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The plasma-induced surface radicals formed on a variety of organic polymers have been studied in detail using elec-
tron-spin resonance (ESR) coupled with systematic computer simulations. On the basis of the findings from such studies
on the nature of radical formation and radical reactivity, we were able to open up several novel pharmaceutical and bio-
medical applications in plasma treatment. In this review, applications using plasma-irradiated organic polymers are
described, which include: 1) preparation of double-compressed tablets applicable for reservoir-type drug-delivery sys-
tems (DDS) for sustained and delayed release, intragastric floating DDS (FDDS) for oral controlled-release dosage
forms with gastric retention capabilities, and fabrication of functionalized composite powders applicable for controlled
drug release with the mechanical application of plasma-irradiated polymer powder; 2) an approach to ‘‘patient-tailored
DDS,’’ administered by taking into account that the environment (pH, transit time, etc.) in the gastrointestinal tract va-
ries with each patient, based on the combination of the above-mentioned DDS devices; 3) plasma-assisted promotion of
seed germination of herbal medicines with hard coats; and 4) fabrication of polymer surfaces with durable hydrophilici-
ty and lubricity using plasma techniques and the immobilization of oligo-nucleotides on hydrophilic polymer surfaces
thus prepared applicable to constructing DNA diagnosis systems.

Key words——plasma treatment; polymer surface radicals; electron spin resonance (ESR) ; drug delivery system (DDS)
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Fig. 3.
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Shown as Dotted Lines
Plasma conditions: 40 W, Ar 0.5 Torr, 3 min. PMMA: polymethylmethacrylate, PMAA: polymethacrylic acid, PHEMA: poly- (2-hydroxyethyl) methacrylate,
PMAAm: polymethacrylamide, PAAm: polyacrylamide, HDPE: high density polyethylene, LDPE: low density polyethylene, PTFE: polytetrafluoroethylene,

ETFE:

ethylenenaphthalate, PC: polycarbonate.

Fig. 4.

(ethylene-tetrafluoroethylene) copolymer, EVA:

Room Temperature ESR Spectra of Plasma-induced Radicals in Organic Polymers, together with the Simulated Spectra

(ethylene-vinylacetate) copolymer, PS: polystyrene, PET: polyethyleneterephtalate, PEN: poly-
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Room Temperature ESR Spectra of Plasma-irradiated Organic Polymers after Exposure to Air, together with the Simulated
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Fig. 5.

Schematics for Preparation of Double-compressed Tablets Including the Experimental Setup for Plasma Irradiation
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Fig. 6.

Preparation of Sustained-release Tablet by Oxygen Plasma Irradiation onto Double-compressed Tablet
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Fig. 7. Effect of Oxygen Plasma-irradiation on Theophylline Release from Double Compressed Tablet
Core tablet: Theophylline, Outer layer: polyoxymethylene : polystyrene=1 : 1, Plasma conditions: 50 W, O, 0.5 Torr, 50 ml/min.
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Fig. 8. Preparation of Time-controlled-release Tablet by Argon Plasma Irradiation onto Double-compressed Tablet
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Preparation of Intragastric Floating DDS by Argon Plasma-irradiation onto Double-compressed Tablet

Effect of Argon Plasma Duration on Specific Gravity of Double-compressed Tablet (A) and the 5-FU Release Property (B),

Core tablet: 5-Fluorouracil (5-FU), Outer layer (200 mg) : polymers (PVP: Eudragit RL=4 : 1) : NaHCO;=85 : 15, Plasma conditions: 100 W (pulsed cycle

(on/off ) =35 ms/15 ms ), Ar 0.54 Torr, 50 ml/min.
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Fig. 12. Preparation of Composite Powder for Sustained Drug Release by Mechanically Induced Surface Radical Recombination of

Plasma-irradiated Polymer Powders



448

Vol. 126 (2006)

FOITHEMNFIOMEAERANO T IV > T I XX
2TV, RAREBEZERIES I EITXD,
BEAFEIN S O ORI HIEAFTRETH 2 T & 2
5MIZL TIN5, O
Pk, Zheo7 I X< 4 %FHL 7= DDS ##
HIEORFBEFEILRDEIIICELEDEN S,
1. B2 RIA7 O ADDIREEBDGEEN
<, ERT I HIVBERITHET 5.

1.0
08 180s (1.0 x 1078
. spin numbers/g)
(*]
'ﬁ A 30s (0.5 x 108
; 0.6 spin numbers/g)
N
©
% 0.4 non-plasma-irradiation
a2 sample| Tsou%
0.2 non |<5min
30s | 20 min
180 s | 30 min
0 [] 1 [ 1 [
0 1 2 3
Dissolution time / h
Fig. 13. Drug Release Profiles from the Composite Powder

Composed of Theophylline and Ar Plasma Irradiated LDPE
Plasma conditions: 40 W, Ar 0.5 Torr, 50 ml/min, Mechanical con-
ditions: 60 Hz, 1 h.

Conceptual illustration

's a

drug

adhesive layer
backing layer

Transdermal patch

Ar plasma irradiation

<— crosslinked
layer

RARERA

\.

Fig. 14.
Plasma conditions: 5 W, Ar 0.5 Torr, 50 ml/min.

Dissolution ratio / %

2. 1EOERMY S AUz X > T, HMIZ
Ji U 7= 3 DR L NS — O INEBITES
n5.

3. BEfF0 DDS #EIc b LT, HEKIEE TREMN
LI NZ DT, TR NOHIEAAIRETH 5.

4. FIAT=IVDRERISTHZDT, EHEH
T E L TOES TNV BRI N 5.

4. DDSHT—T— A4 RBIN

RILDRBHRT ) AR OERIZKD, BETO

BEANZEICHEDNT, REHHDEDON S NE ZRE
T2 “T—T—AA REE ORBITMIT B EN
EFRIEL TS,

—7, #OFRGRMANIMADORS S/ E DR

MHNHAEINTWDA, BAIOF 5 E N
2, HLENRE (pH I ONT#E 018 58X 0 58 it

Refil7e &) MWEANTER S92, BFICX-ST
1, BEID S DY OEFRI - 7B 2R VE
CBZENAMENTNS, ZTOREE, AW=rF
FEORTICE->T, ML BEDENE S NN
Bansds, 517, &ETHE, BADRKLS AR
UZXLDEOIT, HERLANIE> THEOREHMN
W n Z & (FEEMB)RENHOGND X DITR
0, fHxDEEDOHREY X L%EHE L 7R 5
DDS #HNZHIEHNEE > TS,

DDS DA% BRI, “EWiEOfmEL” Th 5.
TOERDDIZ, EHESIE, EROT T XS

100 )

0 4 8 12 16 20 24 120
Dissolution time / h

Controlled Drug Release from Transdermal Patches by Argon Plasma Irradiation



No. 7

449

KD EW R, NEES &7 T AU
FEOBIRICKDAGICHRETH D EZFAL,
8 2 D B RiE 7 DDS # K 212t 4 2% “F—
Z— A4 REIDDS” OHFE %D TW%, *® Figure
1513, TOMEZRLEZBDOTHS. Thbb,
EEIEBENTEZY Y T Fy TN EED
HLENREOEEZED 2K 21T, TOUY
2o T, EFMNHEFNC T I XABFAT S &
T, % OBFI s Y R IR RE DA B X
7= DDS #HA|ZZHTHHDTH 5.

BfE, A7O0Y 7 hOFEBICHENT, fEx DEK
RN 24 B I U - Y EE —EERITDNT,
7T R WSS, VBRI D pH K OV ik Y
INF =2 (FTHA LDEI0EYHHEE) HT
OERMMHEEBRZEZHS ML, ZHk=—XITx
JNRTRETR 7T A~ HE S 4 oD B 45 S O FENLITHLD
HATNWD,

5. 77RXYEREMUE(ICLZ2EREMEFOESF
o3

YT OHICIE, KRIRIREBIZH D, FEIFEL HW
bOMH S, UL, FHREERIZOOEEMITEH
BIMEETH 20, BIEbEeREL TWE KT
HbHD., FETORIRANZZLEZEATH 20, H
ZIX, BEWRERIZ K O WRKRNIT 5T 2 S fE
TOBE, MEICEEMTS I ETHFERZEES S
LZZLBARETH D, TR, RO, WS
B D VI HFE N 72 812 & 0 BT ORI A
TTONTNDN, GG, WO, ik
INEB D RE 75 Ehk & 72BN S B U WL G ETE
FNTNS,

EFEOIL, WYL OERS DI TS X<
DRERIE ST EI N5 O—ZXThd Z &I
FHLU, Fig. 16 17T LD, MHETERD

FT o X< B 2170, fRICEENs Il o—
AZN R T D T &I K DU 57 % B %
U7, EBE, Fig. 161213, BHE 7 7 X< BEHi%
\2BVF % Pharbitis nil (7 577 ) # 7@ SEM 5. &
ERLTWSD, 75X HREHNT L0 S23 5
R LB OMILDOERNED 5Nz, £/, Fig.
1713, Fx OEHAEMETICONT, TNETNEH
LI NZLMEOT, BET I ABEZITY, £
DFFRER T HHICBI 2 HERE T 7 A< RIEH
DHDEHBUIZFERZRL TS, Figure 1712
RI KD, TITXTHFEFALARFEITEK
D, EToEEEMDY, HEREFECMESE
B2 EMUEETH > 7=, K12, Geranium thun-
bergii (/7 > J 3 3 ©7 1) % Cassia angustifolia (&2 >
F)DOEDIT, RUHOREFTIX, Wi FEH 0
FHENTVNDHDIZTDONTDH, 75 ALY
RUERERESWETHIENTEREZENS, 7
T A RENHIC X 2 F U OFENENHR S N
7z,
DlloERio, 7o X< EHHAL ALk
13, BERIATOLATH S -0EFIELROD G
H2<, ZJU—=2DDOREDOINH U WEIFLE
FEEUTHENRERAEDERL Tn5,

6. T7ATEKANB(CLDWMERTZ7XF VY
INy T REA D ZEH| R & 1
EEBIGICBWTIE, TIRATFy 78Ny TNT
R ICENE 2 REE SO 2RENHENIZITDON
T3, 20O, HHEOEPIIOVTIE, TIR
F o 7 RENEET D20, WRICEEND2EYO
GRLONMESE T T2 2 ENmEInN TS, f#i
AW, TFL>—EZ N TETFT—NHEEAK
(EVA) -G /N v 7 RENDA > AV > DWRAED
H5.

<35 B>
HLERE=S LT FyT
12 & B ML ERBHE

ESLEEDHEEENE=2 V£SO EE
L T, DAEERTT A

FERERTMAEICHED., HR~0T S TBHETEL.
| BEGEHBAEGEEEERNIH5T 5.

Fig. 15. Conceptual Cartoon for Patient-tailored DDS



450 Vol. 126 (2006)

Oxygen plasma
|rrad|at|on H.0, O, H,O, O, -
—> N e f

Seed Formation of _ .
micropore Water absorption ~ Germination

SEM of seed coat (Pharbms m])

Oxygen plasma
irradiation

40W, 10min

Fig. 16. Surface Modification of Seed for Promotion of Germination by Oxygen Plasma Irradiation
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Fig. 17. Effect of Plasma Irradiation on Seed Germination

Aging time: 7 days, Plasma condition: O, 0.5 Torr, 50 ml/min, Pharbitis nil: 80 W, 5 min, Astragalus mongholicus: 80 W, 1 min, Geranium thunbergii: 80 W,
2 min, Cassia torosa: 80 W, 1 min, Cassia angustifolia: 80 W, 5 min, Crotalaria spectabilis: 40 W, 5 min.
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Fig. 18. Effect of Argon Plasma Irradiation on Suppression
of Insulin Adsorption on EVA Surface
Plasma conditions: 40 W, Ar 0.5 Torr.
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Fig. 19. Conceptual Illustration for Introduction of Long-acting Surface Hydrophilicity on Hydrophobic Polymer by Plasma Tech-
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Fig. 20. (A) Experimental Setup for Measurement of Surface Lubricity of Plasma-irradiated Polyurethane-made Catheter, (B)
Evaluation for Durability of the Surface Lubricity of Plasma-irradiated Catheter Containing VEMAC in Comparison with that of

Commercial Catheter
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Fig. 21. Scan Image of Fluorescence Intensity on o/igo-DNA Immobilized LDPE Sheet after Hybridization with FITC-labeled Sam-

ple oligo-DNA
Immobilized oligo-DNA: (dT),,, Sample oligo-DNA, A: 5FITC-(dA);, (PM), B: 5FITC-(dA)s dT (dA)¢ (SNP).

AP BORFER ED O T, EAEFEOT O
T hrEDTNS.

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

REFERENCES

Kuzuya M., Kondo S., Noguchi A., Noda N.,
J. Polym. Sci. Polym. Chem. Ed., 29, 489-494
(1991).

Kuzuya M., Kondo S., Noguchi A., Macro-
molecules, 24, 4047-4053 (1991).

Kuzuya M., Kondo S., Chem. Pharm. Bull.,
39, 3018-3022 (1991).

Kuzuya M., Noguchi A., Ishikawa M., Koide
A., Sawada K., Ito A., Noda N., J. Phys.
Chem., 95, 2398-2403 (1991).

Kuzuya M., Noguchi A., Ito H., Kondo S.,
Noda N., J. Polym. Sci. Polym. Chem. Ed.,
29, 1-7 (1991).

Kuzuya M., Ito H., Kondo S., Noda N.,
Noguchi A., Macromolecules, 24, 6612-6617
(1991).

Kuzuya M., Kondo S., Ito H., Noguchi A.,
Appl. Sur. Sci., 60/61, 416-420 (1992).
Kuzuya M., Noda N., Kondo S., Washino K.,
Noguchi A., J. Am. Chem. Soc., 114, 6505—
6512 (1992).

Kuzuya M., Ishikawa M., Noguchi A., Sawa-
da K., Kondo S., J. Polym. Sci. Part A: Pol-
ym. Chem., 30, 379-387 (1992).

Kuzuya M., J. Photopolym. Sci. Technol., 5,
407-416 (1992).

Kuzuya M., Kamiya K., Yanagihara Y., Ma-
tsuno Y., Plasma Sources Sci. Technol., 2, 51

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

-57(1993).

Kuzuya M., Niwa J., Ito H., Macromolecules,
26, 1990-1995 (1993).

Kuzuya M., Morisaki K., Niwa J., Yamauchi
Y., XU K., J. Phys. Chem., 98, 11301-11307
(1994) .

Kuzuya M., Yamauchi Y., Niwa J., Kondo S.,
Sakai Y., Chem. Pharm. Bull., 43, 2037-2041
(1995).

Kuzuya M., Yamashiro T., J. Photopolym.
Sci. Technol., 8, 381-384 (1995).

Kuzuya M., Yakugaku Zasshi, 116, 266—285
(1996) .

Kuzuya M., Sugito M., Kondo S., J. Photopol-
ym. Sci. Technol., 9, 261-264 (1996) .
Kuzuya M., Sugito M., Kondo S., J. Photopol-
ym. Sci. Technol., 10, 135-138 (1997).
Kuzuya M., Matsuno Y., Yamashiro T.,
Tsuiki M., Plasmas Polym., 2, 79-89 (1997).
Kuzuya M., Kondo S., Sugito M., Yamashiro
T., Macromolecules, 31, 3230-3234 (1998).
Kuzuya M., Sugito M., Kondo S., J. Photopol-
ym. Sci. Technol., 11, 329-332 (1998).
Kuzuya M., Yamashiro T., Kondo S., Sugito
M., Mouri M., Macromolecules, 31, 3225—
3229 (1998).

Kuzuya M., Yamauchi Y., Thin Solid Films,
316, 158-164 (1998).

Yamauchi Y., Sugito M., Kuzuya M., Chem.
Pharm. Bull., 47, 273-278 (1999) .

Kuzuya M., Sasai Y., Kondo S., J. Photopol-
ym. Sci. Technol., 12, 75-78 (1999).

Kuzuya M., Yamauchi Y., Kondo S., J. Phys.



454

Vol. 126 (2006)

27)

28)

29)

30)

31

32)

33)

34)

35)
36)

37)

38)

39)

40)

41)

42)

43)

44)

Chem. B, 103, 8051-8059 (1999).

Kuzuya M., Izumi T., Sasai Y., Kondo S.,
Thin Solid Films, 457, 12-19 (2004) .

Kuzuya M., Noguchi A., Ito H., Ishikawa M.,
Drug Deliv. Syst., 6, 119-125 (1991).
Kuzuya M., Matsuno Y., Drug Deliv. Syst., 8,
149-159 (1993).

Ishikawa M., Hattori K., Kondo S., Kuzuya
M., Chem. Pharm. Bull., 44, 1232-1237
(1996) .

Kuzuya M., Nichibyoyakushi, 33,
(1997) .

Kuzuya M., Sogo Rinsyo, 47, 3011-3012
(1998) .

Kuzuya M., Kondo S., Ouyo Butsuri, 69, 401—
405 (2000) .

Kuzuya M., Kondo S., Sasai Y., Plasmas Pol-
ym., 6, 145-162 (2001).

Kuzuya M., Chem. Eng., 48, 18-22 (2003).
Ito K., Kuzuya M., Annu. Proc. Gifu Pharm.
Univ., 52, 11-20 (2003).

Kuzuya M., Kondo S., Sasai Y., J. Creative
Approach Health, 2, 223-230 (2003).
Kuzuya M., Seidenkigakkaishi, 28, 101-107
(2004) .

Kuzuya M., Kondo S., Sasai Y., Pure Appl.
Chem., 17, 667-682 (2005).

Kuzuya M., Ito H., Noda N., Yamakawa I.,
Watanabe S., Drug Deliv. Syst., 6, 437-441
(1991).

Yamakawa I., Watanabe S., Matsuno Y.,
Kuzuya M., Biol. Pharm. Bull., 16, 182-187
(1993).

Ishikawa M., Matsuno Y., Noguchi A.,
Kuzuya M., Chem. Pharm. Bull., 41, 1626—
1631 (1993).

Ishikawa M., Noguchi T., Niwa J., Kuzuya
M., Chem. Pharm. Bull., 43, 2215-2220
(1995) .

Kuzuya M., Ishikawa M., Noguchi T., Niwa
J., Kondo S., Chem. Pharm. Bull., 44, 192-
195 (1996) .

84-87

45)

46)

47)

48)

49)

50)

51)

52)

53)
54)
55)
56)
57)
58)
59)

60)

61)

62)

63)

Kuzuya M., Ito K., Kondo S., Makita Y.,
Chem. Pharm. Bull., 49, 1586-1592 (2001) .
Ito K., Kondo S., Kuzuya M., Chem. Pharm.
Bull., 49, 1615-1620 (2001).

Kondo S., Ito K., Sasai Y., Kuzuya M., Drug
Deliv. Syst., 17, 127-133 (2002).

Sasai Y., Sakai Y., Nakagawa T., Kondo S.,
Kuzuya M., J. Photopolym. Sci. Technol., 17,
185-188 (2004).

Kuzuya M., Nakagawa T., Kondo S., Sasai
Y., Makita Y., J. Photopolym. Sci. Technol.,
15, 331-334 (2002).

Kondo S., Nakagawa T., Sasai Y., Kuzuya
M., J. Photopolym. Sci. Technol., 17, 149—
152 (2004).

Nakagawa T., Kondo S., Sasai Y., Kuzuya
M., Chem. Pharm. Bull. 54, 514-518 (2006) .
Kuzuya M., Niwa J., Yamauchi Y., Kondo S.,
J. Photopolym. Sci. Technol., 7, 315-318
(1994) .

Kuzuya M., Niwa J., Kondo S., Mol. Cryst.
Lig. Cryst., 277, 343-349 (1996) .

Kuzuya M., Sasai Y., Mouri M., Kondo S.,
Thin Solid Films, 407, 144-150 (2002).
Kondo S., Sasai Y., Kosaki M., Kuzuya M.,
Chem. Pharm. Bull., 52, 488—489 (2004) .
Takue Y., Master’s dissertation (2006) .
Sugiyama Y., Master’s dissertation (2003) .
Furuta Y., Nishimura K., Kuzuya M.,
Yakugaku Zasshi, 119, 929-935 (1999) .
Furuta Y., Kondo S., Kuzuya M., J. Photopol-
ym. Sci. Technol., 13, 79-82 (2000) .

Kuzuya M., Yamashiro T., Kondo S., Tsuiki
M., Plasmas Polym., 2, 133-147 (1997).
Kuzuya M., Sawa T., Yamashiro T., Kondo
S., Takai O., J. Photopolym. Sci. Technol.,
14, 87-90 (2001).

Kuzuya M., Sawa T., Mouri M., Kondo S.,
Takai O., Surf. Coat. Technol., 169-170, 587—
591 (2003).

Kondo S., Sasai Y., Kuzuya M., Thin Solid
Films (in press) .



