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Abstract. The present article reports on the synthesis of mesoporous alumina and its modification through β-cyclodextrin
(BCD) incorporation for loading and release studies of amoxicillin. The drug loading in the mesoporous matrices was found
to be activated upon providing molecular assistance by amino acids, L-methionine, L-proline and L-phenylalanine. The effect
of molecular assistance has been attributed to intermolecular interactions between the drug and the individual amino acids
which have been further confirmed by different spectroscopic studies. The drug-loaded material with BCD modification was
found to exhibit a sustained release mechanism in physiological pH and is suggested as a proposed material for hip joint
prosthesis.
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1. Introduction
Mesoporous materials constitute a leading topic of research in
the modern science community. Their high-surface area and
tunable pore structure make them unique to generate a new era
in modern nanotechnology [1]. They have numerous applications in different fields like catalysis, gas sensing, electronic
industries, etc. [2]. The medical applications of such materials are also important in the formation of nanomedicine and
contrast agents in magnetic resonance imaging experiments.
One of the major concerns of today’s science is to synthesize
mesoporous material-based drug delivery systems in order to
reduce the unwanted side effects of the drug [2].
Drug delivery application of mesoporous silica has been
widely studied due to their uniform porous structure, highsurface area and tunable pore diameter [1,2]. Oxides of iron,
titanium, tantalum, etc. are also supposed to be buoyant drug
carriers due to their easy preparation method and this is also
reflected in the literature [3]. Mesoporous alumina (MA) is a
promising candidate in catalysis due to its high-surface area,
large pore volume and good thermal stability [4]. It is also an
upcoming candidate for drug delivery application [1].
The structure directing effect of ionic and nonionic surfactants to generate mesoporous oxides has been observed
several times in the literature [1,4,5]. Earlier reports reveal
that Al(NO)3 , Al2 (SO4 )3 , AlCl3 , aluminium isopropoxide,
etc. can be used as a source of aluminium for the synthesis

of MA [6–8]. Surfactants like pluronic P123 and
cetyltrimethylammonium bromide (CTAB) can be used as
a template [9]. Yuan et al [9] reported a method, in which
ethanolic solution of pluronic P123 was treated with nitric
acid and aluminium isopropoxide under stirring conditions.
The final product was obtained by calcination at 400◦ C for 4 h.
In another report by Pan et al [10], γ-Al2 O3 was synthesized
by using calcined kaolin and CTAB at room temperature.
The final γ-Al2 O3 was obtained after calcination at 700◦ C.
Wu et al [11] prepared ordered MA using aluminium isopropoxide, pluronic P123, hydrochloric acid, citric acid and
1,3,5-trimethylbenzene as swelling agents. MA can also be
synthesized from waste materials like coal fly ash [12,13].
Alumina has drawn considerable attention in a particular
biomedical field that utilizes its wear resistant properties to
form a ceramic-based hip joint replacement accessory. Alumina has been considered as the most popular and widely used
ceramic for hip prostheses whereby it has proved its nontoxic,
wear resistant and bio-inert nature with minimum possibility of osteolysis [14]. At the same time, it is also desirable
to impart antibiotic properties to the prosthesis material as
there are frequent infections observed after a hip replacement
surgery [15]. A narrow observation of the literature shows
that many antibiotic-loaded polymer materials have been used
previously as arthroplastic cements. However, it has also been
established that polymer materials undergo easy abrasion and
cause wear deposition within a short span. Alumina, being the
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most wear resistant candidate used for such purpose would be
even more attractive if loaded with antibiotic drugs and that
too decked with sustained drug release properties.
Amoxicillin is a broad spectrum antibiotic to treat bacterial
infections like tonsillitis, bronchitis, and nose, skin and throat
infections. A substantial use of the antibiotic can cause minor
to severe side effects like diarrhea, skin sores, muscle pain,
etc., mainly due to both uncontrolled and inappropriate delivery of the drug. Therefore, it is a matter of concern to deliver
the drug in a controlled way to the affected area to reduce the
side effects of these antibiotics on normal tissues. In this connection the stimuli responsive (pH, enzyme, etc.) drug release
is becoming a topic of research in modern science [16].
Herein, we report the preparation of ordered MA using aluminium isopropoxide as an aluminium source and pluronic
F-68 as a template under acidic conditions. We also modified the material with β-cyclodextrin (BCD). All the prepared
products were collected after calcination at requisite temperatures. The materials have been studied for loading of
the antibiotic drug amoxicillin. The drug loading was found
to be effective if certain amino acids like L-methionine
(L-met), L-proline (L-pro) and L-phenylalanine (L-phe)
provide molecular assistance to the drug molecules. The
drug release experiment was performed in physiological pH
solution.

2. Experimental
2.1 Materials
Pluronic F-68 was purchased from Himedia Laboratory Pvt.
Ltd. (India). Aluminium isopropoxide (98%) was purchased
from Loba Chemie (Laboratory Reagents & Fine Chemicals)
(India). BCD (98%) was purchased from Sisco Research Laboratories Pvt. Ltd. (India). L-met (98%) was purchased from
Spectrochem Pvt. Ltd. (India). L-pro (99%) and L-phe (99%)
were purchased from Loba Chemie (Laboratory Reagents &
Fine Chemicals) (India). Nitric acid (HNO3 ) and hydrochloric
acid (HCl) were purchased from Merck Life Science Private
Limited (India). Aluminium standard for atomic absorption
spectroscopy (AAS) measurement was obtained from SigmaAldrich. All other chemicals were of AR grade and used as
obtained.
2.2 Apparatus
The characteristic absorption spectrum of amoxicillin was
obtained using an Agilent 8453 diode array spectrophotometer. A luminescence spectrometer LS-55B (Perkin-Elmer,
USA) was used for monitoring fluorescence properties. A
Mettler Toledo digital balance correct up to fourth decimal
place was used for measuring the weights. A constant temperature shaker NOVA Model: SHCI 10(D) was used for
obtaining the percentage of drug release at different time
intervals. A digital Mettler Toledo Seven Compact pH/ion
meter was used to measure and adjust the pH of the drug
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release medium. A muffle furnace from Bysakh & Company,
India, was used to calcite the material at requisite temperature.
Nitrogen adsorption–desorption isotherms were measured at
a liquid nitrogen temperature (77 K) using a Quantachrome
surface area analyser. The total pore volume was calculated
by the Barrett–Joyner–Halenda (BJH) method. The surface
topology was viewed using a JEOL JSM-7600F field emission scanning electron microscope (FESEM). Transmission
electron microscopy (TEM) images were obtained by using
a JEOL JEM 2100 HR with an EELS transmission electron
microscope. The Fourier transform infrared (FTIR) spectra
of the samples were recorded from 400 to 4000 cm−1 with
a Perkin Elmer FT-IR 783 spectrophotometer using KBr pellets and NaCl bead. X-ray diffraction (XRD) was carried out
using an X-PERT-PRO Panalytical diffractometer to confirm
the actual phase of the prepared material. The trace level of
aluminium release from the alumina sample in drug release
media was detected by using an Atomic Absorption Spectrophotometer contra 600 by Analytik Jena Instrument of
Bose Institute, Kolkata. Circular dichroism (CD) of amoxicillin and three amino acids was measured using a Jasco J-815
CD Spectrometer (200–300 nm) of Bose Institute, Kolkata.
2.3 Synthesis of MA
Ordered MA was synthesized by mixing pluronic F-68 and
aluminium isopropoxide in an acidic environment following
a reported procedure [4]. In brief, 2 g of pluronic F-68 was
dissolved in 20 ml of ethanol. One gram of aluminium isopropoxide was taken in 20 ml of ethanol in a separate container
under stirring conditions, followed by the addition of ∼3 ml
of concentrated nitric acid to complete the dissolution process. Then this isopropoxide solution was gradually added to
pluronic solution under stirring conditions. The stirring was
further continued for 5 h. After the stirring was over, the solvent was allowed to evaporate at 60◦ C in an oven. Then the
final product was collected after calcination at 1000◦ C for
4 h in a furnace at a heating rate of 10◦ C min−1 .
2.4 Synthesis of β-cyclodextrin-modified mesoporous
alumina (BMMA)
Pluronic solution and isopropoxide solution were prepared as
described before. A total of 0.5 g of BCD solution was prepared in hot water. Then isopropoxide and BCD solutions
were gradually added to pluronic solution under stirring conditions. After 5 h of stirring, the solvent was allowed to evaporate as before. The final product was obtained after calcination
at 300◦ C for 4 h in an oven at a heating rate of 10◦ C min−1 .
At higher temperatures BCD starts decomposing [17].
The condition of MA and BCD-modified MA after calcination is pictorially shown in figure 1. The BMMA is dark
in colour as compared to the pristine MA. This is owing to
the high-temperature action on MA that resulted in complete
elimination of carbonaceous materials due to calcinations giving the final product a white appearance.
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Figure 1. Photographs of MA and BMMA after calcination at 1000 and 300◦ C, respectively.

2.5 Drug loading into porous material

2.6 Drug release experiment

Drug loading experiment was first carried out in pH solutions of 1.75, 6.00 and 7.50 as the isoelectric pH of MA is
∼9.2 [18] which shows poor loading efficiency. To enhance
the drug loading, we carried out the experiment in three
different amino acid solutions (viz., L-met, L-pro and Lphe) at two different pH media (viz., pH 1.75 and pH 7.50).
These amino acids are essential and are present in biological

The drug release experiment was performed in pH 7.50 solutions. For this study, the drug-loaded materials were taken
in the pH solution and shaken at 37◦ C for different intervals of time. From a previously calibrated plot, the amount of
drug release can be obtained using the following relationship
[3]

% of Drug release
Amount of drug release by the material/Weight of the material
× 100%
=
Drug loading capacity of the material

systems. We chose two different pH solutions, one at pH 1.75,
which is quite acidic and lower than the isoelectric pH of these
amino acids. The other pH 7.50 is higher than the isoelectric point of the amino acids. The materials (both MA and
BMMA) were taken separately in these amino acid solutions.
The solutions were then treated with a measured amount of
amoxicillin solution and equilibrated using a constant temperature shaker at 7◦ C for different intervals of time. After the
shaking was over, the absorbance of the supernatant solutions
was measured. From the previous calibration measurement,
the amount of drug adsorbed by the material can be obtained.
The percentage of drug loading can be obtained using the
following relationship [19]
% of Drug loading
Amount of amoxicillin adsorbed by the material
=
Weight of the material
×100%
(1)

(2)

3. Characterization
3.1 Absorption spectroscopy
The absorption spectrometric analysis of amoxicillin (0.5–
5 mM) at λmax = 273 nm was used to obtain the calibration
and to find out the drug loading and drug release by MA and
BMMA. This method was also used to investigate the interactions between amoxicillin and amino acids. For studying
the uptake and release behaviour of the drug, the supernatant
solution of the uptake and delivery media was measured
spectrophotometrically at λmax = 273 nm. To study the
interaction between amoxicillin and amino acids, 2 ml of
known concentration of amoxicillin was initially taken in a
quartz cuvette and then measured aliquots of known concentrations of amino acids were added individually to the
amoxicillin solution and the absorbance values were recorded
at the same λmax .
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3.2 Fluorescence spectroscopy

3.9 Preparation of sample of CD spectrometry

Fluorescence spectroscopic analyses of amoxicillin with
gradual additions of amino acids were performed with 2 ml
of known concentration of amoxicillin solution. Each of the
solutions was excited at 273 nm and emissions were recorded
at ∼471 nm to study the interactions between the amino acids
and the drug.

A total of 0.2 ml of 4.5 mM amoxicillin was mixed in a cell
with the same volume of 4.5 mM each of the three amino acids
L-met, L-pro and L-phe and was analysed for their CD spectra.
This experiment was meant to find the molecular interactions
between amoxicillin and the three amino acids.

3.3 N2 adsorption–desorption analysis
4. Results and discussion
In order to determine the surface area and pore size distribution, the solid sample was degassed at 300◦ C for 3 h at
the surface area analyser instrument and finally the total pore
volume was calculated using the BJH method.
3.4 FESEM analysis
The solid samples were taken on gold-coated carbon tape and
then mounted on an aluminium stub before exposing to the
high-energy electron beam.
3.5 TEM analysis
The solid samples were dispersed in water and sonicated for
1 h. A drop of this suspension was placed on a carbon-coated
Cu grid which was dried under an IR lamp before obtaining
the TEM microscopy images.
3.6 FTIR
For obtaining the FTIR spectra of the solid samples, a little
amount of the sample was mixed with KBr and then a pellet was prepared using hydraulic pressure (5 ton pressure).
Finally, the bead was introduced into the analyser to get the
bond vibrations of the samples. For FTIR analysis, liquid samples were taken on a NaCl bead, dried under blowing air and
then FTIR measurement was conducted as before.
3.7 Powder XRD
The powdered samples were lightly pressed into rectangular
metal holders and then the XRD study was carried out.

4.1 N2 adsorption–desorption analysis
The N2 adsorption–desorption experiment reveals the type II
adsorption isotherm with the H3 hysteresis loop in MA as
shown in figure 2a. Figure 2b shows the pore size distribution pattern in MA with an average pore diameter of ∼10 nm.
Similar observation is also found for BMMA, i.e., type II
isotherm with the H3 hysteresis loop (figure 2c). The average
pore diameter for BMMA is ∼15 nm (figure 2d). An increase
in adsorption with a high P/P0 value along with a convex type
of adsorption isotherm for MA and an overall convex plot for
BMMA confirm this type of isotherm [20–23]. The H3 hysteresis loop indicates slit-shaped pores in non-rigid aggregates
of plate-like assemblies. Also the H3 hysteresis pattern does
not exhibit any limiting adsorption at a high P/P0 value [24].
The difference in the width of the hysteresis loop between MA
and BMMA can be attributed to the fact that for MA, the pores
are open but for BMMA, the BCD moiety occupied a substantial part of the pores and the connectivities between them [25].
Upon desorption, with lowering of the pressure the release of
the adsorbed-gas molecule is higher for BMMA which may
be due to the weak interaction between the gas molecules
and pores of the material. For MA, due to the open nature
of the pore, lowering of pressure is needed more to desorb
the same amount of the adsorbed-gas molecules which may
be due to the greater interaction between the gas molecules
and the moieties present at the pore surface of the material.
The BJH pore volumes of MA and BMMA are 0.080104
and 0.030177 cm3 g−1 . The layered mesoporous structures of
the MA and BMMA samples are also ascertained from the
FESEM images as shown in figure 3.

3.8 Preparation of samples for AAS measurement

4.2 FESEM analysis

A total of 0.0030 g of MA and BMMA were taken in 5 ml of
different delivery media chosen for the drug release studies
viz., pH solutions of 6.0 and 7.50 medium. Then the solutions were shaken for 7 h at a constant temperature of 37◦ C.
Finally, they were filtered thrice using Whatman No. 1 filter
paper. These samples were then diluted to 25 ml with the same
delivery medium and then measured using the AAS method
in order to know the amount of aluminium (Al) leached out
in the delivery media.

The FESEM images of MA and BMMA (figure 3) reveal a
porous surface for both the materials. The surface morphology shows depressions of ∼100 nm containing smaller pores
corresponding to ∼10−15 nm diameter which is in agreeable
range with the N2 adsorption–desorption experiment for the
MA and BMMA samples. Additionally, a layered aggregation
of the particles can also be seen in both kinds of materials.
All the evidence indicates towards the formation of plate-like
assemblies with pores of mesoporous dimensions.
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Figure 2. (a) N2 adsorption–desorption isotherm of MA, (b) pore size distribution of MA, (c) N2 adsorption–desorption isotherm of
BMMA and (d) pore size distribution of BMMA.

Figure 3. FESEM images of MA and BMMA.
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Figure 4. TEM images of MA and BMMA.

4.3 TEM analysis
The TEM images were obtained from the re-dispersed sample
solutions after sonication (figure 4). Much of the assembled
particles were disentangled to obtain a clear picture of the
individual particles which can be seen to be each of ∼50 nm
size. The layered assemblies in both MA and BMMA can still
be observed with a three-dimensional impression of the TEM
images.
4.4 FTIR results
Supplementary figure S1 in the supplementary file shows the
FTIR spectra of both MA and BMMA materials. For MA,
the stretching and bending vibrations of O–H bond appear
at 3423 and 1642 cm−1 [26]. The bending vibrations of the
−CH2 and −CH3 groups (coming from isopropoxide) appear
at 2922 [27] and ∼1379 cm−1 [28]. The prominent peak at
770 cm−1 is due to the stretching vibration of the Al–O bond
in the Al2 O3 cluster [29]. For BMMA, the peak at 3456 cm−1
(due to O–H bond vibrations) becomes broad which may be
due to the BCD conjugation [26]. The conjugation reflects its
effects on other peaks also. Pure BCD gives several peaks, but
it has a signature peak at 1637 cm−1 for O–H bending vibrations [26] which is also observed in the conjugate matrix. The
new peak at 1432 cm−1 is also due to C–H bending vibrations [30] from BCD molecules. The two peaks at 1339 and
1320 cm−1 are due to −CH3 bending vibrations [28]. The
two peaks at 880 and 774 cm−1 are generated in the presence
of BCD conjugation, due to C–H bending vibrations coming
from organic moieties [31] and Al–O bond stretching [29],
respectively.
4.5 XRD results
The powder XRD patterns of MA and BMMA are presented
in figure 5. The figure provides information about the lattice
pattern and unit cell parameters by comparing the data to

Figure 5. PXRD patterns of MA and BMMA.
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the unique number obtained from the Joint Committee on
Powder Diffraction Standards (JCPDS). For MA, we obtain
major diffractions from (046), (200) and (311) planes which
confirm that Al2 O3 is in the γ phase [32]. But for the modified
material (BMMA), there is no such major diffraction obtained
due to the modification with BCD on the surface of alumina.
This again confirms the effective conjugation of BCD which
is in agreement with previous experiments.
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Figure 6. Percentage of drug loading in alumina (MA) from different amino acid solutions of pH 1.75 and 7.50.
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Initially, an attempt of drug loading in the synthesizedmesoporous matrices revealed that not a trace of the drug
molecules could be loaded in the materials in the pristine
form. Therefore, molecular assistance from three different
amino acids was sought and the results indicated a spectacular enhancement. This assistance was observed due to
molecular interactions of the drug molecule with the three
individual amino acids and this has been confirmed using
several spectroscopic techniques summarized in the electronic supplementary section. FTIR (supplementary figures
S1–S7), absorption (supplementary figures S8 and S9), emission (supplementary figures S10–S12) and circular dichroism
(supplementary figures S13–S15) spectral data in the supplementary file provide evidence in support of the fact that the
drug molecules interact with the amino acid molecules (supplementary tables S1–S8 in the supplementary file). The drug
loading efficiency of the materials (MA and BMMA) was
examined in the presence of amino acids (L-met, L-pro and
L-phe) at pH 1.75 and pH 7.50. The loading was analysed
using absorption spectrometry considering λmax at 273 nm.
At pH 1.75, the maximum amount of drug gets attached to
the unmodified material (MA) within an hour in the presence
of all the three amino acids (figure 6). The best result (72%
loading) is obtained in the presence of L-met after 1 h. On further equilibration, the loading percentage gradually decreases
due to molecular motions which remain in dynamic equilibrium prevailing with the surface of the materials that are in
continuous contact with each other.
At pH 7.50, the result is quite similar to that of pH 1.75 (figure 6). Interestingly at this pH, no drug loading is observed
at all with L-pro and L-phe. These observations may be
explained on the basis of the restrictions offered by the pore
dimensions and chemical reactivity of the surface of the

46%

24%

1

4.7 Drug loading and release

L-met at pH 1.75

62%

0%

4.6 AAS results
In order to assess the possibility of leaching out of aluminium
from the MA or BMMA samples which may cause toxicity to
the living cells, we analysed the amount of Al in the delivery
media through AAS. The results show that only a negligible
fraction of Al may leach out in different delivery media of
pH 6 and 7.5 from MA and BMMA samples. The leachate
showed Al concentration below a detectable range under all
these conditions with only a fraction of 1.3 × 10−4 from MA
at pH 7.5.
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Figure 7. Percentage of drug release from DMA in pH 7.50 with
time (drug loaded through 1 h shaking in L-met medium of pH 1.75
and 1 h shaking in L-met medium of pH 7.50).

material towards the two interacting molecules viz., drug and
amino acid.
To have an idea about the drug release possibility, the
release of the loaded amoxicillin from drug loaded alumina
(DMA) (taken in L-met medium at pH 1.75 and 7.50) was
studied in pH 7.50. It was observed that the release was spontaneous and almost all the loaded drug is released within one
hour equilibration in this pH (figure 7). The possibility of sustained release of the drug from this particular medium is thus
ruled out.
For BCD-modified material (BMMA) the overall loading
is lesser than that of MA. However, the moderate uptake of
the drug under selected conditions may turn out to have better sustained release properties. In search of such a condition,
we continued our quest to find the best overall conditions
for sustained drug delivery. It was observed that at pH 1.75,
assistance from L-pro leads to 36% loading of the drug after
1 h and at pH 7.50, assistance from L-met leads to ∼40%
loading of the drug after 5 h (figure 8). No other condition was found suitable for drug loading in BMMA. These
results indicate the specific interactions of the pH dependent
drug-amino acid combination with the BCD-modified surface
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5. Conclusions
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Figure 8. Percentage of drug loading in BMMA from different
amino acid solutions of pH 1.75 and 7.50.
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Figure 9. Percentage of drug release by DBMMA in pH 7.50
medium (drug loaded through 1 h shaking in L-pro medium of pH
1.75 and 5 h shaking in L-met medium of pH 7.50).

The present report is an effort towards generating mesoporous materials of immense pharmaceutical importance. The
synthesized MA modified through BCD incorporation is a
proposed material for artificial hip prosthesis as it can be
loaded with the antibiotic drug amoxicillin with sustained
release properties. Drug loading was found to be effective
upon rendering molecular assistance from the amino acids Lmet, L-pro and L-phe. The best condition was observed for
L-pro in pH 1.75 (1 h shaking) for the BCD-modified material, BMMA as the release of the drug was slow and sustained
from this medium only.
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