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metal oxide aerogels:
supercritical drying and stability†

Wael Hamd,‡ Digambara Patra and Houssam El-Rassy *

Curcumin, known as a potential antioxidant and anti-inflammatory agent, has major limitations for its

therapeutic use because of its lack of water solubility and relatively low bioavailability. We report for the

first time the loading of different metal oxide aerogels with curcumin. The aerogels were prepared via

the sol–gel process and dried under supercritical conditions. Mixing curcumin with the metal precursors

prior to the formation of the solid network ensures maximum entrapment. The curcumin–network

interactions stabilize the organic moiety and create hybrid aerogels as potential vehicles for curcumin in

various media. The aerogels were characterized by FTIR spectroscopy, thermogravimetric analysis,

electron microscopy, and fluorescence spectroscopy to confirm their hybrid nature. The stability study

by fluorescence spectroscopy revealed three distinct behaviors depending on the nature of the metal

oxide: (i) a minor interaction between curcumin and the solid network slightly affecting the

microenvironment; (ii) a quenching phenomenon when iron is present explained by a coordination

between the iron ions and curcumin; and (iii) a strong complexation of the metal ions with curcumin

after gelation.
1. Introduction

Metal oxide aerogels are highly porous materials with remark-
ably large surface areas.1 These materials are prepared from
different metal precursors according to the sol–gel technique,2

either through the hydrolysis and condensation route,3 by
polymer crosslinking,4 or via the epoxide-assisted approach.5

The gel network starts with the hydrolysis of the metal precur-
sors, in aqueous media or in organic solvents, thus leading to
the formation of hydroxo ligands. These latter condense via
deprotonation, olation, or oxolation processes making the
seeds for a wider three-dimensional expansion of the network.6

The formation of the gel is a complicated transition that
depends on several critical parameters, including but not
limited to, the concentration of the precursors, the order of
mixing of the precursors, and the temperature.7

The formation of the alcogel is followed by a supercritical
drying. Several metal oxide aerogels prepared according to this
technique have been reported in the literature such as silica
(SiO2),3 titania (TiO2),8 alumina (Al2O3),9 zirconia (ZrO2),10 iron
oxide (Fe2O3),11 cobalt-ferrite (CoFe2O4),12 neodymium oxide
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(Nd2O3),13 dysprosia (Dy2O3),14 holmia (Ho2O3),13 erbia (Er2O3),13

samaria (Sm2O3),13 and vanadia (V2O5).15

To the interesting porosity of the aerogels are added their
molecular homogeneity16 and the possibility of their preparation
in bulk. Although these materials were reported for the rst time
in 1931 by S. S. Kistler,17 their broad range of technological
applications increased noticeably in the last decades with potential
uses for thermal18 and acoustic insulation,19 photoluminescence20

and radioluminescence devices,21 as adsorbents,8,22–25 catalysts,12,26

and catalyst supports.27–30 Furthermore, hybrid organic–inorganic
aerogels were found to be promising materials as optical compo-
nents,31,32 insulating materials in microelectronics,33 host mate-
rials for sensors,34 and for drug delivery.35

Curcumin (IUPAC name: (E)-1,7-bis(4-hydroxy-3-
methoxyphenyl)hept-3-ene-1,6-dione) is a polyphenol extracted
from the Curcuma Longa rhizomatous herbaceous perennial
plant. This molecule was found to benet several medical
conditions36–39 mainly due to its antioxidant and anti-
inammatory effects.39,40 In addition to its medicinal applica-
tions, curcumin can be used for uorescence probing41,42 and
sensing applications.43,44 Several encapsulation and loading
media were investigated to enhance the stability of curcumin and
widen its spectrum of use. Liposomes,45 emulsions,46 nano-
emulsions,47 CD-MOFs,48 biopolymeric microgels,49 solid lipid
nanoparticles,50 polystyrene-based nanoparticles,51 polymeric
nanoparticles,52 chitosan–folate mesoporous silica nano-
particles,53 mesoporous silica nanoparticles,54 porous discoidal
polymeric particles,55 nanoporous starch aerogels,56 collagen
aerogels,57 and pectin aerogels58 were found to improve the
RSC Adv., 2021, 11, 34479–34486 | 34479
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Fig. 1 FTIR spectra of hybrid aerogel samples.

Fig. 2 TGA curves recorded for the free curcumin and for some hybrid
aerogels.
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stability of curcumin whenever it is encapsulated within their
networks or loaded on their surfaces.

We report herein the use of metal oxide aerogels as encap-
sulation media for curcumin. A wide range of aerogels were
considered where curcumin was mixed with the metal precur-
sors pre-condensation. This work aims to achieve the best
entrapment of the organic moiety within the inorganic network,
and to explore the interactions existing between them. To do so,
the curcumin–network interaction and the stability of the
hybrid aerogels were studied under various conditions.

2. Materials and methods
2.1. Materials

The chemicals were used as received and without further puri-
cation. Tetraethoxysilane, titanium(IV) isopropoxide, dyspro-
sium(III) chloride hexahydrate, holmium(III) chloride
hexahydrate, neodymium(III) chloride hexahydrate, erbium(III)
chloride hexahydrate, and samarium(III) chloride hexahydrate
were purchased from Sigma-Aldrich. Cobalt(II) chloride hexa-
hydrate was provided by AnalaR. Iron(III) chloride hexahydrate
was from Fluka. Curcumin (98% purity) and propylene oxide
were purchased from Acros Organics. Methanol, hydrochloric
acid (37%), and ammonium hydroxide were from Riedel-de-
Haen, Panreac and Fischer Scientic, respectively. Double
deionized water was prepared in our laboratory.

2.2. Synthesis of hybrid aerogels

The inorganic–curcumin aerogels were prepared via a two-step
sol–gel process using various metal precursors followed by
carbon dioxide supercritical drying.

Dysprosium, holmium, neodymium, erbium, and samarium
oxide aerogels were prepared as follows: 1.0 mmol of the metal
salt was dissolved in 2.0 mL of methanol for 1 min to which
1.0 mL curcumin solution (10�3 M inmethanol) was then added.
The mixture was le under magnetic stirring for a few minutes,
followed by rest at room temperature. The gelation of the sol was
observed in the next 24 h and the obtained gels were kept for
aging over one additional day at room temperature. The gels were
soaked in acetone for 24 h to allow for the residual water and
methanol to be exchanged with acetone presenting a higher
miscibility with liquid carbon dioxide. The samples were then
dried under supercritical carbon dioxide (Tc ¼ 31.1 �C; Pc ¼ 73.7
bar) leading to the nal hybrid aerogels.

Silica, titania, and cobalt ferrite aerogels were prepared as
per ref. 48, 10, and 14, respectively. Curcumin was added to the
mixture prior to gelation with a molar ratio metal : curcumin
equal to 1 : 10�3.

2.3. Characterization of hybrid aerogels

FTIR spectroscopy measurements were performed on a Thermo-
Nicolet 4700 Fourier Transform Infrared Spectrometer equipped
with a Class 1 laser using the KBr technique. The Thermogravi-
metric Analysis (TGA) was performed on a NETZSCH TG 209 F1
Libra with a heating rate of 5 �C min�1 between room tempera-
ture and 520 �C. The surface morphology of the aerogels was
34480 | RSC Adv., 2021, 11, 34479–34486
observed using scanning electron microscopy (SEM) performed
on a MIRA3 Tescan electron microscope aer coating the
samples with a thin layer of gold. Fluorescence microscopy was
performed on a Leica DM6 B upright uorescence microscope
equipped with a Leica DFC7000 T microscope camera. UV-visible
spectroscopy measurements were conducted on a V-570 UV/VIS/
NIR spectrophotometer from JASCO. Fluorescence spectroscopy
was performed on a Fluorolog-3 spectrouorometer from Jobin
Yvon Horiba equipped with a MicroMax 384 microwell-plate
reader and DataMax V2.2 acquisition and analysis soware.

3. Results and discussion
3.1. FTIR spectroscopy

The FTIR spectrum of the free curcumin (Fig. S1†) showed
a sharp peak at 3510 cm�1 corresponding to the O–H stretching
vibration of the phenolic group59 with a broad band between
3500 and 3200 cm�1 attributed to the n(OH) group in the enol
form. The low intensity peaks observed in the 3000–2850 cm�1

range are assigned to the stretching vibrations of C–H bonds.
The intense absorption band at 1629 cm�1 is attributed to the
carbonyl group (C]O)59 and the band at 1603 cm�1 corre-
sponds to the symmetric aromatic ring stretching vibrations.60
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Photos of wet alcogels with and without curcumin.
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The intense peak at 1508 cm�1 is attributed to the mixed
vibrations of n(C]O), d(CCC), d(CC]O) and aromatic n(CC),
n(CCH). The band at 1282 cm�1 is the overlapping of the in-
plane C–H vibrations of aromatic rings and the C–O stretch-
ing.59 The peaks appearing at 962 and 809 cm�1 are attributed to
the C–H bending of alkene.61

The FTIR spectra of the aerogels aer curcumin encapsulation
revealed the presence of characteristic peaks of curcumin (Fig. 1).
This conrms the entrapment of the organic molecule within the
inorganic networks and the formation of a hybrid aerogel. The
peaks appearing in the range 3000–2850 cm�1, at 1629 cm�1 and
1508 cm�1 for the hybrid material are typical examples.
Fig. 4 SEM micrographs of some selected inorganic and hybrid aerogels
and CoFe–Curc.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2. Thermogravimetric analysis

The presence of curcumin in the hybrid aerogels has been
conrmed by TGA where the weight loss proles for the free
curcumin and for the hybrid aerogels have been compared
(Fig. 2). A major weight loss (�58%) was observed for the free
curcumin above 200 �C with no losses observed at lower
temperatures. Similar weight losses were seen for the hybrid
aerogels in addition to a weight loss at ca. 100 �C that corre-
sponds to the loss of weakly bonded water molecules to the
aerogels surface. These TGA curves conrm the retention of the
curcuminmolecules within the solid network even aer soaking
. (a) Si and Si–Curc; (b) Dys and Dys–Curc; (c) Ti and Ti–Curc; (d) CoFe

RSC Adv., 2021, 11, 34479–34486 | 34481

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06693e


Fig. 5 Fluorescence microscopy images of silica–curcumin aerogel.
(A) White light excitation, (B) excitation at 365 nm.
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the gel pre-drying in acetone for 24 hours. The difference in the
weight losses between the various studied aerogel media is an
indicator of the disparity in curcumin binding with the various
inorganic aerogels.
3.3. Imaging and electron microscopy

A macroscopic view of the inorganic and hybrid gels shows that
some inorganic gels are transparent whereas some others are
not. This is due to a difference in the kinetics of the hydrolysis
and condensation of the precursors leading to a difference in
the size of the secondary particles. Instead, all hybrid gels ob-
tained aer mixing the curcumin solution with the inorganic
precursor sols are opaque (Fig. 3). The increase in the light
scattering is due to the presence of curcumin molecules within
Fig. 6 UV-visible absorption spectra of supernatants obtained after diss

34482 | RSC Adv., 2021, 11, 34479–34486
the inorganic matrix thus affecting the pore network. Soaking
the gels in acetone for 24 h followed by the drying process under
supercritical conditions shows that the color of the curcumin-
containing gels does not change. This suggests that the soak-
ing and drying processes do not affect the presence of the cur-
cumin moiety within the hybrid network.

The surface morphology of the aerogels observed by
scanning electron microscopy unveils the amorphous nature
of the material exhibiting large interconnected pores (Fig. 4).
The comparison of the SEM micrographs for the inorganic
and hybrid aerogels shows that the presence of curcumin
within the inorganic matrix leads to a denser structure and
reduces the porosity without completely suppressing the
porous nature of the network. SEM micrographs for all
hybrid aerogels are shown in Fig. S2.†
3.4. Fluorescence microscopy

The intrinsic uorescence of curcumin was visualized using
uorescence microscopy. Conversely to the excitation using
a white light that did not show any uorescence, the excitation
at 365 nm of the silica–curcumin aerogel showed a well-
dispersed blue uorescence withing the aerogel (Fig. 5). It is
worth mentioning that a weak green uorescence was seen
when an excitation wavelength between 400–450 nm has been
used (data not shown) and no uorescence was observed
outside this wavelength range. This conrms the presence and
dispersion of the curcumin moiety within the hybrid matrix.
olution of hybrid gels in acetone.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Release of curcumin from curcumin–silica hybrid gel in
1/2
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3.5. Curcumin release from hybrid alcogels in acetone

Since the wet gels were immersed in acetone for one day prior to
the supercritical drying, the release of curcumin in acetone was
studied using UV-visible spectroscopy. For that purpose, a cali-
bration curve was performed at the maximum absorption
wavelength 425 nm (Fig. S3†). The molar extinction coefficient
(3) found to be 40 000 M�1 cm�1 is in good agreement with the
reported values in the literature.62 To conduct the curcumin
release experiments, 100 mg of each hybrid alcogel were sus-
pended in 4 mL of acetone for one day under stirring, followed
by a separation of the liquid phase.

The absorption spectrum of curcumin is recorded and
compared to the spectra of the supernatants (Fig. 6). Curcumin
in acetone showed a broad characteristic absorption band
between 350 and 500 nm centered at 425 nm, with a shoulder
around 460 nm. The maximum of this band is attributed to the
electronic dipole allowed p–p* type excitation of its extended p-
conjugation system.63 An identical absorption band was
observed for the silica–curcumin supernatant without any shi
in wavelength. This suggests that a fraction of the curcumin is
incorporated within the pores and does not undergo any
chemical interaction with the silica network, and that the
interaction between the curcumin moiety and the network is
limited to some physical interactions. This conclusion is further
supported by the yellow color of the supernatant identical to
that of the free curcumin in acetone. The quantication by UV-
visible spectrometry of released curcumin revealed that 35% of
the initial amount diffused out of the network. Conversely, the
color of the supernatant collected from the other curcumin-gels
in acetone was not yellow. This suggests either a complexation
between the curcumin molecules and the metal when a color is
observed, a strong curcumin–network interaction and
a complete retention of the organic molecule within the
network when the acetone remained transparent, or a quench-
ing phenomenon. In the case of titania–curcumin, the color of
the supernatant is orange suggesting a complexation of the
titanium with curcumin. The quantication was not possible
since the supernatant contained small particles increasing the
light scattering and making the analysis inaccurate. No
absorption in the whole study range was observed for the iron
oxide and cobalt–iron oxide gels suggesting a quenching
phenomenon due to the presence of iron in the gels. For all
other gels, the release of curcumin was very weak. It was
conrmed by the color of the supernatant which was almost
transparent (see neodymium supernatant as an example, Fig. 6)
coupled with a very weak absorption peak observed (see inset) at
445 nm. The shi in the maximum absorption peak from 425 to
445 nm suggests the involvement of the carbonyl group of
curcumin in the metal complexation. This explains the reten-
tion of curcumin within the inorganic networks and the very
small quantity released in the acetone. The shoulders at 445 nm
are probably due to a curcumin (L) / metal (Mn+) charge
transfer64 and the small shi in the absorption peak between
the different complexes depends on the nature of the metal ion.

To assess the diffusion of curcumin from the solid networks,
curcumin–silica gel was selected as a model. The hybrid gel was
© 2021 The Author(s). Published by the Royal Society of Chemistry
immersed in 100mL of acetone and kept under stirring for 72 h.
The quantication of curcumin present in aliquots taken at
various time intervals shows a gradual increase in the concen-
tration of curcumin in the medium and a plateau reached aer
72 h. Plotting the concentration of released curcumin versus the
square root of time (Fig. 7) shows a perfect linearity revealing
that this release follows the Higuchi model65 applicable to the
release of drugs incorporated within the solid matrices. This
model describes the release based on a Fickian diffusion
equation as follows R ¼ KHt

1/2, where R is the amount of drug
released, t is time, and KH is the Higuchi dissolution constant.
3.6. Dissolution of hybrid aerogels in THF

Aer immersion in acetone for one day, the gels were dried
under supercritical conditions leading to the aerogels. To
conrm the retention of curcumin within the solid network of
the hybrid aerogels, these latter were dissolved in THF and their
UV-visible absorption spectra were compared to that of curcu-
min in the same solvent. Except silica and titania, all other
aerogels showed quite a good solubility in THF thus allowing
a qualitative assessment. Curcumin in THF showed, like when
dissolved in acetone, a broad absorption band between 350 and
500 nm with a maximum absorption at 425 nm and a shoulder
around 450 nm (Fig. 8). On the other hand, three bands were
observed for the dissolved aerogels at 360 nm, 450 nm, and
490 nm. The presence of a new broad band at 360 nm and the
acetone; (B) concentration of released curcumin vs. time .

RSC Adv., 2021, 11, 34479–34486 | 34483
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Fig. 8 UV-visible absorption spectra of hybrid aerogels after dissolu-
tion in THF.
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shi of the characteristic peaks for curcumin indicate a change
in the environment of curcumin. The shi of 25 nm observed
for the p–p* transition band corresponds probably to a curcu-
min (L) / metal (Mn+) charge transfer as explained earlier.

3.7. Study of the curcumin–network interaction

In order to study the interaction between the curcumin moiety
and the metal oxide network for the various aerogels, uores-
cence spectroscopy was used as tool to reveal any changes in the
curcumin microenvironment. The emission spectra were
recorded between 450 and 700 nm following an excitation at
425 nm (Fig. 9). This was done for the mixture of precursors pre-
gelation (liquid state) and for the nal aerogels (solid state). It is
worth noting that the ratio metal-to-curcumin was 1.0 � 103.

The comparison of the uorescence spectra of the hybrid
aerogels to that of curcumin powder (Fig. 9B) reveals a notice-
able blueshi of the maximum band from 560 nm for the free
curcumin to 525 nm for the entrapped curcumin within the
aerogels, coupled with a signicant increase in the intensity for
some of the hybrid aerogels. This blueshi observed for the Si–,
Sm–, Ho–, Dys–, Er–, and Nd–curcumin hybrid aerogels,
Fig. 9 Fluorescence spectra of (A) curcumin–inorganic precursors solut
the solid state.

34484 | RSC Adv., 2021, 11, 34479–34486
indicates a change in the curcumin microenvironment upon
encapsulation within the inorganic networks. This can be due
to either the interaction between the curcumin functional
groups and the hydrophobic regions of the gels, or to some
condensation process between the OH groups of the hydrolyzed
inorganic precursors and the phenolic or o-methoxy groups in
curcumin. A different behavior was observed in the case of Ti–,
Fe– and FeCo–curcumin aerogels. We noted a redshi in the
uorescence band for the Ti–curcumin aerogel coupled with
a huge decrease in the intensity. The presence of iron in Fe– and
FeCo–curcumin aerogels seems to cause a complete extinct of
the uorescence signal.

To understand this behavior and explain what happens to the
curcumin moiety within the solid networks, the emission spectra
were recorded for the curcumin-precursors in the liquid state pre-
gelation. Fig. 9A shows that, similarly to the solid state, the uo-
rescence in solution exists for all samples except the ones con-
taining iron (i.e. Fe and FeCo). The extinction of the uorescence
signal before gelation attests for the strong interaction between the
iron ion and curcumin. The transfer of electron density from the
highly electron rich conduction band of curcumin to the lower
energy band of iron becomes important. This electron density
transfer leads to the formation of an electrostatically stable cur-
cumin–iron complex and the iron–curcumin chelate formation is
the main reason for the quenched uorescence. The high uo-
rescence intensity for the Ti–curcumin solution conrms the
absence of any quenching phenomenon and suggests that the
large extinction of the uorescence signal in the solid state is
probably due to a change in the curcumin structure following the
adding of concentrated nitric acid into the solution. It is important
to mention that this measurement was done for a mixture without
any HNO3, since the very fast gelation observed a few seconds aer
the addition of the acid makes it impossible to perform the uo-
rescence measurements for the solution.
3.8. Recovery of curcumin from hybrid aerogels

The interaction between curcumin moiety and metal precursors
was found to be strong as concluded from the weak release of
ions before gelation; (B) curcumin–inorganic network after gelation at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Fluorescence spectra of dissolved hybrid aerogels in THF.
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the encapsulated curcumin in acetone. In addition, we suppose
that this interaction does not affect the structure of curcumin
since the uorescence experiments showed no major structural
effect of the aerogel or its precursors except in the case of Ti–
curcumin aerogel where nitric acid was used. To conrm this
hypothesis, hybrid gels were dissolved in THF followed by
uorescence measurements. As mentioned earlier, the solu-
bility of silica and titania in THF was very low and accordingly it
was impossible to realize a propre uorescence measurements
for these samples. Fig. 10 shows that Er–, Dys–, Ho–, and Sm–

curcumin hybrid aerogels exhibit a broad uorescence band
maximum at around 525 nm conrming the minor changes
that take place during the gelation and aer dissolution in THF
(as compared to Fig. 9). On the other hand, the dissolved Nd–
curcumin hybrid aerogel in THF revealed a band at around
550 nm similar to that of free curcumin. This suggests that the
presence of this hybrid aerogel in THF weakens the interaction
between the curcumin molecules and the solid network and
allows the curcumin to freely exist in the solvent. Furthermore,
the presence of iron in Fe– and FeCo–curcumin aerogels does
not allow for any uorescence to be observed, thus conrming
the previous conclusion that the interaction between curcumin
and iron-containing networks is very strong and consequently
responsible for the quenching of any uorescence signal.

4. Conclusion

Hybrid curcumin–metal oxide aerogels have been successfully
prepared via the sol–gel process by loading of the aerogels with
the organic moiety prior to the formation of the solid network.
Dysprosium, holmium, neodymium, erbium, samarium,
silicon, titanium, iron, and cobalt–iron oxides were explored in
this study. The presence and dispersion of the curcumin moiety
within the hybrid matrix were conrmed by various character-
ization techniques. The uorescence spectroscopy revealed the
strong curcumin–aerogel interaction and the high retention of
the organic moiety within the hybrid network prior to the
supercritical drying step. A different behavior was observed for
the silica gel where 35% of the curcumin were found to diffuse
out of the solid. Curcumin stability within the aerogel was also
conrmed with a change in the curcumin microenvironment
© 2021 The Author(s). Published by the Royal Society of Chemistry
upon encapsulation within the inorganic networks. A shi of
25 nm observed for the p–p* transition band in UV-visible
spectra corresponds probably to a curcumin (L) / metal
(Mn+) charge transfer. The comparison of the uorescence
spectra of the hybrid aerogels to that of curcumin powder
revealed either a blueshi or a redshi, depending on the
nature of the metal oxide, also conrming changes in the
microenvironment. The presence of iron in iron oxide and in
cobalt iron oxide curcumin aerogels causes a complete extinct
of the uorescence signal.
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Romero, E. Tapia and J. Pedraza-Chaverŕı, Redox Biol.,
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