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Co–templating Synthesis of Bimodal Mesoporous Silica for
Potential Drug Carrier
Wei C. Chu,[a] Dong R. Peng,[a] Bishnu P. Bastakoti,[b] Malay Pramanik,[b] Victor Malgras,[b]

Tansir Ahamad,[c] Saad M. Alshehri,[c] Yusuke Yamauchi,*[b, c] and Shiao W. Kuo*[a]

Bimodal mesoporous silica is prepared by co-templating meth-
od using PEO-b-PLA diblock copolymer and F127 triblock co-
polymer. The pore size distribution of the mesoporous silica is
bimodal, based on small angle X-ray scattering, transmission
electron microscopy, and nitrogen adsorption-desorption iso-
therms analyses, and can be divided into the larger pores, origi-
nating from PEO-b-PLA, and the smaller pores, originating from

F127. In addition, we are able to ascertain that the F127 tri-
block copolymer not only produces the smaller pores, but also
acts as a swelling agent in the formation of the larger pores.
This novel bimodal mesoporous silica is further successfully
employed as a drug-carrier for doxorubicin in ambient con-
ditions.

Introduction

Ordered pores/channels arrangements, large pore diameters,
high surface areas within small volume fractions, and high ther-
mal stability are features that make mesoporous silica an ideal
material for different applications such as sensing, separation,
catalysis, filtering, optics, and electronics.[1-18] Usually, meso-
porous silica is prepared with amphiphilic block copolymers as
templates based on evaporation-induced self-assembly (EISA).[9-

17] For example, the amphiphilic ABA-type poly(ethylene oxide-
b-propylene oxide-b-ethylene oxide) triblock copolymer (PEO-
b-PPO-b-PEO, Pluronic F127) has been used for the synthesis of
mesoporous silica with a controlled mesostructured, from hex-
agonal cylinder to body-centered cubic (BCC), by changing the
concentration of tetraethyl orthosilicate (TEOS).[10] In addition,
diblock copolymers such as poly(ethylene oxide-b-capro-
lactone) (PEO-b-PCL),[11-12] poly(ethylene oxide-b-lactide) (PEO-b-
PLA),[13] poly(ethylene oxide-b-L-lactide) (PEO-b-PLLA),[13] poly
(ethylene oxide-b-methyl methacrylate) (PEO-b-PMMA)[14] and
poly(ethylene oxide-b-styrene) (PEO-b-PS)[15–17] have been wide-
ly studied as templates to prepare mesoporous silica. However,

these templates usually lead to unimodal pore distributions
due to the presence of a single hydrophobic segment (PCL,
PLA, PLLA, PMMA and PS). Similarly, while classical mesoporous
materials, such as the SBA-15 and MCM-41, were widely re-
ported for different applications, the unimodal pore size dis-
tribution leads to single adsorption characteristic.[5-8] Bimodal
mesoporous materials are comparatively less studied. Recently,
various bimodal mesoporous silica materials have been synthe-
sized by co-templating. From the viewpoint of applications
such as size-selective sorption, catalysis and drug release, bimo-
dal mesoporous materials offer great advantages.[18-20]

We have previously reported that the poly(ethylene-b-ethyl-
ene oxide-b-e-caprolactone) triblock copolymer can be success-
fully employed as a single template to prepare bimodal meso-
porous silica.[21] The synthesis of triblock copolymers is difficult
and time-consuming. In contrast, the co-template method, con-
sisting in blending two different templates, is a relatively sim-
pler approach. Zhao et al. synthesized bimodal mesoporous sili-
ca by using PEO-b-PMMA along with a cationic surfactant
(alkyltrimethylammonium bromide, CTAB) as a co-template.[22]

Sun et al. synthesized bimodal porous silica that enables in-
dependent control over small and large mesopore sizes by
cross-linking mesoporous MCM-41 nanoparticles.[20] Reber et al.
synthesized bimodal mesoporous silica through a partial pseu-
domorphic transformation of an ordered mesoporous starting
material.[19] The co-template methods using F127 triblock co-
polymer and PEO-b-PCL diblock copolymer were also reported,
providing dual-mesoporous silica with ultra-low refractive in-
dices.[4]

In recent years, mesoporous silica was employed in a wide
range of applications, including biology an drug delivery, due
to their excellent stability and bio-compatibility.[23-30] Bimodal
mesoporous silica possesses critical features for improving stor-
age and drug delivery efficiencies. In this work, bimodal meso-
porous silica is prepared by using a co-template method based
on PEO-b-PLA diblock copolymer and F127 triblock copolymer
at various mass ratios, combined with a TEOS matrix (Figure 1).
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The co-templating method has several advantages over the sin-
gle templating method regarding the synthesis of bimodal sili-
ca. The bimodal mesoporosity of the silica matrix is confirmed
by small angle X-ray scattering (SAXS), transmission electron
microscope (TEM), and nitrogen adsorption-desorption iso-
therms analyses. Finally, the bimodal mesoporous silica is load-
ed with doxorubicin and the effect of the bimodality on the ki-
netics of drug release is studied.

Results and Discussion

Characterization of bimodal
mesoporous silicas
co–templated by
PEO-b-PLA/F127

Table 1 lists the samples syn-
thesized in the current study
(with different TEOS, PEO-b-PLA
and F127 contents) and pro-
vides the structural information
obtained from the adsorption-
desorption isotherms analysis.
The SAXS patterns and TEM im-
ages of the mesoporous silica
based on a PEO-b-PLA template
at different TEOS:PEO-b-PLA
mass ratios (1:1, 3:1, 5:1 and
10:1) are shown in Figure S1.
When the concentration of
TEOS increases, the d-spacing
of the mesoporous silica de-
creases along with the average
pore size and the thickness of
the wall increases. The nitrogen
adsorption and desorption

curves at different TEOS:PEO-b-PLA mass ratios (shown in Fig-
ure S2a) are type-IV isotherms. The BDDT classification has be-
come the core of the modern IUPAC classification of adsorption
isotherms.[31,32] The mesoporous silica at TEOS:PEO-b-PLA = 1:1
exhibits H1-like hysteresis loops at values of P/P0 ranging from
0.75 to 1.00, while the other ratios at TEOS:PEO-b-PLA = 3:1 and
5:1 lead to H3-like hysteresis loops at values of P/P0 ranging
from 0.45 to 0.90, and at TEOS:PEO-b-PLA = 10:1 lead to H3-like
hysteresis loops at values of P/P0 ranging from 0.35 to 0.90. The
pore size distributions for the each mass ratio (1:1, 3:1, 5:1 and
10:1) were calculated from the isotherm data to be 29.2 nm,

Figure 1. Scheme of mesoporous silica co-templated with PEO-b-PLA and F127 block copolymers.

Table 1. Textural properties of mesoporous silica templated by PEO-b-PLA/F127 co-templates.

Sample
(TxEAyFz)a

d
(nm)b

Pore size
(nm)

SBET

(m2g�1)c

Pore volume
(cm3g�1)

T1EA100F0 27.8 29.2 758 2.89
T1EA75F25 14.6, 36.9 11.7, 36.9 569 1.99
T1EA50F50 13.7 10.2, 32.8 521 1.24
T1EA25F75 13.3 5.8, 26.0 540 1.48
T1EA0F100 11.8 10.7 546 1.47
T3EA100F0 22.4 15.0 418 0.82
T3EA75F25 23.0 16.8 614 1.02
T3EA50F50 12.6, 33.1 5.7, 19.5 425 0.69
T3EA25F75 12.1, 48.3 6.7, 22.5 425 0.71
T3EA0F100 10.8 5.8 734 0.86
T5EA100F0 22.5 11.7 343 0.49
T5EA75F25 22.5 13.3 466 0.50
T5EA50F50 27.3 17.4 499 0.50
T5EA25F75 10.8, 36.9 4.0, 23.0 519 0.52
T5EA0F100 10.4 4.7 613 0.56
T10EA100F0 22.4 13.3 187 0.12
T10EA75F25 27.3 15.2 307 0.25
T10EA50F50 29.9 15.2 376 0.30
T10EA25F75 - 17.6 445 0.29
T10EA0F100 - 7.8 567 0.27

a x is the TEOS-to-total-template mass fraction; y and z are the templates mass percentage of PEO-b-PLA and F127,
respectively.
b The d-spacing values were calculated from the first SAXS peak by the formula d = 2p/q*.
c SBET is the total BET surface area.
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15.8 nm, 11.7 nm and 13.3 nm, respectively, based on the Bar-
rett-Joyner-Halenda (BJH) model (Figure S2b). From the TEM
images in Figure S1b-e, the pore size distributions and d-spac-
ings of the wormhole-like micelles are uniform, but the pore
thickness increases with increasing the TEOS:PEO-b-PLA mass
ratio.

Figure 2 shows the SAXS patterns of the bimodal meso-
porous silica prepared in presence of TEOS and a PEO-b-PLA/

F127 co-template with a TEOS:co-template mass ratio of = 3:1.
The first scattering peak (q1*) corresponding to the PEO-b-PLA
template can be distinguished from the second peak (q2*)
which can be assigned to the F127 template, because of their
different molecular weights. The SAXS of T1EA100F0 (Figure S3)
showing hexagonal cylindrical characteristic peaks located at
1:31/2:71/2, and corresponding to hexagonal cylindrical structure,
supports TEM (top view and side view) observations of Fig-
ure S4a. In addition, the SAXS pattern of T3EA0F100 (Figure 2)
exhibits sharp body centered cubic (BCC) characteristic peaks
located at 1:21/2:31/2:41/2:51/2, which can be assigned to a BCC
structure, as confirmed by the TEM image in Figure 3e. As seen

in Figure 2, when the F127:PEO-b-PLA mass ratio of the co-tem-
plate increases, the q1* d-spacing increases from 22.4 nm (for
T3EA100F0) to 48.3 nm (for T3EA25F75), while the q2* d-spac-
ing is maintained at ca. 10~12 nm. The broadening of the q2*
peaks was observed, with the increase of the PEO-b-PLA, in-
dicating that the long-range order of the BCC pattern become
restricted to a much shorter range order, due to the presence
of spherical structures, which is consistent with the TEM images
in Figure 3b-3d. It can be concluded that parts of the F127 mol-
ecules are being inserted inside the PEO-b-PLA self-assembly
through hydrogen bonding interaction within the ether groups
of the PEO segments, ultimately leading to the swelling of the
hydrophobic region and inducing the formation of bigger mes-
opores. Figure 4a shows the nitrogen adsorption-desorption
curves related to the TEOS:co-templates = 3:1 mass ratio, which
are also typical type-IV isotherms with H2-type (ink-bottle) hys-
teresis loops, assigned to capillary condensation. The con-
tribution in the relative pressure ranging from 0.45 to 0.95 is
related to PEO-b-PLA and the one in the relative pressure range
from 0.45 to 0.80 can be assigned to F127.[10,13] The adsorption
isotherm curves of T3EA50F50 and T3EA25F75 have two dis-
tinguishable components. The pore size distribution curves ex-
hibits two prominent peaks for T3EA50F50 and T3EA25F75
(Figure 4b). In Figure 3, the morphologies were controlled from
the uniform micelles, to bimodal sphere, to BCC with the de-
creased PEO-b-PLA:F127 ratio. In the TEOS/co-templates = 3/1
mass ratio, the bimodal mesoporous silica are easily prepared
by co-template method.

The TEOS:co-templates mass ratio of 5:1 is investigated as
well. On the SAXS spectra from Figure 5, the q1* peaks can be
assigned to the PEO-b-PLA template while the higher q2* peaks
correspond to the F127 template. Similarly, the q1* d-spacing
increases from 22.5 nm to 36.9 nm, while the q2* d-spacing is
mostly maintained at ca. 10~11 nm. The swelling of the pores
originating from the presence of F127 in the co-template can
clearly be observed on the TEM images (Figure 6b and 6c).
With the concentration of F127 is increased, the q1* d-spacing
increases because part of F127 swell the hydrophobic region of
PEO-b-PLA. In Figure 7, the nitrogen adsorption-desorption iso-
therm curves are also type-IV in nature with a H2 hysteresis
loop, and the mesoporous silica samples exhibit similar capil-
lary condensation as for TEOS:co-templates = 3:1. Furthermore,
T5EA25F75 also exhibits a two-step adsorption isotherm curves,
two prominent peaks in the pore size distributions curve and
both q1* peak and q2* peaks in the SAXS pattern (Figure 5),
which is consistent with the TEM image in Figure 6d. With in-
creasing the F127 content, the average pore size of the meso-
porous silica increases (Figure 6). In addition, SAXS, TEM and ni-
trogen adsorption and desorption isotherms analyses were also
carried on mesoporous silica samples with TEOS:co-templated
mass ratios of 1:1 and 10:1 (see Table 1, and Figure S3-S8).

Bimodal (T3EA50F50) and unimodal (T3EA100F0 and
T3EA0F100) mesoporous silica have been selected to be tested
as drug carriers. In Figure 2, the SAXS pattern of T3EA50F50
shows two sharp peaks including the q1* peak (q1* = 0.2, d-
spacing = 33.1 nm) and the q2* peak (q2* = 0.5, d-spacing =

12.6 nm). T3EA100F0 and T3EA0F100 exhibit sharp q* peaks at

Figure 2. SAXS patterns of mesoporous silica prepared at TEOS:co-template
ratio = 3:1 with various PEO-b-PLA:F127 mass ratios. The peaks indicated by
q1* correspond to the PEO-b-PLA-template and q2* correspond to the F127
template.
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q* = 0.28 and 0.58 (d-spacing = 22.4 nm and 10.8 nm), re-
spectively. The isotherm curves (Figure 4a) also possess a H2-
type (ink-bottle) hysteresis loop generated by the overlapping
capillary condensation steps assigned to PEO-b-PLA and F127.

This specific feature is an indication of how hard it is for N2 to
adsorb and desorb, suggesting that the release time can be ex-
tended.[33] The pore size distribution curves of T3EA50F50 (Fig-
ure 4b) show two sharp peaks: one at 19.5 nm (from the PEO-b-

Figure 3. TEM images of mesoporous silica prepared at a TEOS:co-template ratio = 3:1 with various PEO-b-PLA:F127 mass ratios.

Figure 4. (a) Nitrogen adsorption-desorption isotherm and (b) pore size distribution curves of mesoporous silica prepared at a TEOS:co-template ratio = 3:1
with various PEO-b-PLA:127 mass ratios.
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PLA template) and one at 5.7 nm (from the F127 template). An-
alogically, the pore size distributions of T3EA100F0 and
T3EA0F100 are 15.0 nm and 5.8 nm, respectively. Previous stud-
ies have reported that the surface of mesoporous silica materi-
las can be functionalized through hydrogen bonding with dox-
orubicin molecules (DOX).[34] In Figure 8b, the time-dependent
DOX-cumulative release exhibits a fast release of drug for each
sample in the early stage. During the first 120 min, the DOX re-

lease percentage is of 10 % for both T3EA50F50 and
T3EA0F100, and only 6 % for T3EA100F0. After 300 min, the re-
lease rate of T3EA100F0 and T3EA0F100 slows down, while
T3EA50T50 maintains a similar release rate until 540 min. In
other words, the bimodal mesoporous silica has a better re-
lease efficiency and cumulative release property than its unim-
odal counterparts. In order to determine the saturation, we ex-
tended the release time up to 1,800 min (shown up to
1,080 min in Figure 8). The DOX-cumulative releases at satu-
ration for T3EA50F50, T3EA100F0 and T3EA0F100 are 31.0, 27.2
and 24.0 %, and the DOX loading capacity are 72.2, 59.8 and
51.8 mg mg�1, respectively. The drug release kinetics can be de-
scribed by a power law: (Mt /M1) = ktn, where Mt is the concen-
tration of drug released at a time t, M1 is the amount of drug
released at saturation, k is a constant and n (with 0.5 � n � 1.0)
is the diffusion exponent related to the drug release mecha-
nisms.[34-35] When n = 1.0, the release rate is independent of the
time, thus it indicates swelling controlled mechanism for a zero
order release.[33] When n = 0.5, the swelling diffusion kinetics
follows a Fickian diffusion model. Between 0.5 and 1.0, the ki-
netics follows an anomalous transport (non-Fickian), so it ef-
fects by swelling and stresses.[33] In our case, the diffusion ex-
ponent (n) of T3EA100F0, T3EA50F50 and T3EA0F100 are 0.79,
0.61 and 0.69, respectively (In Table 2). Each sample thus fol-

Figure 5. SAXS patterns of mesoporous silica prepared at a TEOS:co-template
ratio = 5:1 with various PEO-b-PLA:F127 mass ratios. The peaks indicated by
q1* are corresponding to PEO-b-PLA-template and q2* are corresponding to
F127-template.

Figure 6. TEM images of mesoporous silica prepared at a TEOS:co-template ratio = 5:1 with various PEO-b-PLA:F127 ratios.

Table 2. Textural properties of the drug delivery experiment

Sample k
(Constant)a

n
(Diffusion exponent)a

Loading capacity
b(mg mg1)

T3EA100F0 0.13 0.79 51.8
T3EA50F50 0.52 0.61 72.2
T3EA0F100 0.31 0.69 59.8

a n and k values were calculated from the simple linear regression for the
power law equation.
b Loading capacities are calculated from the calibration curve within 30 h.
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lows non-Fickian transport, which has been often reported as a
typical release property of porous materials.[34-35] The bimodal
mesoporous silica have better loading capacity and cumulative
release efficiency than single-model mesoporous silica.

Conclusions

Bimodal mesoporous silica is prepared by co-templating meth-
od using PEO-b-PLA diblock copolymer and F127 triblock co-
polymer with various mass ratios. According to the SAXS, TEM
and nitrogen adsorption-desorption isotherms analysis, the
large pores are formed by the PEO-b-PLA template while the
small pores are formed by F127 template. In addition, the F127
not only produced the small size pores but also acts as a swel-
ling agent to form larger pore. Using this method, it is possible
to easily prepare bimodal mesoporous materials with fine-tun-
ing over the pore diameter. Unimodal and bimodal meso-
porous silica are used for DOX adsorption and release. It is
found that bimodal mesoporous silica shows higher loading ca-
pacity and better cumulative release. The fine-tuning of the
average pore size and size distribution in bimodal silica can en-
able the incorporation of size-controlled loading and delivery
of multiple drugs in future biomedical applications.

Supporting Information

Supporting information contains detailed description including
the materials of experimental; materials synthesized steps, total
experimental steps, characterization, and the detailed other ex-
perimental data of bimodal mesoporous silica templated by
different molecular weight of PEO-b-PLA and F127.
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