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PEGylated polymer micelles containing 4-nitro-3-trifluoro-
methylphenyl units within the core moiety were prepared, and their
phototriggered nitric oxide (NO)-generating ability was confirmed
by electron spin resonance (ESR) spin-trapping and the Griess
method. These micelles were found to be capable of delivering
exogenous NO into tumor cells in a photocontrolled manner and
showed an NO-mediated antitumor effect, indicating the usability of
this molecular system in NO-based tumor therapy.

Nitric oxide (NO) is a free radical endogenously synthesized in
the body and plays multiple physiological roles, including vaso-
dilation, angiogenesis, neurotransmission, and immune response.’
Depending on its concentration and localization, NO has diverse
biological functions.? For example, NO can both promote and
inhibit tumor progression depending on its local concentration.
Relatively high concentrations of NO have been shown to inhibit
tumor progression by promoting apoptosis.” This means that a
molecular system capable of site-specific delivery of a high amount
of NO should be useful in antitumor treatment. Due to the poor
bioavailability of NO, great efforts have been made to develop a
methodology for the controlled delivery of exogenous NO in living
systems.> One promising approach is the exploitation of a photo-
chemical process which can be spatiotemporally controlled by
manipulating the incident light. Until now, various NO-photo-
generative compounds (NO photodonors) have been developed and
applied for the examination of photocontrolled NO delivery.*?
However, the development of NO photodonors with excellent water
solubility, biocompatibility, and tumor specificity is still challeng-
ing. In this regard, we newly designed a PEGylated polymer
micelle-based NO photodonor which contains NO photogenerative
units in the core moiety. It is well recognized that PEGylated
polymer micelles several tens of nanometers in size are potent
carriers of various therapeutics agents.® They show high colloidal
stability under physiological conditions and preferentially accumu-
late in solid tumors by the enhanced permeation and retention (EPR)
effect.” Here, we wish to communicate the preparation of a
PEGylated polymer micelle-based NO photodonor and its potential
for NO-based therapeutic application.

The PEG-based amphiphilic block copolymer used in this
study [PEG-b-PNTP (PEG: 5000 gmol~!, PNTP: 3600 gmol ',
DPpnrp(n) = 11] in Figure 1) was synthesized via conjugation
between PEG-b-poly(4-chloromethylstyrene)® and 4-nitro-3-trifluo-
romethylphenol (NTP) in the presence of potassium carbonate.’
Nitrobenzene derivatives having bulky substituents at the ortho-
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Figure 1. Schematic illustration of the PEGylated polymer micelle-
based NO photodonor (ND micelles) used in this study.

position are known to generate NO upon appropriate light
irradiation though a nitro-to-nitrite photorearrangement followed
by the rupture of the O-NO bond (Figure 1).> Micellization of PEG-
b-PNTP was carried out by dialysis. The hydrodynamic diameter
and polydispersity index (PDI) of the resulting micelles (ND
micelles) were determined by dynamic light scattering to be 42.3 nm
and 0.15, respectively (Figure S2).° The low PDI value indicates the
formation of uniform micelles without any secondary aggregates.
In addition, the ND micelles showed a neutral surface charge (¢
potential: 0.03mV in 10mM phosphate buffer, pH 7.4) and
remained dispersed without any change in size for at least one
month. It should be mentioned that the hydrodynamic diameter of
the ND micelles is suitable for tumor-specific accumulation via the
EPR effect (i.e., below 100nm).”

Phototriggered NO generation from the ND micelles was first
tested by electron spin resonance (ESR) spin-trapping using N-
methyl-D-glucamine dithiocarbamate complex ((MGD),~Fe?*),
which reacts with NO to give a stable paramagnetic complex,
(MGD),—Fe?*-NO.!? Since the (MGD),~Fe**-NO complex gives a
typical broadened three-line signal in the ESR spectrum, the
generation of NO in the sample solution could be detected from the
change in the spectrum. A freshly prepared (MGD),—Fe?* complex
solution and ND micelles were mixed in a quartz cell (molar ratio:
[(MGD),—Fe**] /INTP unit] = 20), after which the mixed solution
was irradiated for 1 h. Before irradiation, the mixed solution showed
no significant peak in the ESR spectrum (Figure 2a). In contrast, the
appearance of characteristic peaks corresponding to the formation of
the paramagnetic (MGD),—Fe**-NO complex was observed after
irradiation (Figure 2b). As a control, a solution of the (MGD),—Fe?*+
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Figure 2. ESR spectra of the (MGD),~Fe>*/ND micelle mixture (a)
before and (b) after light irradiation. The spectra were recorded at
modulation amplitude of 8.0 G. (c) Phototriggered NO generation from
the ND micelles estimated by the Griess method. In all experiments,
light irradiation was performed using a high-pressure mercury lamp
and a glass filter (>315nm, 54 mW cm™2).
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Figure 3. (a) Viability of HeLa cells treated with ND micelles at
various concentrations with (open symbol) or without (filled circle)
UV light irradiation. Light irradiation was performed using a mercury
lamp and a band pass filter (330-385nm, 34mW cm™2) for 3 min
(open triangles) and 10min (open circles). The plotted data are
averages of five experiments & SD. (b) Viability of HeLa cells without
ND micelle treatment after UV light irradiation. Light irradiation was
performed as above. The plotted data are averages of five
experiments + SD.

complex alone was irradiated with the same dose of light, and no
significant change in ESR signal was observed (Figure S4).° This
indicates the phototriggered NO generation from the ND micelles.
Though NO is rather hydrophobic character, it might be released
from the ND micelles through the PEG outer layer due to the high
mobility of gaseous NO. Next, the amount of photogenerated NO
was estimated by the Griess method, which can quantify the amount
of both nitrite and nitrate ions resulting from NO oxidation and
subsequent hydrolysis in aqueous solutions.!" As shown in
Figure 2c¢, the amount of photogenerated NO progressively increas-
ed with the increase in irradiation time, and after 30 min of
irradiation, 31.9nmol of NO was generated from 1mg of ND
micelles, corresponding to a reactivity of ca. 2% of the NTP units
within the ND micelle core.

In order to assess the photoinduced NO-mediated antitumor
effect of the ND micelles, in vitro examination was performed using
HeLa cells.” Figure 3a shows the change in the viability of HeLa
cells as a function of the concentration of ND micelles. Without UV
light irradiation, the ND micelles showed a relatively lower
cytotoxicity, and the 50% inhibitory concentration (ICsy) was found
to be 4.9mgmL~'. This might be due to the existence of the
biocompatible PEG outer layer at the surface of the ND micelles.
Upon UV light irradiation, the cytotoxicity of the ND micelles was
enhanced with the increase in irradiation time, and a significant
decrease in the ICs, value of the ND micelles was confirmed (after
3-min irradiation (6.12Jcm™2) ICso = 1.9mgmL~!, after 10-min
irradiation (20.4Jcm™2) ICso = 0.2mgmL™"). It should be noted
that the fluence of the UV light employed in this experiment did not
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affect the viability of HeLa cells in the absence of ND micelles
(Figure 3b), indicating that the photoinduced enhancement of the
cytotoxicity of the ND micelles was caused by the photoproducts,
NO and polymer-bonded oxyl radicals. Oxyl radical and its
degradation products are known to exhibit no significant cytotox-
icity,> which strongly emphasize that the liberated NO works
mainly to an antitumor effect in a photocontrolled manner.

In conclusion, the present study demonstrated the photo-
controlled delivery of exogenous NO into target cells using a
PEGylated polymer micelle containing NO photogenerative units
within the core moiety. The amount of generated exogenous NO
was confirmed to be sufficiently high to induce an antitumor effect,
indicating the usability of this molecular system for NO-based
tumor therapy. Finally, we wish to emphasize that the main
objective of this study was to verify the effectiveness of a
PEGylated polymer micelle-based NO photodonor system for tumor
treatment. The wavelength of the light used in this study was within
the UV region, which has an instinct limitation for in vivo
applications. Further studies which address this issue, among others,
are underway and the results will be reported elsewhere.
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Research Center (WPI) Initiative on Materials Nanoarchitectonics
(MANA) of the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) of Japan.

References and Notes

1 a) A. R. Butler, D. L. H. Williams, Chem. Soc. Rev. 1993, 22,
233. b) S. Moncada, R. M. Palmer, E. A. Higgs, Pharmacol.
Rev. 1991, 43, 109.

2 a) D. D. Thomas, L. A. Ridnour, J. S. Isenberg, W. Flores-
Santana, C. H. Switzer, S. Donzelli, P. Hussain, C. Vecoli, N.
Paolocci, S. Ambs, C. A. Colton, C. C. Harris, D. D. Roberts,
D. A. Wink, Free Radical Biol. Med. 2008, 45, 18. b) D.
Fukumura, S. Kashiwagi, R. K. Jain, Nat. Rev. Cancer 2006, 6,
521. ¢) A. J. Janczuk, Q. Jia, M. Xian, Z. Wen, P. G. Wang, T.
Cai, Expert Opin. Ther. Pat. 2002, 12, 819.

3 a) A. B. Seabra, N. Duran, J. Mater. Chem. 2010, 20, 1624. b)
T. B. Cai, P. G. Wang, Expert Opin. Ther. Pat. 2004, 14, 849. c)
P. G. Wang, M. Xian, X. Tang, X. Wu, Z. Wen, T. Cai, A. J.
Janczuk, Chem. Rev. 2002, 102, 1091.

4 a) P. C. Ford, Acc. Chem. Res. 2008, 41, 190. b) M. J. Rose,
P. K. Mascharak, Coord. Chem. Rev. 2008, 252, 2093. c¢) C. M.
Pavlos, H. Xu, J. Toscano, Curr. Top. Med. Chem. 2005, 5, 637.

5 a)S. Sortino, G. Condorelli, G. Marconi, Chem. Commun. 2001,
1226. b) S. Sortino, S. Petralia, G. Compagnini, S. Conoci, G.
Condorelli, Angew. Chem., Int. Ed. 2002, 41, 1914. ¢) T. Suzuki,
O. Nagae, Y. Kato, H. Nakagawa, K. Fukuhara, N. Miyata,
J. Am. Chem. Soc. 2005, 127, 11720.

6 a) N. Nishiyama, K. Kataoka, Pharmacol. Ther. 2006, 112, 630.
b) K. Kataoka, A. Harada, Y. Nagasaki, Adv. Drug Delivery Rev.
2001, 47, 113.

7 Y. Matsumura, H. Maeda, Cancer Res. 1986, 46, 6387.

8 T. Yoshitomi, D. Miyamoto, Y. Nagasaki, Biomacromolecules
2009, 10, 596.

9 Supporting Information is available electronically on the CSJ-
Journal Web site, http://www.csj.jp/journals/chem-lett/index.
html.

10 A. Komarov, D. Mattson, M. M. Jones, P. K. Singh, C. S. Lai,
Biochem. Biophys. Res. Commun. 1993, 195, 1191.

11 D. L. Granger, R. R. Taintor, K. S. Boockvar, J. B. Hibbs, Jr.,
Methods Enzymol. 1996, 268, 142.

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

> s.101p3

=)
—
R
0



http://dx.doi.org/10.1039/cs9932200233
http://dx.doi.org/10.1039/cs9932200233
http://dx.doi.org/10.1016/j.freeradbiomed.2008.03.020
http://dx.doi.org/10.1038/nrc1910
http://dx.doi.org/10.1038/nrc1910
http://dx.doi.org/10.1517/13543776.12.6.819
http://dx.doi.org/10.1039/b912493b
http://dx.doi.org/10.1517/13543776.14.6.849
http://dx.doi.org/10.1021/cr000040l
http://dx.doi.org/10.1021/ar700128y
http://dx.doi.org/10.1016/j.ccr.2007.11.011
http://dx.doi.org/10.2174/1568026054679326
http://dx.doi.org/10.1039/b102359b
http://dx.doi.org/10.1039/b102359b
http://dx.doi.org/10.1002/1521-3773(20020603)41:11<1914::AID-ANIE1914>3.0.CO;2-J
http://dx.doi.org/10.1021/ja0512024
http://dx.doi.org/10.1016/j.pharmthera.2006.05.006
http://dx.doi.org/10.1016/S0169-409X(00)00124-1
http://dx.doi.org/10.1016/S0169-409X(00)00124-1
http://dx.doi.org/10.1021/bm801278n
http://dx.doi.org/10.1021/bm801278n
http://dx.doi.org/10.1006/bbrc.1993.2170
http://dx.doi.org/10.1016/S0076-6879(96)68016-1
http://www.csj.jp/journals/chem-lett/

