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Abstract Emodin drug was introduced into the porous

mesochannels of (c-chloropropyl)triethoxysilicane (CPTES)
and (3-aminopropyl)triethoxysilane (APTES) functionalized

SBA-15 via a hydrothermal process. The pure, functionalized

and drug loaded mesoporous materials were characterized by

small angle X-ray powder diffraction, field scanning electron

microscopy, high resolution transmission electron micro-

scopy, nitrogen adsorption–desorption, Fourier transformed

infrared spectra, and UV–visible spectrophotometry. The

functionalization of mesoporous silica reduced the degree of

crystallinity of the resulting material. High resolution trans-

mission electron microscope images of the functionalized

materials demonstrated the reservation of the hexagonal

mesoporous structure of SBA-15. Pure, CPTES and APTES-

functionalized mesoporous silica were employed as base

materials for the controlled release of emodin drug. Drug

loading results revealed that the loading capabilities largely

depend on the specific surface area, and pore volume and pore

diameter of the carrier matrix. Emodin drug release profiles

were studied in phosphate buffered saline with pH 7.4, and

outcomes specified that the drug release rate could be con-

trolled by the surface CPTES and APTES-functionalized

carrier matrices. Emodin loaded functionalized materials

presented a lower release rate compared to that of the pure

SBA-15. Emodin loaded APTES-functionalized SBA-15

presented the lowest release amount of 74.5 % even up to

60 h. These results propose that the functionalized meso-

porous silica is a favorable drug carrier for accomplishing

prolonged release time.
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1 Introduction

Over the past two decades plenty of research has been

performed worldwide on controlled drug release systems

[1] such as ordered mesoporous silica: SBA-15, SBA-16,

and AMS-1 [2, 3]. Controlled drug release systems have

the ability to maintain the actual concentration of drug at

the target organic tissue, thereby yield various advantages

compared to traditional dosage regimens, including

reduced toxicity, improved therapeutic efficacy, sustained

efficiency time and enhanced bioavailability [4, 5]. Gen-

erally, the controlled drug release systems consist of a

matrix carrier and a drug. Initially, the drug is loaded into

the matrix then it is allowed to release from the carrier

matrix at a targeted site under appropriate conditions. To

facilitate this, the drug carrier matrix must satisfy several

conditions such as (1) site directing ability, (2) excellent

biocompatibility, (3) good ability to load high amount of a

drug along with zero possibility of premature release of the

drug, (4) cell type or tissue specificity and (5) controlled

drug release rate to accomplish an effective local concen-

tration [6]. The mesoporous silica materials synthesized by

ionic, nonionic and amphiphilic block copolymers have

captivated a great interest due to their unique properties.

However, an innovative property of mesoporous silica (or

SBA-15) for controlled drug release was disclosed by

Vallet-Regi [7] in 2001. Afterwards, many research groups
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have worked on that novel application of SBA-15 [8–13]

due to its auspicious properties including stable uniform

mesoporous structure, large surface area and

adjustable pore size with narrow distribution, large pore

volume and exceptional biocompatibility. Furthermore, the

adsorption of poorly soluble drugs onto SBA-15 with large

surface zones is a growing approach for improving drug

dissolution [14]. It was realized that drug loading and its

release rate could be controlled up to a great extent by

functionalization of mesoporous structures such as SBA-

15. Song et al. [15] showed that aminopropyl-modified

SBA-15 provided higher drug loading capability than that

of neat SBA-15 material. In similar manner, Xu et al. [16]

showed that an effective drug controlled release system can

be developed using amino-functionalization of SBA-15

material. However, Wang et al. [17] revealed that the

mesoporous SBA-15 can be modified using (c-chloro-
propyl)triethoxysilicane (CPTES).

In this work, an attempt has been made to develop an

effective controlled drug release system using neat, amino-

functionalized and CPTES-functionalized SBA-15 as drug

carriers. A poorly water soluble drug such as Emodin

(1,3,8-trihydroxy-6-methyl-9,10-anthraquinone) has been

used as a model drug for loading and controlled release

study. In-vitro emodin drug release profiles were investi-

gated by directly soaking emodin-loaded SBA-15 powder

material in phosphate buffered saline (pH 7.4). In this

study, first time CPTES-functionalized SBA-15 is used as a

support material for the controlled release of emodin. The

proposed controlled drug release system in this study has a

potential of achieving a prolonged release of water-insol-

uble drugs.

2 Experimental

2.1 Reagents

Pluronic P123 [ethylene oxide–propylene oxide–ethylene

oxide (EO20PO70EO20), Mw = 5800], tetraethoxy

orthosilicate [(C2H5O)4Si, TEOS], (3-aminopropyl)tri-

ethoxysilane (98 %) (APTES), titanium tetra-chloride

(TiCl4), (c-chloropropyl)triethoxysilicane (CPTES) and

HCl (35 %) were supplied by Sigma-Aldrich, India.

Emodin was generously gifted by RPG Life Sciences Ltd.,

Mumbai, India. Double deionized water was used

throughout the experiments. All of the chemicals and sol-

vents used in this study were of analytical grade.

2.2 Synthesis of pure SBA-15 matrix

Mesoporous silica (or SBA-15) was prepared by following

our earlier reported work [18]. Initially 2 g triblock

copolymer, P123 was dissolved in 70 ml distilled water at

40 �C under high acidic conditions produced by the addi-

tion of 10 ml HCl (2 M). A clear solution was achieved

after 3 h of continuous mechanical stirring of the solution.

Then, 4.8 ml TEOS was added to the above mentioned

solution followed by continuous stirring for another 24 h at

40 �C. Thereafter, the solution was transferred to a Teflon

lined stain-less steel autoclave and hydrothermally treated

at 100 �C for 24 h. At room temperature, the solid products

were filtered, washed and dried at 70 �C. Finally, the solid
product was calcined at 600 �C with a heating rate of 1 �C/
min for 4 h in air to remove organic templates and to

obtain pure mesoporous powder form SBA-15.

2.3 Synthesis of CPTES-functionalized SBA-15

(c-chloropropyl)triethoxysilicane (CPTES) was used as a

silylation reagent in order to prepare the CPTES-func-

tionalized SBA-15 [17]. Initially, 2 g of CPTES was mixed

to 50 mL of dry toluene and then 2 g of mesoporous silica

SBA-15 powder was mixed in it. The mixture was kept at

100 �C and continuously stirred for 48 h in a nitrogen

atmosphere under reflux conditions. The resulting powder

was filtered and washed with toluene (30 mL), ethanol

(30 mL), and diethyl ether (30 mL), respectively. For ease

in writing, the resulting powder is designated as SBA-Cl

(Scheme 1).

2.4 Synthesis of APTES-functionalized SBA-15

For synthesis of functionalized SBA-15, a method similar

to obtain the pure SBA-15 was followed, except that

APTES was also added to the mixture as soon as addition

of TEOS. Afterwards, the mixture was pre-hydrolyzed for

about 2 h [19], and then APTES was added dropwise into

the solution. The molar composition of the mixture was 0.9

TEOS:0.1 APTES:5.71 HCl:0.017 P123:192 H2O. The

resulting mixture was continuously stirred for 24 h at

40 �C prior to its transfer into a Teflon lined stain-less steel

autoclave and hydrothermally treated at 100 �C for 24 h.

At room temperature, the solid products were filtered,

washed and dried at 70 �C. Later, the surfactant was

removed by adding 1 g of the as-synthesized sample into

300 mL of ethanol and was Soxhlet refluxed for 24 h [16].

The resultant white powder was obtained after drying at

ambient conditions. For ease in writing, the resulting

powder is designated as SBA-AP (Scheme 1).

2.5 Drug loading

Emodin was taken as a model drug to estimate the loading

and release performance of SBA-15 and the functionalized

SBA-15 (Scheme 2a). About 200 mg of the support was
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Scheme 1 CPTES and APTES-functionalization of SBA-15

Scheme 2 Emodin drug loading and release scenario
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drenched in 50 mL of emodin-ethanol solution

(0.5 mg mL-1) and then continuously stirred for 24 h at

ambient temperature without allowing solvent evaporation.

The emodin-loaded sample was filtered and dried at

ambient temperature. The filtrate (1.0 mL) was appropri-

ately diluted to calculate the drug concentration with the

help of a UV–vis spectrophotometer at a wavelength of

217 nm. The drug loading concentration was determined in

accordance with the mass balance of emodin solution prior

and after stirring using Eq. (1).

PE ¼ Ci � Cf

W
� V ð1Þ

where, PE is loading content of emodin engrossed into the

matrix (mg g-1, mg emodin per gram SBA-15), Ci and Cf

are the initial and final contents of the emodin in the

solution (mg mL-1) respectively. V is volume of the

solution (mL) and W is weight of the SBA-15 (g). The drug

loading into pure mesoporous (SBA-15), CPTES-func-

tionalized SBA-15 (SBA-Cl) and APTES-functionalized

SBA-15 (SBA-AP) materials was accomplished following

the same procedure (Scheme 2b). For ease in writing, the

emodin drug loaded samples were designated as SBA-Cl-

Em and SBA-AP-Em respectively.

2.6 Drug release

In vitro emodin release from the SBA-15 was executed as

follows. Initially, 40 mg of the sample was engrossed in

50 mL of PBS with gentle stirring at 37 ± 0.5 �C. About
5 mL of the mixture was removed at pre-decided time

intervals and instantaneously replaced by 5 mL of fresh

PBS. The removed 5 mL mixture was filtered and exam-

ined using a UV–vis spectrophotometer. Since some por-

tion of the drug loaded sample was extracted from the

release mixture so the corresponding portion of the drug

can’t be reflected for next sampling. Hence, a corrected

method [20] was employed to determine the real content of

the drug released from the drug loaded composite material

(Scheme 2c), using Eq. (2).

Ct�corrected ¼ Ct þ
v

V

Xt�1

0

Ct ð2Þ

where, Ct�corrected(mg.mL-1) is the real concentration of

emodin released at time t, Ct is the content of release fluid

measured by UV–visible spectrometer (mg.mL-1) sampled

at time t, v the sampled volume taken at specific time

interval (mL), and V is the total volume of release fluid

(mL).

The actual quantity of emodin released from meso-

porous SBA-15 material in the release fluid was deter-

mined using Eq. (3).

At�released ¼
Ct�corrected � V

PE

� 100 ð3Þ

where At-released is the actual concentration of released

emodin at time t (%), Ct-corrected is the content of released

emodin at time t, V is the total volume of release fluid, and

PE is loading content of emodin engrossed into the matrix.

2.7 Characterization

Powder small-angle X-ray diffraction (SAXRD) patterns

were obtained on a Bruker D8 advance diffactometer using

Cu-Ka as target material (k = 0.15418 nm) to determine

the crystallinity of the samples. The signals were recorded

from 0.5� to 5� with a scanning step of 0.01� and a time per

step of 10 s. Morphology of samples was characterized by

field emission scanning electron microscope (FESEM, FEI

QUANTA 200F) and high resolution transmission electron

microscope (HRTEM, TECNAI G20) operated at an

accelerating voltage of 200 kV. Fourier transform infrared

spectra of samples were obtained by accumulating scans on

a Perkin-Elmer BX II spectrophotometer with potassium

bromide (KBr) pellets, in the range of 4000–400 cm-1. At

a temperature of -196 �C, a Micrometrics Tri-Star ana-

lyzer was used to obtain Nitrogen (N2) adsorption–des-

orption isotherms. Using the isotherms specific surface area

and pore channel structural parameter were calculated by

following BET (Brunner–Emmett–Teller) method [21].

The pore size distribution and pore volume were deter-

mined using the Barrett–Joyner–Halenda (BJH) model

[22]. The calculations were based on the amount of nitro-

gen adsorbed which was recognized from nitrogen

adsorption–desorption isotherms of each sample. The

content of emodin in functionalized and non-functionalized

SBA-15/emodin composite material was determined using

UV–visible spectrophotometry (Shimadzu UV-2450, Mil-

ton Keynes, UK) [23]. The UV–vis Spectrophotometer,

equipped with 1.0 cm cell was used for spectrophotometric

determination of the content of emodin using Eq. (1).

3 Results and discussion

3.1 Structure of pure SBA-15, functionalized SBA-

15 and drug loaded mesoporous material

3.1.1 SAXRD analysis

Figure 1 displays the SAXRD pattern of the six samples.

The pure SBA-15 (curve a) and SBA-Em (curve b)

noticeably reveal one well-resolved diffraction peak of

(100), and two weak diffraction peaks of (110) and (200)

with d-spacing value is *93.1 Å. These three peaks at
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0.9�, 1.52� and 1.7� respectively correspond to a highly

ordered, p6 mm hexagonal symmetry of a mesoporous

structure (SBA-15) in agreement with the data reported in

the literature [2]. A slight change in form of broadening of

peaks (curve b) may be due to loading of the drug into the

mesoporous material. However, the loading of drug does

not disturb the actual structure of the SBA-15. Grafting

CPTES in SBA-15 (curve c) does not change the charac-

teristic 2h values of diffraction peaks of (100), (110) and

(200). But, the decrease in the intensity of two weak peaks

indicates slight change in the structure of the mesoporous

material which may be attributed to the creation of a

functional molecule layer due to the condensation between

CPTES and hydroxyl group of SBA-15 [17]. Grafting

APTES in SBA-15 (curve d) results in loss of two weak

peaks of (110) and (200) indicating a weak ordering in

mesostructure. Only one wide (100) diffraction peak is

detected, which indicates very poor ordered mesoporous

structure of the SBA-15 material. This may be ascribed to

protonation of APTES under strong acidic conditions and

which also affect the self-assembly of the triblock

copolymer (P123) and silica precursor. Furthermore, the

protonated amine groups may actively interact with ethoxy

groups of TEOS via hydrogen bonding, which inhibits the

hydrolysis and condensation of the silane group [24]. The

drug loaded CPTES and APTES functionalized SBA-15

samples (curve e and f) reveal only one wide (100)

diffraction peak not the other two peaks, this may have

happened due to the coupling of drug with the chloropropyl

and amine groups occur inside the channels of composites

SBA-Cl and SBA-AP respectively. Because, anchoring of

noticeable amount of drug within channels of mesoporous

structure reduces the scattering contrast of amorphous

silica wall [17]. Additionally, two distinct weak (110) and

(200) diffraction peaks in the XRD pattern of the SBA-Em

composite material (curve b) verifies the ordered meso-

porous structure is not destroyed by the drug loading.

3.1.2 SEM analysis

FESEM micrographs of SBA-15, SBA-Cl, SBA-AP, SBA-

Cl-Em and SBA-AP-Em are shown in Fig. 2.Microstructure

of SBA-15 elucidates (Fig. 2a) rod-like domains aggregated

to wheat-like structures. Such types of microstructures

consist of large fibrous structures generally ranging from 2 to

5 lm in length and 0.5 to 2 lm in diameter. The typical

wheat-like structures of packed agglomerates also consist of

several short-rod domains with comparatively uniform sizes

of 1–2 lm in length and 0.2–0.7 lm in diameter [25]. Such

type of morphology for weakly trapezoidal, wheat grain-like

particles has already been established to have long-range

mesoporous channels with 2D-hexagonal structure [26]. The

FESEM microstructures show. Generally, the morphology

of mesoporous structure SBA-15 depends on various

parameters such as pH, co-surfactants, temperature, elec-

trolytes and swelling agents, etc. [27]. The morphology of

SBA-Cl (Fig. 2b) is almost similar to that of the mesoporous

SBA-15. The microstructure of SBA-Cl also shows rod-like

domains accumulated towheat-like structures, but the length

of domains appears longer and diameter seems shorter

compared to the domains observed in the case of SBA-15.

This change in the morphology of the material may be due to

the introduction of CPTES into the pre-hydrolyzed SBA-15

mixture. The morphology of SBA-AP (Fig. 2c) is somewhat

different from that of the mesoporous SBA-15. The

microstructure of SBA-AP reveals less agglomerated wheat-

like structures except few rod-like packed domains accu-

mulated to wheat-like structures. Also the average size of

less agglomerated wheat-like structures is 3–4 times smaller

than that of the SBA-15. This noticeable change in the

morphology of the material may happens due to the addition

of APTES into the SBA-15 mixture during synthesis. The

morphologies of SBA-Cl-Em (Fig. 2d) and SBA-AP-Em

(Fig. 2e) are reasonably different from those of the SBA-Cl,

SBA-AP and SBA-15, respectively. The microstructures of

SBA-Cl-Em and SBA-AP-Em presenting integrated short-

rod units with further densely packed macrostructures of

small amorphous units. This significant change in the mor-

phologies of the materials occurs due to loading of emodin

drug in CPTES and APTES functionalized mesoporous

material.

3.1.3 TEM analysis

HRTEM micrographs of the pure SBA-15, SBA-Cl, SBA-

AP, SBA-Cl-Em and SBA-AP-Em, respectively are

Fig. 1 SAXRD patterns of a SBA-15, b SBA-Em, c SBA-Cl, d SBA-

AP, e SBA-Cl-Em and f SBA-AP-Em
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compared in Fig. 3. The micrograph of SBA-15 (Fig. 3a)

clearly elucidates well-arranged hexagonal arrays of

cylindrical nano-pores along the long axis, which is hith-

erto observed from the SAXRD patterns. The mesoporous

SBA-15 reveals 2-dimensional hexagonal, p6 mm struc-

tures accompanied by relatively uniform cylindrical pores

of equal widths to effectively accommodate emodin. The

mesochannels in the rod-like domains are along the long

axis [25] and also the mesochannels of different domains

are not connected with each other.

The diameter of mesochannels is less than 10 nm. In the

micrograph, the different orientations of mesochannels are

due to the presence of more than one rod-like domain at the

same location. The HRTEM micrographs of SBA-Cl

(Fig. 3b) and SBA-AP (Fig. 3c) also have well-arranged

hexagonal arrays of mesochannels along the long axis,

signifying that the 2D-hexagonal mesoporous structure is

preserved during the functionalization process. The mesh

like structure revealed by SBA-Cl (Fig. 3b) is due to the

presence of two rod-like domains at the same location and

long-axis of both are perpendicular to each other. In this

study, the HRTEM images specify that the variation in

morphologies of the functionalized materials is due to

different functionalization agents like CPTES and APTES.

The HRTEM micrographs of SBA-Cl-Em (Fig. 3d) and

SBA-AP-Em (Fig. 3e) reveal that well-arranged hexagonal

arrays of mesochannels cannot be clearly identified inside

the material. However, at the edges, a regular periodic

arrangement of mesochannels can be distinguished.

Therefore, the material may be regarded to present worm-

like structural pores, on the other hand it preserve some

hexagonally arranged mesochannels in its domain. The

encapsulation of foreign material (emodin drug) into the

mesochannels of SBA-15 does not change its hexagonal

Fig. 2 FESEM images of

a SBA-15, b SBA-Cl, c SBA-

AP, d SBA-Cl-Em and e SBA-

AP-Em
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structure to a large extent. But from the micrographs

(Fig. 3d, e), there is no existence of combined emodin drug

particles and therefore, it may be concluded that the drug is

consistently distributed into the mesochannels of SBA-15.

3.1.4 FTIR spectra

The functionalization of silica framework may be under-

stood by the Fourier transform infrared (FTIR) data. The

FTIR spectra of SBA-15, SBA-Cl and SBA-AP are shown

in Fig. 4. The typical Si–O–Si bands at 1634, 1086, 802

and 460 cm-1. (Figure 4a) correspond to the condensed

network of silica in case of the pure SBA-15, which is also

supported by the XRD spectra, FESEM and HRTEM

results. A relatively broad band at 3447 cm-1 is correspond

to silanol stretching vibration and moreover, because of the

presence of OH group of water molecules into mesochan-

nels of SBA-15 [28]. For all the mesoporous silica samples,

a broad band at 1086 cm-1 is attributed to Si–O asym-

metric stretching [29]. Also the presence of any weak peaks

in the range 940–965 cm-1 corresponds to the non-con-

densed Si–OH groups [30]. The silanol groups of pure

SBA-15 presents a characteristic weak peak at 964 cm-1.

Because of the functionalization of SBA-15 with CPTES

(Fig. 4b), the weak peak declines and even disappears,

signifying the formation of –Si–O– bands. This happens

due to the reaction between the silanol groups of SBA-15

and (C2H5O)3Si– groups of silylation reagent [17]. There-

fore, weaker vibration intensity in the FTIR spectra is

observed possibly due to decrease of silanol groups. The

Fig. 3 HRTEM images of

a SBA-15, b SBA-Cl, c SBA-

AP, d SBA-Cl-Em and e SBA-

AP-Em

Fig. 4 FTIR spectra of a SBA-15, b SBA-Cl and c SBA-AP
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characteristic bands at 2897 and 2980 cm-1 associated

with C-H stretching (Fig. 4c) [31]. A specific band at

1496 cm-1 could be possibly attributed to the deformations

of the NH3? moiety [32]. This specific band is observed for

functionalized material but not in pure SBA-15. These

typical bands authorize that aminopropyl groups of APTES

have been successfully incorporated into the pure SBA-15.

This can be easily perceived that almost each infrared

signal of pure SBA-15 is exists in the infrared spectra of

functionalized SBA-15 materials (Fig. 4b, c). That means

the functionalization process does not destroy the main

structure of SBA-15.

3.1.5 Nitrogen adsorption–desorption isotherms

Nitrogen (N2) adsorption–desorption isotherms are very

effective to reveal the surface properties such as specific

surface area, pore size distribution and pore volume of a

mesoporous material. The low temperature N2 adsorption–

desorption isotherms of SBA-15, SBA-Cl and SBA-AP are

shown in Fig. 5. The corresponding BJH pore size distri-

butions of these samples are shown in Fig. 6. All three

samples display a classic irreversible type IV isotherm with

clear H1 type hysteresis loop, which is characteristic of

mesoporous materials with hexagonal cylindrical

mesochannels with open pores [33, 34]. It is observed that

the incorporation of CPTES during the synthesis process

does not significantly modify the structure of mesoporous

silica material. Whereas the introduction of APTES results

in a less-sharp isotherm compared to SBA-15 and SBA-Cl,

but it may still be categorized as type IV isotherm [35].

Such change in isotherm suggests that the functionalized

moieties are inserted into the pores of the SBA-15 and up

to certain extent disrupt the structure of the mesoporous

material, which is in decent agreement with the SAXRD

patterns and HRTEM result as shown in Figs. 1 and 3,

respectively. In case of SBA-Cl and SBA-AP, the amount

of nitrogen uptake drops because of the shrinkage in the

mesopore volume and also results in the decline in meso-

pore size as revealed by the corresponding pore size dis-

tribution curves in Fig. 6. Detailed textural properties of

SBA-15, SBA-Cl and SBA-AP are shown in Table 1,

which demonstrates that the textural factors of different

materials are quite dissimilar. The pure SBA-15 has the

maximum surface area (737 m2/g), pore volume (0.94 cm3/

g) and pore diameter (9.4 nm). All the three parameters

such as specific surface area, pore volume, and pore

diameter determined by N2 adsorption–desorption iso-

therms decrease with the functional CPTES and APTES

moieties. The SBA-AP reveals the smallest surface area

575 m2/g), pore volume (0.69 cm3/g) and pore diameter

(6.4 nm), signifying that APTES has a higher detrimental

effect compared to CPTES on the mesostructured forma-

tion of functionalized materials.

3.2 Drug loading and release

3.2.1 N2 adsorption–desorption isotherms

N2 adsorption–desorption isotherms with the corresponding

pore size distribution curves of SBA-15-Em, SBA-Cl-Em

and SBA-AP-Em are shown in Figs. 7 and 8, respectively.

All three samples demonstrate classic IV isotherms with

H1 type hysteresis loops with a narrow pore size distri-

bution, almost similar to the pure and functionalized

mesoporous materials before emodin drug loading (Figs. 5,

6). This specifies that the mesoporous structure and pore

Fig. 5 N2 adsorption–desorption isotherms of a SBA-15, b SBA-Cl

and c SBA-AP

Fig. 6 BJH pore size distribution curves of a SBA-15, b SBA-Cl and

c SBA-AP
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shape of the pure and functionalized materials endure

unaffected even after emodin drug loading. Also, the

adsorbed quantity of N2 seems to decline possibly due to

the drug loading, which indicates that the structural

parameters of drug loaded samples marginally decreases

compared to the corresponding without loaded samples of

SBA-15. Detailed textural properties of SBA-15, SBA-Cl

and SBA-AP are shown in Table 2. All the three parame-

ters such as specific surface area, pore volume, and pore

diameter of SBA-15-Em, SBA-Cl-Em, and SBA-AP-Em

reduces compared to the corresponding without loaded

samples of SBA-15, signifying that emodin drug molecules

are loaded into the mesochannels of the mesoporous

materials without pore plugging.

3.2.2 Drug loading

Generally, various factors such as specific surface area,

pore size, pore volume etc. significantly affect the loading

capacity of a drug in a mesoporous matrix. This is already

verified by others that if the surface area and pore size of a

mesoporous material decreases then lower loading of drug

occurs [36, 37]. In this study, the amount of drug loaded

into SBA-15 is comparable to that loaded into CPTES-

functionalized SBA-15, signifying that functionalization of

mesoporous SBA-15 by CPTES has nominal effect on the

drug loading capacity. The emodin drug loading amount in

pure and functionalized mesoporous matrices is illustrated

in Table 3.

It is observed that the pure SBA-15 has the highest drug

loading capacity about 8.23 mg/g due to its largest specific

surface area and pore size. However, the CPTES func-

tionalized SBA-15 has the drug loading amount of

7.87 mg/g, which is slightly less than that of the pure SBA-

15. This indicates the drug loading amount declines due to

decrease in specific surface area and pore size of the

mesoporous material after functionalization by CPTES.

But, the drug loading amount in APTES functionalized

SBA-15 is lowest (6.41 mg/g), signifying that the surface

Table 1 Surface area (SBET), pore volume (Vp), and pore diameter

(Dp) of pure SBA-15 and functionalized SBA-15

Sample SBET (m2/g) VP (cm3/g) DP (nm)

SBA-15 737 0.94 9.4

SBA-Cl 645 0.89 8.8

SBA-AP 575 0.69 6.4

Fig. 7 N2 adsorption–desorption isotherms of a SBA-15-Em, b SBA-

Cl-Em and c SBA-AP-Em

Fig. 8 BJH pore size distribution curves of a SBA-15-Em, b SBA-

Cl-Em and c SBA-AP-Em

Table 2 Surface area (SBET), pore volume (Vp), and pore diameter

(Dp) of drug loaded SBA-15 and functionalized SBA-15

Sample SBET (m2/g) VP (cm3/g) DP (nm)

SBA-15-Em 723 0.90 8.7

SBA-Cl-Em 617 0.82 8.2

SBA-AP-Em 543 0.54 5.8

Table 3 Loading amount of

emodin drug in pure and func-

tionalized mesoporous matrices

Sample PE (mg/g)

SBA-15-Em 8.23

SBA-Cl-Em 7.87

SBA-AP-Em 6.41
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area, pore size and pore volume of mesoporous material

have a significant effect on drug loading.

3.2.3 Drug release

Since the molecular size of emodin drug less than 1 nm, so

it can easily fit inside the pores of mesoporous SBA-15.

Subsequently, the interaction between the drug and meso-

porous material inside the pores is mainly depend on the

occurrence of the –NH group via hydrogen bonding with

free silanol groups on the surface of mesoporous material.

In vitro drug release was employed in PBS with pH 7.4 to

estimate the release profiles of the drug from the SBA-15.

In vitro cumulative release profiles of emodin from the

pure SBA-15, CPTES and APTES-functionalized SBA-15

are shown in Fig. 9. All three samples showing fast initial

drug release rates, which can be denoted to as the ‘‘burst

release. Over the range of 0.25–3 h, the sustained emodin

drug release rate accelerated and a released amount of

76.74 % achieved. 48 h later, the drug release from SBA-

15 was ultimately finished with a release amount of

98.19 % in case of SBA-15-Em. However, the drug release

was comparatively slow in case of the functionalized

materials. The SBA-Cl-Em and SBA-AP-Em samples

show slow release rates, signifying that the drug release can

be controlled by functionalization of mesoporous SBA-15

with CPTES and APTES. The SBA-Cl-Em sample reveals

low release amount of emodin (91.7 %) even up to 60 h.

But, the SBA-AP-Em sample reveals the lowest release

amount of emodin (74.5 %) even up to 60 h. This behavior

indicates that the drug release from long and bent

mesochannels happens more slowly compared to the

amorphous pores [38]. Several parameters like surface-

interactions, ionic bond reactions and hydrogen bonding

effects between emodin drug molecules and the surface of

CPTES and APTES-functionalized SBA-15 matrix seem to

be strong, which is responsible for reduction in drug release

rate as well as prolonged release time. Thus, it can be

inferred that the CPTES and APTES-functionalization of

the mesoporous SBA-15 material efficiently delayed the

release of emodin drug.

4 Conclusions

Functionalization of mesoporous silica materials were

successfully accomplished by the CPTES and APTES

materials via a hydrothermal process. The pure and func-

tionalized silica materials were used as base matrices for

loading and release of the water-insoluble emodin drug.

The functionalization of SBA-15 reduced the degree of

crystallinity of the base material. The results of HRTEM

show that the mesoporous structure of SBA-15 is

stable even after the surface functionalization by CPTES

and APTES. The modification of the surface of SBA-15

leads to the better interaction of the drug with the carrier

matrix. The loading amount of emodin adsorbed on

mesoporous SBA-15 reduced due to the functionalization

which also responsible for reduced specific surface area

and pore size. The drug release profiles of pure and func-

tionalized SBA-15 materials revealed a ‘‘Burst release’’

phenomena until the sixth hour of release. Emodin loaded

into the functionalized silica materials revealed a lower

release rate compared to that of the pure SBA-15, signi-

fying that the surface functionalization of SBA-15 could

efficiently delay the drug release. Particularly, the SBA-

AP-Em material presented the lowest release rate about

74.5 % even up to 60 h. These results offer auspicious

perspectives of functionalized mesoporous silica materials

for future applications in drug delivery systems.
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