI (Figure 4A, open marks). The cold treatment for 2 h did
not affect the expression at all (Figure 4A, @). This may be due
to insufficient decompaction of the polyplexes. The internalized
complexes are considered to be decompacted as is shown in
Figure 3 and were transcribed, resulting in high gene expression.
When cells were cold treated for 6h at 6 h post transfection, the

Chem. Lett. 2010, 39, 1238-1239
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Figure 4. Relative gene expression depending on temperature (A).
Cells were incubated with complexes composed of pCMV-Luc
(100 ng) and polycations (C/A 48-1.5) in FBS (—) DMEM. PEI-C4
(closed symbol) and PEI (open symbol) were used. The cooling
procedure is shown on panel B.

expression enhancement was not observed even for the 6h cold
treatment at 24h post transfection (Figure 4A, M), suggesting
that the decompaction at a too early stage in the intracellular
trafficking of polyplexes suppressed the gene expression
completely.

In conclusion, new thermoresponsive polymers based on
PEI were used for controlling the intracellular decompaction of
the polyplexes. Thermoresponse was found in polymer solution
prepared by the reaction of butyryl chloride with PEL The
stability of PEI-C4/F-pCMV-Luc complex was clearly affected
by cold treatment in a buffer solution. Furthermore, high gene
expression was achieved by well-defined cold treatment proce-
dure. Our system will be useful for mechanistic analysis of the
intracellular behavior of polyplexes for efficient polymeric
carrier-based gene transfer.

This work was supported by Grants-in-Aid from the Ministry
of Health, Labour and Welfare of Japan and by the Program for
Promotion of Fundamental Studies in Health Sciences of
National Institute of Biomedical Innovation of Japan.
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