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We have been investigating cell-penetrating peptide-linked polymers as a new class of penetration enhancers. Cell-
penetrating peptides are cationic oligopeptides such as oligoarginine and penetratin and they are internalized into cells via
macropinocytosis. We designed a novel polymer: poly (N-vinylacetamide-co-acrylic acid) (PNVA-co-AA) modified with
oligoarginine, with the expectation that the polymers would enable poorly membrane-permeable molecules physically
mixed with them to effectively penetrate cell membranes without their concomitant cellular uptake. Here, we evaluated the
performance of D-octaarginine-linked PNVA-co-AA on cell membranes. When cultured Caco-2 cells were incubated with
5(6)-carboxyfluorescein (CF), about 0.1% of applied CF was internalized into the cells during a 30-min experiment. This
poor membrane permeability was dramatically enhanced by the D-octaarginine-linked polymers. A similar enhancement
was observed when anionic CF was substituted with cationic atenolol and nonionic FITC-dextran. None of the individual
components had any influence on CF uptake, demonstrating that only D-octaarginine anchored chemically to the polymeric
platform enhanced the membrane permeation of CF. The polymer-enhanced CF uptake was consistently high even
when the incubation time was extended to 120 min. Confocal laser scanning microphotographs of cells incubated with
D-octaarginine-linked polymers bearing rhodamine red demonstrated that the cell outline was stained with red fluorescence.
The polymer-enhanced CF uptake was significantly suppressed by 5-(N-ethyl-N-isopropyl) amiloride, which is an inhibitor
of macropinocytosis. Results indicated that D-octaarginine-linked polymers remained on the cell membrane and poorly
membrane-permeable molecules were continuously internalized into cells mainly via macropinocytosis repeated for the

individual peptidyl branches in the polymer backbone without the concomitant cellular uptake of the polymers.
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Fig. 1 Schematic representation of macropinocytosis.
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Fig. 2 Chemical structure of oligoarginine-linked poly
(N-vinylacetamide-co-acrylic acid) (PNVA-co-AA).
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Fig. 3 Schematic representation of the cellular uptake of poorly membrane-permeable molecules
physically mixed with oligoarginine-linked polymers.
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Fig. 4 Synthesis of D-octaarginine-linked PNVA-co-AA.

Table 1 Characterization of D-octaarginine-linked PNVA-co-AA used in this study.
Polymers Content of the respective units" Mw (kDa)*
NVA AA D-Octaar,ginineb
D-Octaarginine-linked PNVA-co-AA 70 19 11 1600
D-Octaarginine-linked PNVA-co-AA bearing rhodamine red 70 9 21 1600
“Percentage of the number of the respective monomer units to the total number of monomer units

°The monomer units of acrylic acid grafting D-octaarginine

“Weight-average molecular weight of original PNVA-co-AA
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Fig. 5 Cellular uptake of CF in the absence ( [J] ) and
presence of D-octaarginine-linked PNVA-co-AA (H) at
different concentrations. Caco-2 cells were incubated with
CF(0.01 mM) and the polymer (0.01— 0.2 mg/mL) in PBS
at 37°C for 30 min. After incubation, CF that had associated
with cells was assayed by HPLC. Data are expressed as
the percentage of the amount of CF taken up into the cells
to that added to the medium (mean * s.d., n = 3).
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Fig. 6 Cellular uptake of CF in the absence ([])and
presence of D-octaarginine-linked PNVA-co-AA () and
its individual components (% : D-octaarginine, N: PNVA-
Cco-AA, a physical mixture of D-octaarginine and PNVA-
co-AA). Caco-2 cells were incubated with CF (0.01mM)
and each substance (0.2mg/mL) in PBS at 37 C for 30
min. When the physical mixture was used, the respective
concentrations of D-octaarginine and PNVA-co-AA were
adjusted to 0.2mg/mL. After incubation, CF that had
associated with cells was assayed by HPLC. Data are
expressed as the percentage of the amount of CF taken up
into the cells to that added to the medium (mean = s.d., n
=3).

Table 2 Effect of charges on the penetration enhancement of poorly membrane-permeable molecules in the absence

and presence of D-octaarginine-linked PNVA-co-AA.

Molecules Charge Concentration® Cellular uptake (%b)
(mM) In the absence of D-octaarginine-linked PNVA-co-AA  In the presence of D-octaarginine-linked PNVA-co-AA
CF Anionic 0.01 0.145 +0.035 2.37+0.48
Atenolol  Cationic 0.25 0.313+0.021 1.05+0.12
FD-4 Neutral 0.2 0.141 +0.0065 337+0.23

“Concetration of each molecule in cell suspension

"The percentage of the amount of each molecule taken up into Caco-2 cells to that added to the medium (mean + s.d., n = 3)
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Fig. 8 Consecutive images of a Caco-2 cell captured with a confocal laser scanning microscope equipped

with a helium-neon laser (543nm) (red bar: 10um).
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Fig. 7 Cellular uptake of CF in the absence ([]) and
presence (M) of D-octaarginine-linked PNVA-co-AA. The
incubation time was set at 30, 60, or 120 min. Caco-2
cells were incubated with CF (0.01mM) and the polymer
(0.2 mg/mL) in PBS at 37 ‘C . After incubation, CF that
had associated with cells was assayed by HPLC. Data are
expressed as the percentage of the amount of CF taken up into
the cells to that added to the medium (mean * s.d., n =
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Caco-2 cells were incubated with D-octaarginine-

linked PNVA-co-AA bearing rhodamine red in PBS at 37°C for 30 min, and were fixed with formaldehyde
after the removal of free fluorescent polymer. The laser was used with a primary dichroic beam-splitter.
Emissions above 560 nm were detected to observe the cellular distribution of D-octaarginine-linked PNVA-
co-AA bearing rhodamine red. Optical sections were gathered at 1-um intervals perpendicular to the z-axis.
The dimensions of the image displayed on the monitor were set as 512 X 512 pixels.
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Fig. 9 Effect of inhibitors on the cellular uptake of CF in the presence of D-octaarginine-linked PNVA-co-AA.
Caco-2 cells were incubated with CF (0.01mM) and the polymer (0.2 mg/mL) in the absence ([]) and
presence (M) of each inhibitor (EIPA: 0.1mM, CPZ: 0.1 mM, MBCD: 2mM) in PBS at 37°C for 30 min.
After incubation, CF that had associated with cells was assayed by HPLC. Data are expressed as the
percentage of the amount of CF taken up into the cells to that added to the medium (mean % s.d., n=3).
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