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One of the industrial applications of mesoporous silica is drug delivery since there is a possibility that the uniform
mesopores can control storage and release of medicinal substances. In the present work, SBA-15 was selected as a
candidate for the drug delivery carrier, and the effect of the pore size decreased by grafting propyl and octyl groups on
the storage and release of vitamin E whose antioxidative ability is efficacious against diabetes, cardiovascular diseases
and so on was investigated. N, adsorption isotherm at 77 K verified that the octyl group reduced the pore size more
than propyl group. Vitamin E soluble in ethanol was accommodated into pore channels under ambient condition, but an
amount of the accommodated vitamin E decreased with pore size of the employed carriers. On the other hand, the
release ratio of the accommodated vitamin E in ethanol increased with the decrease in the pore size. Based on the
experimental results mentioned above, location model of vitamin E in the pore channels was discussed for the neat and
the grafted carriers. Furthermore, the accelerated oxidization of linseed oil was operated at 373 K in the presence of the

neat carrier to evaluate the controlled vitamin E release.
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MCM-41 % W72 84158 ClE, v 7L — NI 0%
Tzl 52 L THALEL 3.6 nm 25 2.5 nm T
BB E, BR300 1 FBEIZHAS L2[17]. HrEE
WO E T 2 MEL 25 2 L2 BEL
T, AWFFEIE DDS ¥+ U 712 MCM-41 £ 0 & flFLE AT
KEWSBA-15 #{1H L72[24]. BPd 23WI2iE, BEh
7o BUBALRE I ASHE IR, (OIS A OB, AULE, 7
WINA =R EICHRErHAHESY I VELRRAL
[25,26]0 THEDPA 77072y (Mw=207) D 2 fH5&
A4 TAEYIVE (B2 720—)V @ Mw =
472) ZF v ) T DA VML 5121, MIFLEEASK
EWVWZ ERHEME T 5 SBA-1S I IICEFI & E 2D
N5b, FBOEATHIZETIE, MBI TIZL>TA T
T L VONREMET L2 EoBERE LT, M4l
DAMEL WA LA 7707 = U IRE IR Twi
WA 777 = OMFLNGLE R B 2 R 22 o 72
EEGZLTVD[1T]e HTEORKEVWEYIVEDF Y
Y 712 MCM-41 # w5 &, MIFLNIEE O BEAS L D 3
Wb b I EPHEIND,

SBA-15 % E ¥ I Y EDF ¥ ) Tl 2 AT T
1, ERORBRILE P CuEMOREEZHWIIESY IV E
ZIF L7z SBA-15 ZIRE/-RY TF L ¥ 7 4 Vo %l
L, BbIZ¥ ¥ IV E Ol 25w 2 T 5[27,28].
Z— b ® SBA-15 I LT 7 1 v 270 5 DR s EE

LIRS



WBRELSBILL D o72%%, TI 2 7uEVEEEAL
72 SBA-15 IHFik 35 L A ASE 2B E i S hTw
bo WHMASEL 2 BB E LT, MFLEORTISHE ) 4k
BOREOWP 72T TR, ¥¥IVEET I/ Ol
L DAFEN LB ZERIN T 5,
AHFFETIE, SBA-15 ~NEA L7 HRBEIC & 5 MIfLEE
DI Y I ¥ E O - I3 2 22 5 20
25720, BATLEREICTOUE VL 4 7 F L
RBATZ, INOORIKEEIEBLETH L0, ©
¥ IV E LN RMEEHIZEHTE 2L E 26N
bo TIVFEFNT =/ —VEREDOKEFGGWE % WA
HZEEHME LME Tl A VHIFLA~NEA L 721
I L WAL O MNCBIR AL 2H 5 & EE L
TWBH9], WAEEDBRIIKTIE R =Y J =V a2 fl
9 % AR08 CTLIBUKI 2 EA/EH O E355F 5137
THb., L% IV EXFETZERTIE, =— FD SBA-15
L 3FEOF v ) 7RBHIR L Cliyi O KA
W2 T, ZO8HR%E Langmuir UTHIT L 72, €4 3
YEZRBFELF ) TR L TIE =y ) — T
DORHEZERD L Z LITMAT, 7~ ={MOuHIERLR
BRIZ & o THRALRS (-8R o Fefee i % 37 L 72

2. XBI*E

21 EF4IVEREX v UTORME

SBA-15 1%, 7 va = 7 P123 FLEiGTEH] % i L7
YRR MK VA C TEOS DMK # 72 & NIZ HAFA %
BfEs 52 L CRB L7z, B L7z SBA-15 Nk
HRRBATHZODY T H vy 7)Y 7SI, B
Wiz MV v & 7V TV FHA TR S 7205 8
L7z TNOHDOEBRICHT L LVEESRME, 73
RDOEREILAVEA SND SBA-15 Z filt ifHik & L CTHho
ToEH DO IR SN TV 5([29]0 BALKFZEIED
fARECTHEY Ty T AN, MU MR Y
TOENTY S E M) N R Y- F I FNTT Y (WY
D HGUL LR SR 2 vz,

= — M® SBA-15 2K L Tid, TEM %2 & XRD Hll5E
OFEF S A VG % FFM L 720 TEM 8122 Cl3, HAE
T-# JEM-2100F % JEFERE 100 kV THEIEL 2. F 72,
XRD 52 1212 Bruker # D8 Advance Z i/ L, 40 kV~
40 mA TH 73 % CuKa it % SURMRR~BUT L7z, 4T/
(& 4 degree AT & L7zo JRALKFE I ZEA L 72 SBA-15 12
LTI, FTEIR A7 MV ERBIE L7 BIE I I B
YERT# IRSpirit % H L, KBr $£#172:12 & - T 400 cm™
A5 4,000 cm™ THOARY MU EGREE 4 cm™ THlE
L7z. %72, METTLER TOLEDO # TGA/DSC 1 %\ T
A 5 1,000°C F THNET 5 M oEE A2 WE L
SBA-15 ~D ALK FE LB AR E D - 72,

=— b ® SBA-15 7217 T% { RALKFEIEABEA Sz
DOEEDT, TTK BT S N, WS 5% Lk %
FKIXT A—F L U CIHEmME, MILAN, P
ZEHME L7z SRS ORI Lo - Il ERE &
BESMHE, LaR L7238 S o 7eisC & W U TdH 52916
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22 E#3I2EDHE

Y 3IVEIIE ABBEANEITIRTVWI L 2HEME
T50-FI7 2O —VOFRIATVERRLIZ, 2D
T ¥ J — VAT 200 mL 0.6 g D x ) 7 E RN
L, Wik THEL 225 ¥ ¥ 3 ¥ EREOREELZH
72 ¥ IV EDEER, ABICXoTEIIL2Z S
J = VB % B EABERT UV-1280 THHT L, 15517245
M A R Z PV D 285 nm DY — Z 5RIER S L7
[30]o WEHIORGEIHE ) REOWDVELEE, BBD
P—EEho/ b ZORENPSE Y IV EDFHEE R
D720 AP IX 1,000 2> 5 5,000 mg/L DH#iFH T 4 KiE
WCHHEL, B OB BRI 2 T

23 EZ23ICEDHKHE

Yy 3V E ORI ERNSERICIE, JRE 5,000 mg/L
DLy ) — VKl EHWTEY I VE 2B S E-F v
VTR RV, ¥ ¥ IV EFROEBRTIEESBE B
CR—EIC o722 LR MERLTH S, WEFEA”ADF v
VT RBE R L7z S, BT BRI 2
LEBANMEL, ZOFEBRTIE, WHEADOF ¥ 7R
F06g%200mL DLy —VIIRIL, Wi CTHEEL
oo FXV)TRELLIY =AU SN E Y I ¥
E OWRENIEM ORI > TLAT AT HPE LA E
BBORA—EIl ol SORENSBEZEH L7,
72720, bRt oEER TR R ISHILAE R D5
B AN O 2 OFHRREE R R L T 5 720
WCHER\V, 22T, I VEMRAICHEENRS S
& TRRALK IO RIRE AR T 5 & & MGET 5 72912,
WEADF ¥ ) 7E 2 RN L 72 7~ =il o sl 1k
REREAT o720 T~ M E R T 2 IRITER 2R\ A Al
HEE2SE THhE i, AREKEBR T EITRART
FTARPIELT 5 Z PRI N TV 5[31], BILo
BT, KEOFIXKE I X o TGRS ¥
ANV o THhOMBKRELHET ST L THEILY~L
Khbb, U¥IVEIRTYNNETONEAIRIEE
R IR R T A E s, BBzt E
R ZETHF ) TEAED S OEMEEZFFITE %,
ARFEERTIE, 100 mL/min TERZREARLIS 373K
T20mL O 7~ =M% 4 RERTMEGERE L 720 IR
OF7 =W LTI vETFT Y 7 KInEEH L7z
BRAK (SHIBATA # POV iBiAK) % fi » Tl L fifi o
AL % F_7z0 Z ORI AR & O BEMlEE APk
THY, BRI X > THEMIMAHE VRA
(10 meq/L), % (30meq/L LLL) ~EZEfLT %,

3. EREREIVEE

31 E4ICEEXRETIX v UT7HBOMRK

Fig. 113, 2EF v ) 7OR—ZAMF L LTHE L
SBA-15 29 A /NAFEI D XRD /8% — V&R LT W»
%o BHEOBEHRY — 7 AVMNFEBICHELTHB Y,
L7zl B0 2 V& IZHAME S RIFZ2EE 25N 5,
SBA-15 O AT %E 25, 09°D K E ZRITE — 21
(100) THIZHRT A[4]s 1.6°L 1.8IZHNTWAH/NS
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Fig. 1 XRD pattern of mesoporous silica SBA-15

Fig.2 TEM image of mesoporous silica SBA-15

HHFY—271E, 2heid (110) mE (200) HIZX 5
LDOTH b,

Fig. 2 (X, FWH L7z SBA-15 D TEM 1% TH 5o ATixt
PR A R ASBIANGICES L CTn b 2 Edbh b by
T 2= EN, XRD/3Y — V% KL§ 5 4R L
Trolze FFLERIEZ 5~10nm 72 & Wz 5,

Fig.3 TlX, =— M SBA-15 & jiAbKRFEIZEA L
SBA-15 TFT-IR A2 MV EIKELTWS, 2B, TN
PBDKETIZFaE VI, BXOF 7 FVIEFEAL
72 SBA-15 D ZNZF A5 C3/SBA-15, C8/SBA-15 LFl &
NTwb, =— 1F® SBA-15 Tld, 3,400cm!' IZK& LT
Tu— RPN EFHER L2 2, MifLEED T 7 ) —
VI HR T A FEEIN I T H 5 [16]0 1,100 cm™ (2
BNRKEWIUE, YuxH itk s2b0ThbD,
CCTTubVEEEALLRBICEZMIT S &,
2,900 cm ™! DR TN OB ZMHER L7z, Th
&, 7u ¥ NVEERE T A-CH-& CH-ICHRT 550
ThHhbo TONSHRWIL, F 7 FVEZEALZRE
THHOOLNIZe INHDOZ NS, YFUhy T
SREEFAHLTCTR YV, BXOFT 7 F VR
SBA-15 NEATE 22 EWbh b, 72, 1,0000C T
L7z TG TOHEBRFD S, 7ueniket s+
FEARIFFNFNT 1,58, 0.55 mmol/g-SBA-15 & i
b o7,

Fig. 4 1Z, 77K 2B 5 N, DAL % SBA-15 &
IS HALAKFEIL A A L 72 3 O Tl L TWa,
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Fig.3 FT-IR spectra of vitamin E carriers prepared

A R — T A MU A W SR o e 27 1)
A (ICPAC I X A5 TV ) A%, =— b ®D SBA-15
P T RALKRFEREZLGA LA TH RO LN,
Table 1 1%, N, OWAESFRAMA O HM L2 Z DT
A—F &R LTW5D, KM, MILAERE BIUTH
MR T T VI, F o7 FIVIEEEA L2 & o
2T DT D - 7225 BIH 3D LRI 4
JFNEEEATLHIET63mm A D 53 nm NEKT
L7zo 70 ENIEo#E AL X 5 BIH ML KA EHd
WTH 72708, FEROKEE MCM-41 ~O 71 E )L HEE
A% RA T TATHREDIR L TV B[32]e T DAATHIET
1, AR L IZIZE CEAR (1.5 mmol/g) T BIH ML
FEAS2.30m 25 2.1 nm ~MEF L7zo £72, Fig. 5 DML
FEHAIE TN, 7 FNIEOE AL o TRV
AR B HHNT 7 P LTWie ThHEDZ ER5
BA L 72 iRAbKFE L OB EIIEL U T SBA-15 OMIFLEEAS
T35 & 50 L 72
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Fig. 4 N, isotherms at 77 K of vitamin E carriers prepared, @:
adsorption, O desorption

Table 1 Porosity of vitamin E carriers prepared, based on N2
isotherm at 77 K

Surface area® Pore volume®

Pore diameter [nm]

Material . .
[m*g] [ml-g™'] Mean® BJH¢
SBA-15 527 0.7 53 6.3
C3/SBA-15 449 0.7 6.1 6.2
C8/SBA-15 526 0.7 5.1 53

a: Calculated by BET method.

b: An amount of N, adsorbed at 1.0 of relative pressure.
c¢: Determined from surface area and pore volume.

d: From a peak of pore size distribution

32 ¥+ U7HHOEZI EFE

Iy ) — VR TY Y 3 Y E R I 5 BT,
WP DY ¥ IV EREORDA 3 KM TIZIZ gL
ol TIT, 24 BRI IIRAASFHAREICE L 72

LLTEY IV EDRERZEL, P %KD 7, Fig.
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Fig. 5 BJH pore size distribution of vitamin E carriers prepared
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Fig. 6 Concentration dependencies of vitamin E accommodation.
(O: SBA-15, A: C3/SBA-15, ll: C8/SBA-15
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NESY I VEDOWEI, N TholzeMETHE, 71
VIR 7 FVIEDE A & o TEHAET A4 NI
5D THMEDWPIIEY LR TH L, 72, 70E
WILEHARTFH 7 FUVETREHEEOWRDIKRE L ko
720 A7 FNEOBARIZITOENLIEL D DL 0WOT,
WA A MEF o2 FUVEEEALZELEEDITINEL
BoTwdiddThsb, LaL, WEEOWDIL 7 F
VEEDIF)TREDP 72281, ¥F IV E DOENH
ILENEL CnDH EEZLND, 2ZT, MCM-41 %
A 7707 = yOF %) THRHIA W8T & X
5L, MO ) S iy DA I AE &
FFERETH - 72[17]0 AWFZETIE Knudsen JLEFRELAT 4.1
~6.1 THY, FTATHITRISED 72 (5.5~8.0) I L A5
HLCRBOM B - BEHEEZ ON D,

FaR L7l E 0 REREE % Eq. (1) TR
Langmuir ;N CMNT L 720 22T, CIIEY I VEDENL
I [mmol/L], qldfrEiE [mmol/gl, q, (XFRFEF &
(=I5 &) [mmol/g], K 25 e E -] TH b,

q=(qn-K-C)/(1+K-C) )]

Fig. 7%, ¥'% I » E Okt % Langmuir 3, TH LT
X2l ERLTBY, SBA-ISOEE YT/ — ik
DAL M ENEHAR Y ¥ 3 B OWAEITHEL Tz
LWz b, BARIICIZ, ©¥ IV ED T = ) — VPKEE
LD THVAKREMGHPER L T2 WigtErd 5
[9]o Langmuir .0 /%F X — % % }iE L T\ % Table 2 T
(&, BRFUTEGRE (q,) DFRFIDFERIZBIT 5 EE DT
FHZEH L TWwi (SBA-15 >7u ¥ )VIEA>F 7 F
WIHSERN) o T2, TOUENERT 7 FNVIEEATH D
& T T e b /NS B o720 RBIFETI Fig, 8 28
R XL, BALRAKFEZ AR X9 RIRGE

800 /./-

200

(=)
o
(=}

C/q[L/g]
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C [mmol/L]

Fig. 7 Langmuir plots of vitamin E accommodation. (): SBA-15,
A C3/SBA-15, l: C8/SBA-15

Table 2 Parameters of Langmuir formula for vitamin E adsorption

TWAHEL/ZEY I VED, WHFESINTWEWEY I VE
ORMFLNIER E FLE T D MEEIC > Tk EZ BN
[17]c RALKREREDHHENKEVWIZELY Y I Y EORAE
12 & BHFLA T OBRAAIZBRANIC 2 D, MFLNFLEIZR
E{HEENTLEY,

33 XEXvUT7EHMIPSOESZIC EMHE

IF )= ~DESY IV ERNZERRDLIEHTDH, 3
B2 B2 THhOIARTOY s I Y ERERITIE—E
Lotz 22C, WY 2 FEEE FMBRIC 24 B O
¥ IV EIRENSIILEZ KDz, Table 3 1, ThZh
DREFEF v ) TR T L5 I ¥ E Ot i
KERL TV, HHBEOFEFIZEE L FRAKETH D,
T FNERTOENIEEEAT LI LETHA L, L
L, BHETIEE 72 HEORH (7 FVIBEA >
T ¥ VHE A > SBA-15) (o TWwWiz, ThiX, 7
YVt 7 FNV I PRAALIRETE ¥ I ¥ E 2K
HEINTWILDERELFFTHHERTHY, hAATE
N7 RALRZERICE S TERMY S ) — VLYY I VE
DAL M EAEHDE T > Tz b Z X TWw5h, Ak
KREHOEVF 7 FNVIEERAALE, TOE VD L
ELHARTLEMRMHEEHOE D ITAREL, €F 3
VEERBHMLR T 2D, =— D SBA-15 Ti, I
377 = VEEE DALFEN A EAEHIEE E o TR v

<SBA-15>

<—— Adsorption sites
(Surface silanol groups)
B Octyl orpropyl groups grafted

Fig. 8 Location models of vitamin E inside pore channel for
SBA-15 and C8/SBA-15 (C3/SBA-15)

Table 3 Release of vitamin E from its accommodation carriers

q.m» adsorption capacity K, equilibrium constant

Release amount Release ratio

Material Material
[mmol/g] [-] [mmol/g] [%]
SBA-15 0.070 0.079 SBA-15 0.0112 35
C3/SBA-15 0.057 0.061 C3/SBA-15 0.0099 42
C8/SBA-15 0.034 0.053 C8/SBA-15 0.0065 52
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Only linseed oil

With Vitamin E storage SBA-15

With a direct Vitamin E dosage

Before heating

After heating
R RPN L s oS a2 |
(b)

Fig. 9 Oxidation of linseed oil at 373 K for 4 h in the absence/presence of vitamin E, an amount
of initial dosage was equal to that of accommodated into carrier
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6-O-lipid-o-tocopherol

a-tocopheroxyl radical

a-tocopherol spirodimer

L-: Lipid radical generated at initial step of auto oxidation process

LH: Lipid reverted after radical stabilization

Fig. 10 Conversion route of vitamin E in auto oxidation process of lipid

T, MRICE Y I VEIED o L i EIC v,
7 MO R HI AR X BRI o E L E
Fig. 9 [I/R 9o 7~ =72 2 MEETE L 72865 128 (a) &
(b) TH Y, MEET D7~ ZWIRTE L 7230 E R
FRENHFAEL VI L ERTHOBDOFEE TH o 7245, 4
RTINS, U 72 7~ =90 T ERBRAK A 30 ppm 2 B2 % 38
AL O E RTROERE L, —F, E¥IVER
I L7c=— h®D SBA-15 2 7~ =i~ L7z & & »
FERD () & () THY, 4RFHIMEL 727 ~ =R
AR L CHMEGRT & F Ukt TH - 720 72, SBA-15
DR EFFEOY Y IV E 2 HAICHEBERM L2 &
Fe) & OARTIIC, 4BHoOMBERLZETT
< SR L 72 BRI IR DR & o 72 KB 0~
ZHLTBY), BBUREOHFLEIVS L THoTe 2
nkh, €& I EIFREERMNTS LD SBA-15 25
W &85 2 & TRRAL IEORIBED R L2 & R B,
Fig. 10 2R3 £ 912, ©% I YV EIC X 2L o%)
REIX H B OKRFEIC & o THRBERIRIEED T 2 7 )V & 28
b5 ETHEL, CNICEYVESYIVEWRT YAV
1t32500, HIORHAIRIEES ¥4V &2 %Zeftd s
CEITHRET S, BRELT, 10T DOEYIVEIIR2
S DOABANERIEE S ¥ /1 LV ASBRBILIEEA~NLE DS Z &
2RI LR B, 2T, ¥ 3V EDEIEEECELE
ThHE, REZMBELABTEYIVEDT VAV

Vol. 62 No. 4 (2025)

PREET AR EZ T 20, BB IEOR)EE

%> TLE 9 [33]e FaiOEHERMTIE, BRIk
PELBZRIBICHERILESY IV ENFBIGICE > THE
BEINTWZIETTH D, SBA-15 NP L7z & X1,
BRALRGIEICE Y XV E 21HE T 5 2 L AWIILAAL T ot
BRI Y — IR, LEBEOHRRS RV EEZ N
%o SHROMZETIE, EEIC X 2 0% CEmILyibo
EEMEZED, ©F 3V E ORBISHT ik & BF %
TED 72\,

4. ¥ &

RO Ta NI, F 7 FNVIEFBALLZEICE
HAFLEEDIR T ASSBA-15 12X A Y% 3~ E O & i
HICB T T B2, 7 L_THRIbK
FHOEWA 7 FNVEEEAT 5 Z LT, BIHMILER
KELIKT L, IS EFHROLY ) —)ViRHhTY
I VEREFETAERICH NS L, =— D SBA-15
EWARTHHED WA Lz 72, 7RE VL AT
F o FNVEEEAT L ETHHEOBDIIRE L o
oo TNEVD, RALKERLOEAIZ X - THET %Kil
VI = VENPEY I VEDOWHEICHEGELTWAZ LT
REENz, ©F 3V E O EIIH T %R
i, RICKFZEHZROFEIZ L 5T Langmuir N THEBPLTE
720 TNXY, MAELLEFIVELEEGY S/ — Vit
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LA e AHEAER DS 5 £ E 2 H 15, Langmuir 3
5RO R & WG P E ORI, =—
>STOUNREASF 7 FVREADFTEY ERoTHBED,
HMIFLEEAME T 35 L MIFLATTE CICAE L72E S I V E
B, WELTWARWE Y I ¥ E OMILNILEE T 2
BEREIC o TV EE R T2 € 3 2 E ORI
WO L3R oTBY, BALLRIKELEL
AALEIICEYIVEERWELTVDL EEE L,
HIERALRERIC BT 2 7 ~ =IO @Bl D 2L 5,
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