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A series of triblock copolymers, poly(ethylene-b-ethylene oxide-b-lactide), are synthesized through ring-
opening polymerization by using commercially available poly(ethylene-b-ethylene oxide) as a macro-
initiator. Hierarchical mesoporous silica with tetragonal cylindrical and face-centered cubic pores with
uniform pore size is successfully synthesized through an evaporator-induced self-assembly method
using these templates. The mesoporous silica materials are characterized by small angle X-ray scattering,
transmission electron microscopy and nitrogen adsorption/desorption isotherm analyses. In addition, the
fluorescein isothiocyanate isomer is used as a model drug and loaded into the hierarchical mesoporous
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(PL) spectrophotometer at an excitation wavelength of 495 nm and emission wavelength of 518 nm, and

DOI-10.1039/c5ra26940g the loading capacity is measured to be 90.4 ug mg™™. It has been found that the release kinetics is
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Introduction

Inorganic mesoporous materials with controllable morphol-
ogies, structures, surface areas, pore sizes, pore volume,
mechanical stability and biocompatibility have received much
attention for their potential applications in separation, optics,
adsorption, catalysis, sensors and drug delivery." "
Evaporation-induced self-assembly (EISA) is a common method
for the preparation of mesoporous silicas templated by
amphiphilic molecules such as surfactants and block copoly-
mers.'?* They are also used for the preparation of mesoporous
organic materials and mesoporous carbon materials.>*** The
triblock copolymers are also used to prepare hierarchically
mesoporous materials with lamellae, and core/shell cylinders
structure.*>* In our previous studies, ABA/BC-type block
copolymer of Pluronic F127/poly(ethylene oxide-b-caprolactone)
(PEO-b-PCL) as co-templates and ABC-type triblock copolymers
of poly(ethylene-b-ethylene oxide-b-caprolactone) (PE-b-PEO-b-
PCL) as single templates are used to prepare hierarchical mes-
oporous silica material through EISA. These are the first reports

“Department of Materials and Optoelectronic Science, National Sun Yat-Sen
University, Kaohsiung, 804, Taiwan. E-mail: kuosw@faculty.nsysu.edu.tw

"World Premier International (WPI), Research Center for Materials Nanoarchitectonics
(MANA), National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki
305-0044, Japan

‘Department of Medicinal and Applied Chemistry, Kaohsiung Medical University,
Kaohsiung, Taiwan

T Electronic  supplementary available. See DOL:
10.1039/c5ra26940g

information  (ESI)

This journal is © The Royal Society of Chemistry 2016

influenced by the nanostructure of these hierarchical mesoporous silica materials.

for the synthesis of hierarchical mesoporous silica materials by
using co-templating methods of two block copolymers and
single ABC-type triblock copolymers template.®**

Generally the mesoporous silica materials are used as hosts
for loading drugs. The drugs-loading efficiency and drugs-
release kinetics are very important factors for designing the
porous silica material. For example, mesoporous silica mate-
rials with the same pore size but with different mesoporous
morphology (e.g., hexagonal cylinder vs. face-centered cubic)
have different drugs-loading and drugs-releasing property.*”**
The drug loading capacity of a mesoporous silica depends on
the surface area of the material while the release rate is regu-
lated by the morphology of porous structure.*® The most of the
drugs release to surface on the both side of the hole through
meso-size channel and the small part of the drugs release
through the micro-size pores of inorganic wall from 2D-
hexagonal cylindrical mesopore (channel-typed mesopores). In
the case of 3D-face-center cubic (FCC) mesopore (cage-typed
mesopores) the drugs release to surface through the micro-
size pore of inorganic wall because the cage-typed mesopores
only had microporous to interflow between the mesopores, in
consequence, the release rate of cylindrical mesopores is faster
than spherical mesopores at the same pore size. In this study
(Scheme 1), we prepare the hierarchical mesoporous silica
materials with tetragonal cylindrical and FCC porous structure.
The mesoporous structure is confirmed by small angle X-ray
scattering (SAXS), transmission electron microscope (TEM)
and nitrogen adsorption and desorption isotherms. The FTIC
drug is loaded into the mesoporous silica material by
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Scheme 1 Hierarchical mesoporous silicas for fluorescent drug-delivery molecule templated by PE-b-PEO-b-PLA triblock copolymer.

impregnation method and the release experiment is carried out
using dialysis membrane in the phosphate buffer solution. The
quantitative analysis is carried out by PL spectrophotometer at
excitation wavelength of 495 nm and emission wavelength of
518 nm. The release kinetics is influenced by the hierarchical
mesoporous structure of the material. The kinetic rate constant
of the FITC drug molecules is determined by using power-law
equation.*

Experimental section

Materials

PE-b-PEO diblock copolymer (E{3EOQ,,, M, = 2250 g mol %,
Sigma-Aldrich), 3,6-dimethyl-1,4-dioxane-2,5-dione (pr-lactide,
99%, Alfa Aesar), stannous(u) octoate (Sn(Oct),, 96%, Alfa
Aesar), dichloromethane (DCM), tetrahydrofuran (THF),
toluene, tetraethyl orthosilicate, hydrochloric acid (HCl, 36.5%),
fluorescein isothiocyanate isomer I (FITC) and phosphate buffer
solution (PBS) were purchased from Sigma-Aldrich.

Synthesis of the poly(ethylene-block-ethylene oxide-block-
lactide)

The ring-opening polymerization (ROP) strategy was used to
prepared the triblock copolymer of poly(ethylene-b-ethylene
oxide-b-lactide) by using poly(ethylene-b-ethylene oxide) as
marco-initiator, Sn(Oct), as catalyst, and pr-lactide as monomer
in dry toluene at 140 °C. After 12 h, the triblock copolymer was
dissolved in DCM solvent and precipitated in an excess solvent
of cold n-hexane. Finally, the sample was dried at 40 °C under
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vacuum. The molecular weight was determined by GPC and "H
NMR (Fig. 1). Characterization of the triblock copolymers used
in this study was summarized in Table 1.

Synthesis of the mesoporous silica materials

0.1 g triblock copolymer (PE-b-PEO-b-PLA), silica precursor
(TEOS) and 0.10 g of 0.1 M HCI were dissolved in 5 g THF with
stirring for 30 min until the solutions were homogenous. The
solutions were poured into Petri dishes to evaporate the
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Fig.1 'H NMR spectra of (a) PE-PEO, (b) EOAL, (c) EOA2, and (d) EOA3
in CDCls.
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Table1l The property of PE-b-PEO-b-PLA triblock copolymer used in
this study

Triblock copolymer — M,“ M,? My Mw/M,?
EOA1  E,;-b-EO.,-b-LA,, 3042 9800 10600  1.08
EOA2  E,3-b-EO,,-b-LAs 4122 12200 14000 1.14
EOA3  E,3-D-EOg,-b-LAg, 6642 26900 31800 1.18

“ Calculate from "H NMR spectra. ° Calculate from GPC trace with DMF
eluent of 0.6 mL min " and PS-standard calibration.

solvents of THF slowly for 3 days at room temperature. The
silica films were collected and grounded into powders which
were poured into a PFA bottle with 10 mL of a 1.0 M HCI solu-
tion and hydrothermally heated at 100 °C for 3 days. The
products were washed with water and ethanol, then dried at
room temperature. Finally, the products were calcined at 500 °C
for 5 h in air and collected the mesoporous silicas.

FITC load and release

1 mg of fluorescein isothiocyanate isomer I (FITC) was added
into 5 mL of PBS buffer (10 mM, pH = 7.4) and stirred for 30
min, used as a primary drug solution. 10 mg of mesoporous
silica material was added into the primary drug solution and
stirred for 24 h. The drug loaded mesoporous silica was
collected by using centrifugation with the speed of 5000 rpm
and dried at 40 °C under vacuum. For the drug release experi-
ment, 5 mg of the drug loaded mesoporous silica sample was re-
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suspended in 5 mL of PBS buffer solution and transferred into
dialysis membrane, and then immersed in 20 mL of PBS buffer
solution. The experiment was carried out at 25 °C. The 2 mL of
solution was taken out from the outside of dialysis membrane
to check the concentration of FITC at fixed time interval under
PL spectrophotometer at excitation wavelength of 495 nm and
emission wavelength of 518 nm then returned it immediately.

Characterization

The gel permeation chromatography (GPC) is a Waters 510
high-performance liquid chromatograph equipped with a 410
differential refractometer which have three ultra styragel
columns connected in series using dimethylformamide (DMF)
as the eluent (flow rate: 0.5 mL min~ ") (please check it). "H NMR
spectra were obtained from Varian UNITY INOVA-500 spec-
trometer, with the residual proton resonance of the d-chloro-
form solvent as the internal standard. Small-angle X-ray
scattering from Bruker AXS, Karlsruhe, Germany with Cu Ka
radiation (30 W, 50 kV, 600 pA) was used to measure the d-
spacing. Transmission electron microscope from JEOL 3010 at
200 kV was used to observe the morphology of hierarchical
mesoporous silica. TEM sample was prepared by suspending
silica in ethanol and casted onto a holey carbon film of Cu grid.
Nitrogen adsorption and desorption isotherms were measured
using ASAP 2020 analyzer. PL spectrophotometer from Lab-
guide X350 with 450 W Xe lamp as the light source was used to
determine the concentration of FITC.

Fig. 2 (a) SAXS patterns and (b—e) TEM images of mesoporous silicas templated by PE;3-b-PEO,; at weight fractions of TEOS/templates = (b)

1:1,(c)3:1,(d)5:1and (e) 10: 1.

This journal is © The Royal Society of Chemistry 2016
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Results and discussion

Mesoporous silica materials templated by E,3-b-EO,, diblock
copolymer (EOA0)

The mesoporous silica materials (Si1EOAO0-to-Sil0EOA0) (ex:
SixEOAy, x is the TEOS at x times weight of template and y is
copolymer template) were prepared by employing the
commercially available diblock copolymer of PE-b-PEO (EOA0)
as template at TEOS-to-EOAO ratiosof1: 1,3 :1,5:1and 10 : 1,
respectively. Fig. 2(a) and (b) show the SAXS patterns and TEM
image (also Fig. S1t) of mesoporous silica of TEOS/EOA0 = 1/1,
the calculated d-spacing is 26.1 nm with a wormhole-like
structure. When the weight ratio of TEOS is increased, two
different primary peaks are observed in the SAXS patterns.
Similarly, a mixture of disorder cylindrical and spherical pores
is clearly observed in TEM images (Fig. 2(c)-(e)). Fig. 3(a) shows
the nitrogen adsorption/desorption isotherms curves at
different TEOS-to-EOA0 weight ratios, indicating representative
type-IV isotherms according the Brunauer, Deming, Deming,
and Teller (BDDT) system. Clearly, the mesoporous silica
materials at TEOS-to-EOAO = 1/1 exhibited H;-like hysteresis
loops at values of P/P, ranging from 0.50 to 0.90. The meso-
porous silica materials at TEOS-to-EOA0 = 3/1 exhibited two
capillary condensation steps and the hysteresis loops at values
of P/P, ranging from 0.40 to 0.80 (H;-like loop) and 0.85 to 0.10
(Hy-like loop) which are the characteristics of spherical and
cylindrical porous structure of the material.** Furthermore, the
other two samples TEOS/EOA0 = 5/1 and 10/1 exhibits two
capillary condensation steps and the hysteresis loops at values
of P/P, ranging from 0.40 to 0.75 (H;-like loop) and 0.75 to 1.00
(H;-like loop). Fig. 3(b) shows the broad pore size distributions
measured from the adsorption branches, based on the Barrett-
Joyner-Halenda (BJH) model. The d-spacing, BJH pore sizes,
BET surface areas, pore volumes are summarized on Table 2.
The morphology of micelle changed from wormbhole-like to
mixture of disorder cylindrical and spherical structure with the
increase of TEOS concentration.
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Fig. 3 (a) N, adsorption/desorption isotherms and (b) pore size
distribution curves of mesoporous silicas templated by PE;3-b-PEQO,4,
with various TEOS/PE-b-PEO weight ratios.
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Table 2 Textural properties of mesoporous silicas templated by
various block copolymers. SixEOAy, x is the TEOS at x times weight of
template and y is copolymer template

Pore size  Sgpr’ Pore volume

Sample (SixEOAy)  d° (nm) (nm) (m?>¢g™)  (em®g™)
Si1EOAO0 26.1 59 1093.9 1.515
Si3EOA0 10.3,11.0 4.7,6.9 674.1 0.804
Si5EOA0 9.7, 12.3 3.9, 6.7 533.3 0.460
Si10EOA0 9.7, 14.0 4.1,6.1 674.1 0.804
Si1EOA1 14.6 8.7 775.6 1.515
Si3EOA1 10.0 3.9, 84 578.0 0.680
Si5EOA1 10.3 3.3,6.6 538.9 0.486
Si10EOA1 11.0 3.5,7.1 399.5 0.303
Si1EOA2 16.5 12.4 688.1 1.484
Si3EOA2 14.0 5.7 591.8 0.730
Si5EOA2 10.5 5.5 437.5 0.442
Si10EOA2 10.6 7.8 237.4 0.274
Si1EOA3 17.9 17.8 1206.8 1.155
Si3EOA3 21.7 15.2 545.9 0.831
Si5EOA3 24.2 17.6 274.2 0.420
Si10EOA3 — 11.5 279.2 0.213

% The d-spacing values were calculated from the first SAXS peak by the
formula d = 2m/g*. b Sper is the total BET surface area calculated
from the ¢-plots.

Mesoporous silica materials templated by E,;-b-EO,-b-LA;,
(EOA1)

The PE-b-PEO-b-PLA triblock copolymer consists of two hydro-
phobic segments with PE and PLA, and one hydrophilic
segment PEO in the center. In preview report, we choose to
replace PLA by the PLLA segment, as crystalline PLLA segment
preferred to from extra lamellar crystalline mesostructure and
disrupt the hierarchical mesoporous structure.** The specific
compositions of the ABC type triblock copolymers possess two
different kinds of structure from PE and PLA block segment into
the hierarchically microphase separation. Fig. 4(a) shows the
SAXS patterns of silica materials templated by TEOS/EOA1
weight ratio 1/1, 3/1, 5/1 and 10/1 that the intensity of first
peak at ¢ = 0.43 nm~ " belongs to PLA segment, the others gq
about 0.60 nm ™" belongs to PE segment. In Fig. 4(b)-(e), TEM
images (also shown in Fig. S2-S47}) reveal morphology changing
from wormhole-like to random spherical. Clearly, Fig. 5(a)
displays the nitrogen adsorption/desorption isotherms curves
at the different TEOS/EOA1 weight ratios, which represent of
type-IV isotherms based on the BDDT classification system.
According to the IUPAC definition, the sample of TEOS/EOA1
weight ratio 1/1 exhibit a typical H;-like hysteresis loop at P/P,
ranging from 0.50 to 1.00, and the others have two capillary
condensation steps exhibiting H,-like hysteresis loop at P/P,
ranging from 0.40 to 0.65 and from 0.65 to 1.00. In addition,
Fig. 5(b) displays the pore size distribution based on the BJH
model. For sample; TEOS/EOA1 weight ratio 1/1 (wormhole-like
pores) the material has a single peak at 8.7 nm in pore size
distribution curve. The other materials have two prominent
peaks in pore size distribution curve, TEOS/EOA1 = 3/1 has
peaks at 3.9 and 8.4 nm, TEOS/EOA1 = 5/1 has peaks at 3.3 and

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) SAXS patterns and (b—e) TEM images of mesoporous silicas templated by PE;3-b-PEO4,-b-PLAy; at weight fractions of TEOS/tem-

plated =(b)1:1,(c)3:1,(d5:1and (e) 10: 1.
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Fig. 5 (a) N, adsorption/desorption isotherms and (b) pore size
distribution curves of mesoporous silicas templated by E;3-b-EQ4,-b-
LA;; at TEOS/templated weight fractionsof 1:1,3:1,5:1,10: 1.

6.6 nm and TEOS/EOA1 = 10/1 has peaks at 3.5 and 7.1 nm. As
a result, it was clear that the origin for bimodal pores in should
come from the hydrophobic PE (smaller pore size) and PLA
(larger pore size) block segments.

Mesoporous silica materials templated by E,3-b-EO,,-b-LA,¢
(EOA2)

Fig. 6 shows SAXS patterns and TEM images of mesoporous
silica materials templated by EOA2. In Fig. 6(a) and (b), the SAXS

This journal is © The Royal Society of Chemistry 2016

patterns and TEM image of mesoporous silica TEOS/EOA2 = 1/1
with corresponding d-spacing of 16.5 nm, and the material has
wormbhole-like porous structure. Fig. 7(a) displays the N,
adsorption/desorption isotherms curves at the different TEOS/
EOA2 weight ratios, which have obviously type-IV isotherms
base on the BDDT classification system. According to the IUPAC
definition, in Fig. 7(a), the TEOS/EOA2 sample with weight ratio
1/1 exhibit a typical H;-like hysteresis loop at P/P, ranging from
0.50 to 1.00, based on the BJH model, the pore size distributions
measured a broad distribution peak at 12.4 nm as shown
Fig. 7(b). In Fig. 6(a) and (c), for mesoporous silica at TEOS/
EOA2 = 3/1, the SAXS pattern has broad peaks and the TEM
image showed a short range order with regular spherical
structure. Fig. 7(a) showed the nitrogen adsorption/desorption
isotherms of the materials with TEOS/EOA2 = 3/1 and the
silica material have two sharp capillary condensation steps in
the relative pressure range of 0.40 to 0.75 and 0.75 to 1.00, and
the results indicate the sample has two kinds of pore. The pore
diameter of the material is measured to be 5.7 nm based on BJH
model (Fig. 7(b)). With the increase of TEOS amount, TEOS/
EOA2 = 5/1, the SAXS pattern (Fig. 6(a)) becomes sharp and
the TEM image (Fig. 6(d)) shows the long range order of
tetragonal cylindrical alternated with FCC structure. The detail
of SAXS patterns have been shown in Fig. 8(a), the (111), (200),
(220), and (311) peaks, indicating the FCC structure and the
other peaks are correspond to (10), (11) and (20) peaks of the
tetragonal cylindrical structure. TEM images (Fig. 8(b)-(d), also
in Fig. S57) display the [001], [100], and [110] directions that
have a high degree of periodicity. This result is consistent with

RSC Adv., 2016, 6, 33811-33820 | 33815
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Fig. 6 (a) SAXS patterns and (b—e) TEM images of mesoporous silicas templated by E;3-b-EQ4,-b-LA,e at weight fractions of TEOS/templated =

b)1:1,(c)3:1,(d)5:1and(e) 10 : 1.
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Fig. 7 (a) N, adsorption/desorption isotherms and (b) pore size
distribution curves of mesoporous silicas templated by E;3-b-EQ45-b-
LAz6 at TEOS/templated weight fractionsof 1:1,3:1,5:1,10: 1.

our previous study.*¢ Fig. §(b) displays two kinds of meso-
pores and staggered tetragonal packing along [001] direction,
because the FCC structure are square arrangement along [001]
direction and the tetragonal cylinder also are square arrange-
ment along [001] direction. In addition, the FCC structure also
are square arrangement along [100] direction and the tetragonal
cylinder are parallel columnar arrangement, so Fig. 8(c) shows
the sphere of FCC included into the walls of cylinder of
tetragonal cylinder along [100] direction. Along [110] direction,
the FCC structure are hexagonal close-packed along [110]

33816 | RSC Adv., 2016, 6, 33811-33820
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Fig. 8 (a) SAXS pattern and TEM images viewed from the (b) [001], (c)
[1001, (d) [110] directions. (e) N, adsorption/desorption isotherms and
(f) pore size distribution curves of mesoporous silicas templated by
E13-b-EOQ4,-b-LA,e at weight fractions of TEOS/PE-b-PEO-PLA = 5/1.

direction and the tetragonal cylinder also are parallel columnar
arrangement. Consequently, TEM image (Fig. 8(d)) shows the
sphere of FCC was stacked around the helix-like wall. TEM
images show that the texture of the mesoporous silica contains
two different structures of pores with same pore size (ca. 5.5
nm). The mesoporous of FCC are prepared by the PE segment,
and the mesoporous of tetragonal cylinder are prepared by the
PLA segment. Fig. 8(e) shows the nitrogen adsorption/

This journal is © The Royal Society of Chemistry 2016


https://doi.org/10.1039/c5ra26940g

Published on 30 March 2016. Downloaded by National Sun Y at Sen University on 4/24/2020 10:00:57 AM.

Paper

desorption isotherms of mesoporous silica material and
according to IUPAC definition, the material with tetragonal
cylinder alternated with FCC will have type-IV isotherm.*
According the BDDT classification system, the results indicate
the hierarchical mesoporous silicas with two kinds of pore size,
and the sample exhibit two hysteresis loops at P/P, = 0.40 to
0.75 with Hy-like loop and P/P, = 0.75 to 1.00 with H;-like loop
which clearly indicate the presence of two types of mesopores;
spherical and cylindrical respectively. In Fig. 8(f), based on the
BJH model, the pore size distribution curve has been shown and
from the adsorption branch the pore diameter is measured to
be 5.5 nm. Further with increasing the TEOS amount in TEOS-
EOA2 mixture, when the TEOS/EOA2 = 10/1, the corresponding
SAXS patterns and TEM images are shown in Fig. 6(a) and (e).
The corresponding d-spacing is measured to be 10.6 nm with
wormbhole-like porous structure. In Fig. 7(a), the sample of
TEOS/EOA2 = 10/1 exhibits a typical H;-like hysteresis loop at P/
P, ranging from 0.40 to 1.00, based on the BJH model, the pore
size distributions measured to be 7.8 nm as shown in Fig. 7(b).

Mesoporous silica materials templated by E,3-b-EO,,-b-LAg;
(EOA3)

The mesoporous silica samples are discussed here is templated
by Eq3-b-EOQ4,-b-LAg; (EOA3) at TEOS/EOA3 ratios of 1: 1, 3 : 1,
5:1and 10 : 1, respectively. Fig. 9 displays the SAXS patterns of
the materials and the corresponding d-spacings of the meso-
porous silica materials are increased from 17.9 nm, 21.7 nm,
24.2 nm with increasing the TEOS amount in the mixture. In
agreement, Fig. 9(b)-(e) of the TEM images revealed that
morphology are wormhole-like mesoporous structure and the
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pore size increased with increasing the TEOS amount. Accord-
ing to the BDDT classification system, in Fig. 10(a), all the
mesoporous silica materials provided typical type-IV isotherms
in nitrogen adsorption/desorption isotherms. The TEOS : EOA3
ratios of 1:1 and 3 : 1 exhibited H;-like hysteresis loops (slit-
like) at values of P/P, ranging from 0.40 to 1.00 and the TEOS/
EOA3 ratios of 5:1 and 10:1 exhibited Hj-like hysteresis
loops at values of P/P, ranging from 0.40 to 1.00. In Fig. 10(b),
based on the BJH model, the pore size distributions show pore
diameter of 17.8 nm, 15.2 nm, 17.6 nm and 11.5 with the TEOS
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Fig. 10 (a) N, adsorption/desorption isotherms and (b) pore size
distribution curves of mesoporous silicas templated by E;3-b-EQ4,-b-
LAg; at TEOS/templated weight fractionsof 1:1,3:1,5:1,10: 1.

Fig.9 (a) SAXS patterns and (b—e) TEM images of mesoporous silicas templated by E;3-b-EO4,-b-LAg; at weight fractions of TEOS/templated =

B)1:1,(c)3:1,(d)5:1and (e)10: 1.
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weight increasing. Table 2 summarizes the d-spacing, BJH pore
size distributions, the BET surface areas and pore volumes of
these mesoporous silica materials. Clearly, the pore size was
generally decreased with the increase of TEOS concentration at
lower than TEOS/templates = 5/1. Further increase the TEOS
concentration to TEOS/templates = 10/1, the random trend was
observed since the disorder structures were observed in these
compositions. In addition, we maintain the TEOS/templates = 5/1
ratio to understand the effect of molecular weights of PLA in tri-
block copolymers on the porous structures as following section.

Mesoporous silica materials at TEOS/Template weight ratios
of5:1

TEOS/template = 5/1 are the more order morphology of meso-
porous silica. The SAXS patterns, TEM images, nitrogen
adsorption/desorption isotherms and pore size distributions of
the mesoporous silica materials prepared by using TEOS/
template = 5/1 have been shown in Fig. 11. Fig. 11(a) shows
the SAXS patterns of silica materials templated by TEOS/EOA1
that the peak position at 0.60 nm ™' belongs to PE segment.
We observe that upon increasing the molecular weight of the
PLA segments, the d-spacing was increased. Clearly, the TEM
images (Fig. 11(b)-(d)) revealed that the morphology

[ TEOS/Template = 5/1

Logl

View Article Online
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transformed from a short range order spherical structure to
tetragonal cylindrical alternated with FCC and, finally, to
a disordered micelle structure and the d-spacing increased
upon increasing the molecular weight of the PLA segments. In
Fig. 11(e), the N, sorption isotherms of mesoporous silica
samples are all type-IV curves; all the samples provide clear
isotherms curves with two capillary condensation steps exhib-
iting H,-like and Hj-like hysteresis loops. Fig. 11(f) displays the
pore size distributions, measured from the adsorption
branches, upon increasing the molecular weight of the PLA
segments, the average pore size increased.

Release of FITC molecules into hierarchical mesoporous silica
material

In Scheme 1, we have represented the evaporator-induced self-
assembly method to prepared hierarchical mesoporous silica
material with single triblock copolymer template PE-b-PEO-b-
PLA at various weight ratios. The morphology of hierarchical
mesoporous silica material Si5EOA2 is examined to be cylin-
drical alternated with FCC. This is a particular structure which
have both sphered and cylinder mesoporous structure; the
sphere mesoporous of FCC are prepared by the PE segment and
the cylinder mesoporous of tetragonal cylinder are prepared by

Adsorption Volume (cnr‘-’u STP)

P/P,

TEOS/Template = 5/1

(f)

e

dv/dleg(D) (tm“x‘m
[ =

-, EQA2
S PN

Pore size (nm)

Fig. 11 (a) SAXS patterns and (b—e) TEM images of mesoporous silicas templated by = (b) EOAL, (c) EOA2 (d) EOA3, (e) N, adsorption/desorption
isotherms and (f) pore size distribution curves of mesoporous silicas at TEOS/templated weight fractions of 5: 1.
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the PLA segment. The Si5EOA1 is random sphere structure with
two pore distributions of 3.3 and 6.6 nm. In Fig. 12, cumulative
release vs. time plot demonstrates a steady drugs-release in the
30 hours which then saturates as measured by PL spectropho-
tometer. In order to quantify the release parameter we fit our
data to Peppas equation; M,/M., = kt" where M, is the amount of
FITC release at time ¢, M. is the total amount of drug-release at
infinite time, & is the release constant, and the # is the exponent
of the drugs-release mechanism. A diffusion exponent n = 1
means that the drug release is independent of time, regardless
of the geometry and it indicate zero order release. If n = 0.5, it
indicates swelling diffusion mechanism (Fickian diffusion). If n
is 0.5 to 1.0, it indicates anomalous (non-Fickian) transport
(effects by swelling and stresses). In this case, the n equal to 0.61
(Si5EOA1) and 0.90 (Si5EOA2) and mechanism is non-Fickian
transport. Characterization of drug delivery experiment was
summarized in Table 3. In the Fig. 12, the hierarchical meso-
porous silica material Si5EOA2 can release 83.7% FITC and the
random sphere mesoporous silica material Si5EOA1 only can
release 32.5% within 2 h. In addition, we also compare with the
typical mesoporous silica (SBA-15), it only release ca. 13%
within 2 h of FITC-based compound.® In the saturation, the
Si5EOA2 is 100%, Si5EOA1 is 40%, and SBA-15 is ca. 20% drug
release. Because of only cylinder structure of SBA-15, the
cumulative and time release is smaller than Si5EOA2 and
Si5EOA1. In addition, Fig. 13 shows the cumulative release
amount, the loading capacity of Si5EOA2 is as high as up to 90.4

1.0 B e .
- l,,,l/lH

-

0.8

Cumulative release (M/M )

—Q— (a) SI5EOA1
—m (b) SI5EOA2

S S S e ——
0 200 400 600 800 1000 1200 1400 1600 1800
Time (min)

Fig. 12 Cumulative release profiles of FITC with hierarchical meso-
porous silica material of (a) SISEOAL and (b) SISEOA2.

Table 3 Textural properties of drug delivery experiment

Loading capacity”
Sample K (constant)® 7 (diffusion exponent)® (ug mg™ ")
Si5EOA1 60 0.61 23.8
Si5E0A2 112 0.90 90.4

“ The n & k values were calculated from the simple linear regression for
the power law equation. ? Loading capacity are calculated from the
calibration curve within 30 hours.
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Fig. 13 Release amount of FITC with hierarchical mesoporous silica
material of (a) SISEOAL and (b) SI5EOA2.

pg mg~ ' and the other is 23.8 pg mg ™', because the physical
absorption and desorption forces are different for spherical and
cylindrical porous. In the preview report, the spherical and
cylindrical porous has different release rate.* The physical
desorption rate for spherical FCC is slower then tetragonal
cylindrical. A partial of FTIC is remained in random sphere
mesoporous silica material Si5EOA1; because the drug delivery
is difficult through micro channels between spheres and the
FTIC have hydrogen bonding interaction with the surface of
mesoporous silica. The release of hierarchical mesoporous
silica material Si5EOA2 have the both spherical and cylindrical
porous that have the better release condition compared with
Si5EOA1 and SBA-15. As a result, the release rate is influenced
with the hierarchical mesoporous silica material.

Conclusions

The hierarchical mesoporous silica material of tetragonal
cylinder alternated with FCC with uniform pore size is
successfully synthesized through evaporation-induced self-
assembly method. The physical absorption and desorption
forces are different for nanostructure including spherical and
cylindrical porous. The hierarchical mesoporous silica material
is loaded by FTIC and release is studied using dialysis method
in the phosphate buffer solution. The amount of loaded/
delivered drug is measured by PL spectrophotometer. The
kinetics and mechanisms of FITC release are determined by
using power-law equation that the value n equal to n equal to
0.61 (Si5EOA1) and 0.90 (Si5EOA2) and mechanism is non-
Fickian transport. The loading capacity of Si5EOA2 is high up
to 90.4 pg mg~ "' and the release kinetic is influenced by nano-
structure of the hierarchical mesoporous silica material.
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