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A B S T R A C T

This review presents the methods and general strategies for the synthesis of porous aerogels and core/shell
nanoparticles with efficient and controlled drug delivery. Different mechanisms of drug delivery are also dis-
cussed, which are influenced by the porosity, surface area, pH and surface functionalization of the aerogel and
core/shell nanoparticles. Various porous inorganic, organic, and hybrid systems were compared. In addition, the
main physical and chemical characteristics of these porous nanoparticles which enhance the drug loading on the
porous nanoparticles were discussed.

1. Introduction

The nanotechnology is a multidisciplinary branch that is applied in
diverse areas of science and technology such as chemistry, physics,
advanced materials, optics, electrical engineering and biomedicine
[1,2]. The transition from microparticles to nanoparticles in composite
materials has increased their surface area [3], opening the door to the
development of new nanomaterials, such as “porous nanomaterials”
[2]. These nanomaterials could be inorganic (silica, titania and metal
oxides) or organic (mainly polymers) and are of great interest for the
encapsulation and release of drugs. The mesoporous structure with
large pore volume and adjustable pore size is appropriate for the sto-
rage of various drugs and for the protection of the drugs which avoids
their rapid degradation or early dosing in non-required areas [4,5].
Another important characteristic of these materials is their bio-
compatibility, which favors their introduction in living organisms.
Particularly, aerogels and core/shell nanoparticles are porous vehicles
that are currently investigated and have great success for drug dosing.
In this review, the different methods to obtain such nanoparticles, their
advantages and the most relevant results of these porous nano-vehicles
will be discussed and summarized. This review can be used as a general
guide to synthesize and design novel porous materials able to deliver
several types of drugs [6,7].

2. Relevance of porous nanomaterials for controlled drug delivery

Porous materials are important components in the biomedical field

because they are used as drug delivery vehicles through the en-
capsulation of organic molecules. Those materials have high surface
areas, high porosity and uniform pore sizes [8–10]. The International
Union of Pure and Applied Chemistry (IUPAC) classifies porous mate-
rials according to their pore size: pore sizes smaller than 2 nm are
considered micropores, these in the range of 2 nm to 50 nm are called
mesoporous and these above 50 nm are referred as macropores [8,9].
The effects of the pore size, surface functionalization and shape of
porous nanoparticles on the capacity to load or to deliver drugs are
currently investigated by the scientists around the world [9–12]. Par-
ticularly, there is a huge variety of porous nanoparticles which can be
used specifically for controlled drug release such as aerogels and core/
shell nanoparticles. In this review, the mechanisms for drug delivery by
both types of nanoparticles are discussed.

2.1. A general overview of aerogel systems

The term aerogel was first introduced by S. Kistler in 1932 [13]. It
was used for gels in which the liquid part was replaced by a gas without
collapsing the solid network of the gel. Thus, an Aerogel is a micro-
porous solid gel which has a gas as dispersed phase. It is light and
porous because approximately 95% of its volume is made of air, while
the remaining 5% is solid. The Aerogels are an exceptional group of
nanoporous materials with a unique set of properties such as: very low
bulk density de 0.003–0.5 g cm−3 (close to air density that is
0.001 g cm−3), high porosity and large surface area of
500–1500m2 g−1. Typically, the refractive index and the thermal
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conductivity of aerogels are low. For comparison, the refractive index
and thermal conductivity of the air is 1.004 and 0.0209Wm−1 K−1

respectively, while these for the aerogels are 1.007–1.24 and
0.02Wm−1 K−1 respectively. Fig. 1 shows the physical appearance of
an aerogel synthesized by our research group after a supercritical
drying process. They are fragile and have a bluish-white coloration
[14].

The aerogel in Fig. 1 was obtained through the sol-gel process, also
known as wet chemistry technique. This process involves two stages:
solution and gelation. The first stage is the sol formation, that is, col-
loidal nanoparticles dispersed in a solvent by hydrolysis and con-
densation reactions. Those nanoparticles are joined by electrostatic
interactions in order to build an interconnected three-dimensional
network, reaching the point of gelation, see Fig. 2. This is the trans-
formation of the sol in a wet gel. If the liquid contained inside the pores
is eliminated by an evaporation process, a xerogel is obtained, this is
mainly due to the formation of a meniscus in the liquid-vapour inter-
face, where a gradient of capillary tension is formed on the walls of the
pores and can cause a collapse the entire structure. One way to elim-
inate this meniscus is through a supercritical drying, which produces a
very low (almost zero) surface tension and thus, the liquid-vapour in-
terface disappears, this in turn, forms an aerogel. Any material that can
be synthesized as wet gels using the sol-gel technique can be dried by

the supercritical drying process to obtain aerogels [15]. The variation of
the initial precursors, gelation time, catalyst, degree of solvation, ge-
lation conditions and gel processing can produce aerogels with different
porous morphologies, pore size etc. [16]. Mesoporous aerogels can be
produced by using templates (surfactants) such as CTAB, SDS, Pluronic
F127, P123 and P65, which work as the structure's forming agents
[17–21].

2.1.1. Aerogels for drug delivery
Nowadays, the interest about biocompatible aerogels has increased

due to their large surface area and open porous structure. Those are
promising characteristics for drug delivery systems [22]. Fig. 3 shows
the morphology of some aerogels that are used as carriers of drugs. It is
possible to appreciate quasi-spherical particles and more internally the
interconnected three-dimensional network as well as their porosity.
Fig. 3a correspond to alginate microparticles, Fig. 3b to silica micro-
particles and Fig. 3c to starch microparticles. The alginate, silica and
starch microparticles have a large surface area of 359.54, 567.62 and
217.00m2 g−1, respectively. The pore's diameter are 30.50, 25.60 and
9.40 nm for the alginate, silica and starch aerogel, respectively. Due to
the large surface area presented by these aerogels, they could be used as
carriers of drugs [22]. Further, alginate and chitosan aerogels have
received great attention because they have mucoadhesive properties,

Fig. 1. Pieces of aerogel with transparent and bluish appearance.

Fig. 2. Sol-gel process for the chemical synthesis of aerogels, which starts with the transition of a colloidal solution to an interconnected gel network (gelation). The
further processing stages illustrated may be combined depending on the specific needs of the application.
Adapted from Ref. [16].
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which are important to increase the absorption of drugs through the
mucosa [23].

There are several methods to introduce the drugs into the aerogel.
They can be added during the reaction mixture before the gel forma-
tion, but a disadvantage is the fact that some reactions of the drug
component could be produced with the precursors or reagents used for
the gel formation. Another alternative is loading the drug after the
formation of the aerogel, by putting it in contact with a solution con-
taining the drug. Another option is the supercritical deposition. In this
method, the supercritical CO2 not only removes the solvent contained
inside the pores but also acts as an antisolvent, which causes the pre-
cipitation of the drug in the aerogel pores [24]. Fig. 4 shows a re-
presentative scheme to obtain aerogels loaded with the paracetamol
drug. It was loaded by soaking the alcogel with a solution containing
the drug. This procedure permitted to load the aerogels' pores (3D
network) with the drug [24].

Additionally, the supercritical and subcritical impregnation techni-
ques have been employed for the impregnation of drugs into aerogels or
porous carriers: Pantic et al., investigated for first time the use of
carbon dioxide as a solvent for vitamin D3 impregnation in poly-
saccharide alginate aerogels using the subcritical liquid impregnation

technique. They studied how the impregnation temperature (35, 25, 15
and 5 °C at 80 bar of pressure) affects the drug loading on the alginate
aerogel. They noticed that decreasing the temperature from 35 °C to
25 °C the concentration of the load was lower. When high impregnation
temperatures are used, the solubility of vitamin D3 increases and the
load capacity of aerogels for this drug is augmented [25].

Other works demonstrated that the silica, alginate and starch
aerogels can be loaded with drugs such as: loratadine, ibuprofen, rifa-
butin, dihydroquercetin and artemisinin, these are insoluble in water
but are soluble in supercritical carbon dioxide. These works reported
the release of different drugs at different pH conditions. For example,
the dissolution medium of silica aerogels loaded with loratadine and
rifabutin was used for the gastric liquid model with pH of 1.2, while the
alginate aerogels were loaded with ibuprofen by using a phosphate
buffer at a pH of 6.8 [22]. The authors found that the impregnation of
the active ingredient can improve the speed of dissolution, accelerating
the release time of the drug and providing a faster therapeutic effect
(see Fig. 5) [22].

Silica aerogel microspheres (SAMs) have also been used to improve
the dissolution speed of ibuprofen, using supercritical CO2 at 40 °C
(150 bar) [26]. Consequently, a maximum loading of 0.13g ibuprofen/

Fig. 3. SEM of aerogels microparticles: a) alginate microparticles, b) silica microparticles, c) starch microparticles [22].
Reused with permission from Elsevier.
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g loaded SAMs was achieved after 24 h. When the ibuprofen is loaded in
amorphous form, 100% of that drug can be released in 15min. In
contrast, only 11% of ibuprofen is released when loaded on the SAMs in
crystalline form [26].

Further, Veres et al. synthesized hybrid aerogels of different com-
positions, these were composed of silica, gelatin and functionalized
with phenyl for applications of drug release. They used as active agents
as ibuprofen, ketoprofen and triflusal to impregnate the aerogel. The
authors employed the supercritical fluid technology for the synthesis,
functionalization and impregnation of the drugs on the hybrid aerogels
by using supercritical CO2 as a solvent.

One of the most important characteristics of the drug release sys-
tems is the rate of release of the active drug loaded, which is time de-
pendent. The specific surface area is one of the most important para-
meters controlling both, the dissolution rate of the drug and its
absorption in the body. Since aerogels have a very large surface area, it
is expected that the adsorbed drug in the aerogel will exhibit low dis-
solution properties, which is useful for long time delivery of drugs. In
hydrophilic aerogels, an extremely rapid drug release rate is achieved,
which is an advantage for poorly water soluble drugs. This is mainly
due to the fact that the structure collapses in aqueous solution due to
the surface tension generated inside the pores. In contrast, the hydro-
phobic aerogels have a slower release rate, which is influenced by
diffusion processes because they are more stable in water [22]. The
aerogels that have been reported for drug release could be inorganic,
organic or hybrids (contains organic/inorganic components).

2.1.1.1. SiO2 aerogels. Silica is a popular material that has been used
extensively for biomedical applications, it is biocompatible when
introduced into the human body. The silica aerogels have been
studied as drug delivery systems due to their high porosity and high
adsorption. Those aerogels can present ordered or random
mesoporosity. The silica with ordered mesopores has a periodic
arrangement of hexagonal tubes with uniform size, which can keep
internally the active drug. In the case of silica with random mesopores,
the absorption of the active drug is carried out only on its surface [27].

Follman et al. synthesized multifunctional hybrid aerogels of hy-
perbranched polymer-trapped mesoporous silica nanoparticles for sus-
tained and prolonged drug release. These hybrid aerogels were ob-
tained as follows: mesoporous SBA-15 nanoparticles were synthesized,
and their external surfaces were then modified with a quaternary am-
monium group, and their internal walls were modified with methyl
groups using Hexamethyldisilazane (HDMS) on them. The resulting
functionalized mesoporous silica nanoparticles were mixed with poly-
vinyl alcohol (PVA), polyacrylic acid (PAA) and water to form stable
solutions. Subsequently, these were poured into a plastic container to
obtain beads of aerogels. The samples were then frozen, lyophilized,
removed from the plastic container, and placed in an oven during

Fig. 4. Schematic illustration showing the preparation of paracetamol loaded aerogels [24].
Reused with permission from Elsevier.

Fig. 5. In-vitro dissolution test: a) silica aerogel-loratadine, b) alginate aerogel-
ibuprofen [22].
Reused with permission from Elsevier.
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45min at 160 °C to promote the cross-linking reaction between PVA
and PAA. The potential application of these hybrid aerogels as drug
carriers was demonstrated using dexamethasone (DEX) as a model
drug. Due to their hydrophobic pores, the hybrid aerogels showed ex-
cellent drug loading capacity for DEX, with an encapsulation efficiency
of at least 75%. The release time of DEX from the aerogels was con-
trolled by varying the PVA-to-PAA weight in the synthesis of aerogels
[28].

Smirnova et al. reported the feasibility of hydrophilic and hydro-
phobic silica aerogels as oral drug delivery systems [29]. They studied
the ketoprofen, miconazole, terfenadine, dithranol, niclosamid, gri-
seofulvin drugs in hydrophilic and hydrophobic aerogels. According to
their results, the increase of the aerogel density allowed a high loading
of these drugs. During their absorption on the aerogels, no degradation
was observed. Additionally, the authors found that drugs absorbed on
hydrophilic silica aerogels dissolve faster than these in hydrophobic
aerogels [29]. Therefore, hydrophilic aerogels can adsorb relatively
large amount of ketoprofen, miconazole and terfenadine. In contrast,
dithranol and niclosamid showed extremely low affinity to be absorbed
by the aerogels due to their immiscibility in carbon dioxide. They also
mention that the drug loading could be improved by increasing in the
solubility of the drug in CO2. Thus, the adsorption and release of the
drug is controlled by the hydrophobicity and density of aerogels [29].
Similarly, Mohammadian et al. synthesized silica aerogels of several
densities by using a two-stage sol-gel procedure, a dilution with acet-
onitrile in the gelation step and the supercritical CO2 method. After
this, the efficiency of ketoprofen loaded on silica aerogel was studied as
a function of the silica aerogel density. In general, the results showed
that the ketoprofen loading on silica aerogels was controlled with
aerogel density. The effective density of silica aerogels for the max-
imum loading was 0.12 g cm−3 [30]. Another study demonstrated that
the ibuprofen (IBU) and ketoprofen (KET) could be released rapidly
from the silica-gelatin aerogels in presence of HCl and PBS (phosphate
buffered saline). Fig. 6 shows the morphology of the silica aerogel and
silica-gelatin. As observed, the aerogel is composed of agglomerated
particles, where the backbone is built with spherical blocks [31].

There is not a notorious morphological difference between the two
aerogels, the size of the nanoparticles in both aerogels is in the range of
75–100 nm. Fig. 6 also shows mesopores and macropores. This was
confirmed by the adsorption and desorption of N2 (plots not showed
here), since the hysteresis curve is type IV, which is characteristic for
mesoporous materials. The specific surface area of silica aerogel was
768m2 g−1 and that of the silica-gelatin aerogel was 644m2 g−1. The
total pore volume was 6.0 and 4.95 cm3·g−1 for the silica aerogel and
silica-gelatin aerogel, respectively. The incorporation of gelatin caused
a reduction of the pores which is also reflected by the decrease of the
specific surface area. According to DLS analysis, the particle size of the
silica-gelatin aerogel is smaller and more uniform (10–30 μm) than that
for pure silica, which is larger and has a wider distribution (20–50 μm).
Due to the presence of huge pores, the complete release of IBU and KET
from both aerogels takes place in a few minutes [31].

2.1.1.2. Dy2O3 aerogels. Dysprosia aerogels have been used as
nanocarriers for the release of drugs, since the dysprosium oxide is
practically insoluble and non-toxic. It is also quite abundant and not
expensive. Dysprosia aerogels with random nanopores store more drugs
and release it slower than the dysprosia aerogels with ordered pores.
Compared to silica, dysprosium oxide is more paramagnetic and has
less toxicity, in consequence, its use is desirable for drug delivery. Bang
et al. evaluated dysprosia aerogels as drug delivery systems [27].
Dysprosia aerogels polymerically cross-linked were investigated with
paracetamol, indomethacin and insulin. The authors also carried out a
comparative study with silica aerogels with cross-linked polyurea.
Fig. 7A and C show that both, the dysprosia and silica aerogel
present a random distribution of the pores. Those images depict
interstitial pores as well as macropores (pore size> 50 nm). Fig. 7B
and D demonstrate that the porosity presented by both types of aerogels
is lost after drug loading, this is evenly distributed in the three-
dimensional network of the dysprosia aerogel (X-rdm-DyOx) and
silica aerogel (X-rdm-SiOx) samples. In both cases, even the smallest
pore has been filled with the drug, this was confirmed by the presence
of conglomerated particles [27].

The adsorption isotherms confirmed that the dysprosia aerogel is a
macroporous material, while the silica aerogel includes a significant
amount of mesoporosity. The surface area of X-rdm-SiOx aerogel
(169m2 g−1) is approximately three times greater than that for the X-
rdm-DyOx aerogel (48m2 g−1). The amount of drug loaded was ob-
tained through the thermogravimetric analysis, since it helped to cal-
culate the weight difference of the material before and after loading the
drug. According to this analysis, the weight percentage for paracetamol
and indomethacin adsorbed by X-rdm-DyOx was 33–35% w/w. The
sample X-rdm-SiOx adsorbed a similar amount of both drugs (≈30% w/
w) [27].

2.1.1.3. Polysaccharide aerogels. The properties of biocompatibility and
biodegradability are very important for biomedical applications, the
silica aerogels are biocompatible, but they are not biodegradable.
Consequently, the search of materials that are biodegradable is still
matter of research. In this sense, some organic aerogels based on
polysaccharides have become promising for drug delivery as explained
below.

2.1.1.3.1. Starch. The supercritical drying of polysaccharide gels
results in matrices of highly porous aerogels with a large surface area.
The structural properties of starch aerogels depend on the method of
preparation and the chemical nature of the gel. Mehling et al.
synthesized starch aerogels and loaded them with ibuprofen and
acetaminophen drugs [32]. In their study, they used two methods to
load the drug into aerogels, the first one was adding the drug during the
dehydration process prior to the CO2-extraction and the second one was
the adsorption of the drug dissolved in supercritical CO2 after
completed CO2-extraction. They loaded the ibuprofen with a
supercritical solution and was adsorbed by the dried aerogel, while
the paracetamol was charged by the solvent exchange. A specific

Fig. 6. SEM images of silica aerogel (left) and silica-gelatin aerogel (right) [31].
Reused with permission from Elsevier.
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surface area of 72.5 m2 g−1 was determined for the starch aerogel. In
addition, they found that a maximum weight of 10% w/w for ibuprofen
and paracetamol can be loaded on that type of aerogel. They observed
that some variables such as gelation conditions and starch composition
influenced the specific surface area of the aerogels [32]. On the other
hand, Garcia et al. performed starch aerogel as a very promising
biodegradable nanocarrier for drug delivery systems [33]. In their
review, they explained each stage for the formation of the aerogels such
as formation of the sol, preparation of the gel and the solvent exchange.
Those authors indicated that any content of water inside the pores of
the wet gel is related with the pore size in the aerogel. If the drying step
is not achieved slowly, the aerogel porosity decreases and consequently,
the surface area is reduced. One of the main characteristics of these
starch aerogels is a high surface area of 1000m2 g−1. The starch aerogel
is gelled due to a hydration-plasticization which is carried out with
temperature, its physical appearance is shown in Fig. 8. The first stage

consists in swelling where the hydrophilic grains of the starch adsorb
the water. After this, the gelatinization occurs (this means that the
starch was dissolved by heating), which leads to the destruction of the
granule's structure. Finally, the retrogradation stage occurs where the
structure of the hydrogel begins to form with cooling and aging,
followed by a reorganization and recrystallization of the structure of
the starch [33].

2.1.1.3.2. Alginate. Alginate aerogels have been used for drug
delivery and different variables have been studied to improve the
internal structure of the aerogel, such as: the nature of the precursor,
pH, solvent-water exchange stages, ethanol concentration and alginate
concentration [33]. Alginate aerogels can be used as drug delivery
systems because strong thermostable gels are formed with monovalent,
divalent or multivalent cations. Monovalent metal ions can form soluble
salts with alginates, while divalent or multivalent cations (except for
magnesium) can form gels after their reaction with alginates [34].
Aerogels based on alginates with the shape of microspheres have been
investigated as carriers of drugs by Garcia et al. [35]. The microspheres
were prepared using the emulsion-gelation method followed by
supercritical drying. The drugs loaded in aerogels through an assisted
impregnation of a supercritical fluid such as CO2 were ketoprofen (anti-
inflammatory drug) and benzoic acid (used for the management of urea
cycle disorders). Fig. 9a shows that the sol could be mixed with the
active component and the drug is trapped inside the pores after the
gelation step. The drug can be loaded with supercritical drying
(impregnation) after the formation of the aerogel, see Fig. 9b [33].

Both gelation process and the chemical composition influence the
particle size of the alginate aerogel. The SEM images in Fig. 10 show the
alginate aerogels before and after the loading of ketoprofen and benzoic
acid, no significant morphological changes were observed in the matrix
after the drug impregnation with supercritical CO2. It is possible to
visualize in the SEM images of the right side that the loaded drug does
not affect the nanoporous structure [35].

Della et al. mentioned that the conventional drying techniques in-
duce the collapse of the structure and the cracking of the gel [36]. The
authors employed a solvent exchange method followed by supercritical
extraction to obtain the alginate aerogel. The solvents used for the

Fig. 7. SEM of polymer-crosslinked dysprosia aerogels (A) X-rdm-DyOx, (B) X-rdm-DyOx aerogel loaded with paracetamol, (C) X-rdm-SiOx aerogel, and (D) X-rdm-
SiOx aerogel loaded with paracetamol.
Reprinted with permission from Ref. [27]. Copyright 2014 American Chemical Society.

Fig. 8. Physical appearance of a monolithic starch aerogel obtained by super-
critical drying [33].
Reused with permission from Elsevier.
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exchange were ethanol and acetone. The authors tested different drying
conditions to conserve the internal nanostructure of the alginate gel.
The pressure and temperature conditions were selected based on the
vapour-liquid equilibrium between the solvent and the supercritical
CO2. The drying method influenced the morphological properties of the

alginate aerogel and the drying conditions influenced the texture
properties of the gel and the structure of the 3D interconnected net-
work. If the supercritical drying process is used, the structure is pre-
served but drying in air produces a collapse of the 3D structure, com-
pare Fig. 11a and b. When a pressure of 100 bar at 38 °C, is used a non-

Fig. 9. Drug loading of aerogels: a) during the sol-gel process (co-gelation); b) in the aerogel matrix by supercritical impregnation post-treatment method [33].
Reused with permission from Elsevier.

Fig. 10. SEM images of a) pure alginate aerogel microspheres, b) ketoprofen-loaded alginate microspheres, and c) benzoic acid-loaded alginate microspheres [35].
Reused with permission from Elsevier.
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homogenous material with some cavities is obtained and a light yellow
color. This is mainly due to the fact that the mixture of ethanol-scCO2

did not penetrate the aerogel beads since it was close to the critical
point of the mixture, causing a non-uniform extraction. When the
pressure was 150 bar, alginate aerogel beads with spherical shape are
obtained and light white color as shown in Fig. 12.

On the other hand, aerogels made with polysaccharides have been
synthesized using an ethanol induced gelation method [37]. In this
work, the nifedipine (a drug used in the treatment of angina pectoris
and hypertension) was encapsulated. This drug had a very slow release
(14 days) when guar or xanthan are employed but it can release within

5 h if pectin or alginate polysaccharide materials are used [37].
2.1.1.3.3. Cellulose. Cellulose is abundant in nature, biocompatible,

biodegradable and able to keep moisture [38]. Moreover, it possesses
high strength, large surface area, tunable surface chemistry [39]. Due to
these characteristics, it has been used in the biomedical field to
encapsulate drugs (metronidazole (MZ), nadolol (NAD) and
ketoprofen (KETO), polymers (PEG, Cyclodextrin, Pluronic, Alginate)
and biological materials (red blood cell, DNA, platelets and liposomes)
[38,39]. Normally, the freeze-drying technique is used for the
production of cellulose based solid foams able to load drugs and
proteins. This technique has been used to manufacture cellulose
aerogels and cellulose nanofibrils because the conditions of both
pressure and temperature are low [39,40]. Different surfactants have
been employed for the reinforcement of the cellulose structure such as
PVA, PEG, Pluronic, Polyacrylamide and N‑isopropylacrylamide.
Furthermore, the atomic deposition layers technique has been used to
deposit metallic oxides on nanocellulose aerogels, and subsequently to
give a thermal treatment or calcination in order to produce nanotubes
of inorganic aerogels with a hollow structure as depicted in Fig. 13.

The SEM images of Fig. 13 show how different types of drying in-
fluence the morphology of the cellulose based aerogel. In the freeze-
drying method with liquid nitrogen, the nanocellulose hydrogel is
frozen with liquid nitrogen, followed by the sublimation of the ice in
vacuum, which leads to the formation of aerogels with aggregates in the
form of sheets, see Fig. 13a. If the freeze-drying is carried out in liquid
propane, very thin fibrillar aerogels with aggregates are formed, see
Fig. 13b. If supercritical drying is used, fibrillary aerogels without ag-
gregates are formed while drying at air conditions leads to the collapse
of the structure, see Fig. 13c and d, respectively [41].

In other works, the hydrogels of the entangled cellulose nanofibrils
can be initially subjected to freeze-drying process to form the aerogels.
Subsequently, the atomic layer deposition of metal oxides is carried out,
where uniform layers of the metal compounds are formed on the
aerogel fiber. Finally, a calcination process degrades de cellulose pore,
allowing the nanotubes to have a hollow structure as seen in the
schematic representation of Fig. 14. Due to those reasons, the cellulose
is considered as a functional material with a lot of potential for drug
encapsulation, catalysis and filtration [39].

Lavoine et al. mentioned that the main challenge for the manu-
facture of aerogels and cellulose foams is to maintain the porous
structure during the extraction of the solvent [42]. In their work, they
mentioned that the most used method to form these materials is freeze-
drying, which includes the ice templating, homogeneous freezing and
directional ice templating, see Fig. 15.

The morphology of aerogels (see Fig. 15A and B) and the direction
of growth for the nanocellulose foams depend on the cooling direction
with liquid N2 as observed in Fig. 15C and D. Freeze drying has been
used for the production of nanocellulose foams and aerogels. A quick
freezing of the solvent can help to preserve the porous structure, while a
slow freeze will result in segregation of the solvent and a dispersed
phase. Fast freezing in liquid ethanol (−114 °C) results in small ice
crystals with pore sizes in the range of 1–60 nm. While a slow freezing
in liquid benzonitrile (−13 °C) allows the formation of larger pores
after sublimation of ice [42]. In addition, the humidity degree of the
sample is very important, since a high moisture content promotes a
drying tension inside the foam/aerogel, preventing the collapse of the
structure and shrinking. Furthermore, one way to increase the surface
area of both, cellulose foams and aerogels is by replacing water with
tert‑butanol. This produces a surface area of 130m2 g−1. The largest
surface area reported for nanocellulose foams/aerogels is in the range
of 500–600m2 g−1 using CO2 supercritical drying [42]. According to
literature, the drug named sodium salicylate (NaSA) can be absorbed
more efficiently by aerogels coated with polyethyleneimine because
this polymer increases the loading capacity of the drug at about 20
times in comparison with aerogels without coating. This coating also
makes the aerogels sensitive to changes of pH and temperature [42].

Fig. 11. SEM images of a) alginate aerogel internal structure obtained by SC
drying operating at 150 bar and 38 °C with a CO2; b) and by air drying.
Reprinted with permission from Ref. [36]. Copyright 2013 American Chemical
Society.

Fig. 12. Images of aerogel alginate beads obtained by SC drying at a) 100 bar
and b) 150 bar both at 38 °C.
Reprinted with permission from Ref. [36]. Copyright 2013 American Chemical
Society.
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The porous nanocellulose aerogels prepared by the freeze-drying
method have been studied by Valo et al. [43]. The authors employed
the following types of nanofibrillar cellulose in drug delivery systems:
bacterial cellulose (BC) and cellulose extracted from red pepper (RC)
and quince seeds (QC). The beclomethasone dipropionate named also
as BDP (a drug used to prevent and to control the symptoms of asthma)
was encapsulated and slowly released by controlling the surface charge
of the cellulose fibers. The red pepper cellulose aerogel released the
drug quickly because approximately 60% of beclomethasone dipro-
pionate (BDP) was released after only 5min, while the bacterial cel-
lulose aerogel released 10–40% of BDP after 10min and showed a
prolonged release of the drug for at least 700min. Further, Zhao et al.
synthesized cellulose nanofiber aerogels with polyethyleneimine which
was developed for the first time as a novel drug delivery system [44].
The drug used for their study was a water soluble drug such as sodium
salicylate (NaSA), which is employed to cure diseases such like as ar-
thritis, diabetes and cancer, as well as for wound healing. This aerogel
presented a high loading capacity of the drug of 287.39mg g−1. It is
possible to see in Fig. 16a that the fibers from the bamboo pulp are the
main source for the formation of cellulose nanofibrils (CNFs). The
diameters of these fibers are approximately 10 μm. However, the cel-
lulose fibers in Fig. 16b are almost completely disintegrated to CNFs
after combined physical treatments. These have diameters of around
20–40 nm.

Fig. 16c corresponds to the CNFs with polyethyleneimine (CNFs-
PEI) which have a diameter of 50–150 nm. Fig. 16d depicts the mor-
phology of the CNFs-PEI aerogel with highly porous structure, which
consisted of interconnected nanofibrils and nanofiber packets having a
leaf-like structure. Therefore, the aerogel of CNFs-PEI has greater sur-
face area (79m2 g−1) than the CNFs-PEI (0.8 m2 g−1) [44]. Also, Kar-
adagli et al. reported cellulose aerogels as thin fibers and monoliths
using an extrusion method. The aerogel structure is typically a nano-
porous network composed of cellulose nanofibers which are oriented
randomly. The pore size varies between 10 and 100 nm, while the

diameter of the fiber is approximately between 10 and 20 nm as ob-
served in Fig. 17 [45].

2.1.1.3.4. Chitosan. Chitosan is a polymer is considered
biodegradable, antioxidant, antibacterial and biocompatible.
Therefore, it is a promising candidate for biomedical applications
such as controlled release of drugs, tissue engineering and wound
healing. In addition, the synthesis method of chitosan is simple, fast and
friendly with the environment [46–48]. Radwan et al. reported a
multifunctional chitosan aerogel synthesized by the microwave
irradiation method, using organic acids and propylene glycol, which
acts as a crosslinking agent for the formation of an aerogel of chitosan,
followed by a lyophilization process in which the chitosan hydrogel is
transformed in a highly porous biomaterial. Fig. 18 shows the physical
appearance of a light chitosan aerogel [46].

Depending on the organic acid used, the appearance of the porous
structure of the chitosan aerogel changes as shown in Fig. 19. When the
L-aspartic acid is used, irregular flakes with sizes from 400 to 600 μm
are observed, see Fig. 19A. If the succinic acid is used, a large variation
in morphology and pore size can be observed and the size of the flakes
is in the range of 50–100 μm, see Fig. 19B. In addition, trapezoidal
forms are created with adipic acid simulating flower petals (Fig. 19C).
The size of the largest elements observed in the micrograph is between
the range of 200 and 400 μm. Thus, the aerogel of chitosan with levu-
linic acid presented a more uniform pattern than these made with the
other acids, since the aerogel shows pores with similar sizes between 70
and 150 μm and the thickness of the walls is also uniform, see Fig. 19D
[46].

Radwan et al. also studied the effect of hydrochloric acid, distilled
water and hexane solvents for the release of 5-fluorouracil (an antic-
ancer drug) from chitosan aerogels. They found that the highest release
rate of 5-fluorouracil (8.2 mg) is achieved from the chitosan/adipic acid
aerogel treated with acid. During the first 20min, at least 60% of the
drug was released from aerogels in the HCl solution. When distilled
water was used, the release of the drug was significantly lower because

Fig. 13. SEM images demonstrating effect of the different drying methods: a) freeze-drying with liquid nitrogen; b) freeze-drying in liquid propane; c) supercritical
drying and d) drying in ambient conditions.
Reprinted with permission from Ref. [41]. Copyright 2011 American Chemical Society.
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it did not attack the surface of aerogels. Thus, 2.4, 2.5, 2.8 and 2.4 mg
was released from the drug for chitosan/levulinic acid, chitosan/suc-
cinic acid, chitosan/adipic acid and chitosan/L-aspartic acid aerogel
during their immersion in water, respectively. Further, the lowest re-
lease rate (0.30–0.45mg for all the types of aerogels) was observed
when the hexane solvent is used. Hence, the solubility of the drug 5-
fluorouracil (5-FU) was the highest in the 0.1 M solution of HCl [46].

Wang et al. synthesized a hybrid aerogel of chitosan (CS)/carbox-
ymethyl cellulose (CMC)/Ca2+/graphene oxide (GO) as a drug carrier.
This hybrid aerogel was synthesized by the self-assembly approach
followed by the freeze-drying process. The authors used the 5-fluor-
ouracil compound as the model drug. Fig. 20 shows a schematic re-
presentation of the preparation method for the hybrid aerogel as well as
the procedure to load it with 5-FU [49].

Since the chitosan and carboxymethyl cellulose are pH sensitive
polysaccharides, Wang et al. studied the release of 5-FU at different pH
values (1.2, 5.5 and 7.4). They observed that a rapid release occurred in
the initial stage for the three pH values and subsequently the release
becomes slower. After 580min, the accumulated release of 5-FU was
26%, 51%, and 68% at pH of 1.2, 5.5, and 7.4 respectively. For com-
parison purposes a CS/CMC aerogel was also synthesized and the au-
thors found that 98% of 5-FU was released after 580min. The faster
release rate of this aerogel with respect to that made of CS/CMC/Ca2+/
GO is attributed to the absence of hydrogen bonds, which are formed

between the graphene oxide and the 5-fluorouracil drug in CS/CMC/
Ca2+/GO. Consequently, the addition of GO retards the release of 5-FU,
increasing the level of control for the delivery of 5-FU [49].

2.2. Core/shell nanoparticles

The core/shell NPs have evolved over the time and have been used
the fields of electronics, biomedical, pharmaceutical, optics and cata-
lysis [3]. The core/shell nanoparticles are considered multifunctional
due to their properties such as low cytotoxicity, high dispersibility,
biocompatibility, better conjugation with other bioactive molecules and
high chemical stability [1]. These properties depend on the size, shape
and type of material used to fabricate the core and the shell. The for-
mation of the core/shell NPs includes the combination of organic and
inorganic materials. There are four important types of core/shell ma-
terials [3]: 1) inorganic/inorganic; 2) organic/organic; 3) organic/in-
organic and 4) inorganic/organic. The last two groups are considered
core/shell hybrids. The choice of materials for the core/shell nano-
particles depend on the application and the type of use. The different
applications of core/shell NPs were summarized by Chatterjee et al. [1].
The most common applications are: optical imaging, optical sensors,
amperometric sensor, piezoelectric sensor, immunosensor chip and
dosage of drugs. However, this review emphasizes only the results for
drug delivery reported by porous core/shell nanoparticles. The

Fig. 14. Representation of the preparation of inorganic hollow nanotube aerogels from freeze-drying or supercritical drying of CNF aerogels.
Reprinted with permission from Ref. [39]. Copyright 2017 American Chemical Society.
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combination of the materials in the core/shell design and the different
morphologies of these core/shell NPs will influence the drug delivery.

According to literature, there are various types of core/shell nano-
particle morphologies [3,50]. Fig. 21a shows core/shell NPs, with
concentric spherical type morphology, which are the most common as
drug dosing vehicles. A simple spherical core particle is completely
covered by a shell of a different material [51,52], and this morphology
provides effective control in the kinetics of drug release, minimizing the
initial burst effect. This is caused by the fact that the drug is generally
located in the core, while the shell, allows the slow diffusion of body
fluids to the core and the drug to the outside, causing a prolonged re-
lease. The core/shell structure (also called hollow nanoparticles) allows
to deliver the drugs in a specific point due to the presence of a cavity at
the center of the nanoparticle [53,54]. The porosity of the core/shell

nanoparticles is important to keep diverse drugs not only in mesoporous
channels of the shell, but also in the cavity of the nanoparticles [55].
When the core of the nanoparticles is not spherical, it is possible to
obtain bar or fiber structures with core/shell type morphologies, as
shown in Fig. 21b [56,57]. The core/shell fibers allow the load of two
drugs maximum, and their morphology decreases the possibility of the
burst initial release, achieving sustained release times. On the other
hand, multiple nuclei of core/shell particles are formed when a single
shell material is coated on many small core particles together (Fig. 21c).
In general, this type of morphology presents a multi-core of metallic
nanoparticles such as Magnetite (Fe3O4), Gold (Au) and/or silver (Ag),
since they are attractive candidates for advanced biomedical applica-
tions such as targeted administration of drugs, multimodal imaging and
magnetic hyperthermia (magnetic hyperthermia) [58,59]. Further-
more, core/multi-shell NPs can also be obtained. For this, a single core
material is covered with different shells (see Fig. 21d), which improves
their biocompatibility [60,61]. The multi-shell structure is mainly used
when the core is composed of semiconductor particles or toxic quantum
dots. Thus, several layers of shell will allow the drug delivery without
producing poisoning. This type of core/multi-shell structures is used for
the treatment of neurological diseases [62]. These types of nano-
particles are also known as multilayer metallodielectric nanostructures
and present plasmonic properties useful for applications of imaging and
drug delivery [52]. Finally, the yolk/shell NPs (this name was given due
to its similarity with an egg yolk), see Fig. 21e, are constructed by an
inner core, empty space and a permeable outer layer [63,64]. If the
nucleus is displaced with respect to the center of the nanoparticle, it is
called NP “rattle” nanoparticle (see Fig. 21e). In this case, the nucleus is
hollow after coating the core material with two layers and the sub-
sequent elimination of the first layer using calcination or dissolution
technique. Due to their special structure, the yolk/shell and rattle NPs
are versatile to store any selected drug [65,66]. The appropriate choice
of the materials and the morphology of the core/shell nanoparticles will
permit to deliver drugs at different rates as explained in the next sec-
tion.

2.2.1. Inorganic/inorganic core/shell nanoparticles
In this type of core/shell nanoparticles, both the core and the shell

are made of inorganic materials [67,68]. The inorganic/inorganic core/
shell NPs could be formed by oxides of metals such as iron oxide
(magnetite, Fe3O4), titanium oxide (TiO2), calcium oxide (CaO), zinc
oxide (ZnO) and silicon oxide (SiO2) among others [69–73]. Although
there is a great variety of combination for inorganic/inorganic mate-
rials, it is important to highlight the works reported around silica core/
shell NPs for drug delivery. These are considered universal vehicles for
the dosage of drugs because they are highly porous and biocompatible
materials [74], which favors the adsorption and release of the drug and
can be in contact with living cells without being toxic [73,75,76].
Therefore, several investigations have focused their efforts to establish
a simple approach for the synthesis of core/shell silica NPs with a high
degree of porosity and uniform size [77–80]. A shell composed of silica
offers numerous benefits, for example: greater biocompatibility, affinity
with water, colloidal stabilization and ease of functionalization, etc. If
the silica has a pH > 2, it will present a negative surface charge that
confers electrostatic stabilization after the colloidal dispersion. The
critical part for shell formation is the anchoring of the silanes on the
surface of the core. The first strategy used is to polymerize the silicate
layer around a pre-synthesized solid core. The method of coating a
specific core was investigated using Stöber and emulsion methods [77].
A second strategy involves the simultaneous formation silica coating
and the inorganic nuclei. However, special care must be taken with the
different mechanisms of nucleation and growth for the formation of the
core and shell, because this strategy of synthesis/coating in situ is very
sensitive to small changes of temperature, but this allows to control the
core and shell sizes. A preference for two-step methodologies is cur-
rently observed, where the inorganic core is firstly synthesized in the

Fig. 15. SEM images of horizontal cross-section of CNF (A) and CNC (B) foams
obtaining by homogeneous freezing (C) and unidirectional ice templating (D)
[42].
Reproduced with the permission of the Royal Society of Chemistry. Copyright
RSC 2017.

Fig. 16. SEM images of the bamboo pulp fibers: a) before and b) after the
combined physical treatments, c) CNFs-PEI, d) aerogel of CNFs-PEI.
Reprinted with permission from Ref. [44]. Copyright 2015 American Chemical
Society.
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mixture of reagents leading to the emulsions, after this, the silica shell is
formed by the addition of TEOS or a mixture of alkoxysilanes
[52,67,77–80].

Mohamed et al. [73] found a synthesis route to obtain core/shell
NPs with spherical morphology, similar to that of Fig. 21a, composed of
silica core and silica shell. The size of the core was 245–790 nm and the
shell had a thickness of 41–80 nm. Moreover, the surface area and total
pore volume were 141–618m2 g−1 and 0.14–0.585 cm3 g−1, respec-
tively. The silica NPs obtained by these authors have advantages
compared to other investigations such as simplicity of synthesis, or-
dered pores and size uniformity. In this study, the Stöber method was
used to obtain a solid silica core, after that, the mesoporous shell was
formed on the silica core using an anionic surfactant and a co-structure
directing agent [73]. TEM micrographs and particle size distributions
for the solid silica cores prepared with different ammonia concentra-
tions are shown in Fig. 22. These images show that the silica spheres are
solid without porosity (see Fig. 22i). The diameter of silica cores in-
creases with the ammonia concentration. This increase produces a high
hydrolysis rate, which forms a large number of nucleation centers, this

Fig. 17. SEM micrographs of cellulose aerogel monoliths by ethanol regeneration and supercritical CO2 drying: a) 1 wt% and b) 3 wt% cellulose content [45].
Reused with permission from Elsevier.

Fig. 18. Physical appearance of a superlight chitosan aerogel [46].
Reproduced with the permission of the Royal Society of Chemistry. Copyright
RSC 2017.

Fig. 19. SEM micrographs of the chitosan aerogel with dif-
ferent organic acids. A) Chitosan/L-aspartic acid aerogel
structure, B) chitosan/succinic acid aerogel structure, C)
chitosan/adipic acid aerogel structure, D) chitosan/levulinic
acid aerogel structure [46].
Reproduced with the permission of the Royal Society of
Chemistry. Copyright RSC 2017.
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in turn, creates uniform nanoparticles. If the concentration of ethanol is
increased, a reduction in the size of the silica core is observed (see
Fig. 22ii). Consequently, the ethanol produces a homogeneous and
narrow distribution of silica NPs [73].

Wu et al. [78] have synthesized dual mesoporous silica nanospheres
(DMSS) with core/shell structure and tunable pore size using a styrene
monomer as a channel template for the core and cetyl-
trimethylammonium bromide (CTAB) as a channel template for the
shell. This improved the dissolution speed of medicines that are poorly
soluble in water. Other researchers such as Jiang et al., reported the
design, synthesis and modification of core/shell NPs with a single core
of non-porous silica and a fully covered mesoporous silica layer. Two
organic dyes (Rhodamine B and fluorescein) with opposite charge were
selected to demonstrate the successful encapsulation of different dyes
within the mesoporous silica layer through a one-step self-assembly
process [79]. The core/shell mesoporous silica nanocomposite (Fe2O3@
mSiO2) has been synthesized employing a silane coupling reaction. This
material has been used for the encapsulation of an anticancer drug such
as doxorubicin [80]. Fig. 23 shows an illustrative scheme of the
synthesis and the controlled release process.

To increase the versatility of the core/shell silica nanoparticles as
drug delivery vehicles, doped SiO2 NPs have been prepared with
fluorescent dyes, which allows to easily track the NPs core/shell, in-
creasing the efficiency of drug delivery in a specific area [77]. An et al.
developed core/shell NPs as a marker with fluorescence, these NPs
showed a strong fluorescence and are visible to the naked eye under
365 nm radiation. The SEM images (see Fig. 24a) clearly indicate that
NPs with properties of fluorescent markers have a very uniform size
with an average diameter of around 200 nm. The core/shell structure is
clearly seen in the TEM image (Fig. 24b), where the silica shell has a

thickness of approximately 35 nm. Fig. 24c shows the preparation
scheme of the markers with fluorescence and core/shell type mor-
phology [81].

Recently, Guo et al. synthesized hollow silica NPs (HSNS) coated
with biocompatible and pH-sensitive insoluble inorganic calcium salts,
including calcium carbonate and hydroxyapatite (SiO2-CaCO3 and SiO2-
HAp) as a novel drug delivery vehicle. Fig. 25i presents the preparation
process while Fig. 25ii shows that the particles have a spherical mor-
phology with an average diameter of about 358 nm, the broken spheres
show a characteristic hole. The SiO2-HAp nanospheres are slightly
larger (364 nm) than SiO2-CaCO3. Another outstanding result reported
by the authors is the slow release of the anticancer doxorubicin (DOX)
drug, which is maintained for a period of 5 days for SiO2-CaCO3/DOX
and 8 days for SiO2-HAp/DOX [82].

Other groups studied the rattle inorganic/inorganic core/shell NPs
due to its fascinating characteristics such as large surface, low density
and excellent biocompatibility. Therefore, they have been widely ap-
plied for drug administration. Soft and hard template routes remain the
most common methods to prepare the rattle core/shell NPs. The
method of soft templates does not facilitate the control of morphology
and structure of the target products, since the sol-gel process can be
easily affected by many parameters such as temperature, concentration
or additive elements [83]. Furthermore, the process of creating hard
templates is usually costly, tedious and time-consuming, the shell can
easily collapse in the process of template removal [83–85]. Therefore,
rattle-like mesoporous silica nanoparticles (RMSNs) with a pure silica
core, a hollow cavity and mesoporous shell have been fabricated via a
surfactant-assisted selective etching strategy [83]. The fabrication of
these particles involves the preparation of solid silica spheres with three
different layers, structural silica containing the inner core of pure silica,
middle layer of silica and outer shell of surfactant/SiO2 composite,
followed by a hydrothermal treatment in hot water, as shown in Fig. 26.

Another approach has been taken for the synthesis of rattle-type
colloidal crystals, which consists of an anisotropic movable core sur-
rounded by an empty space. The thermal treatment plays an important
role, since it induces the deformation of the spherical core in the silica
shell, while the void space required for the orientation and relocation of
anisotropic core is generated (Fig. 27) [86]. Although an organic ma-
terial (polystyrene) is used, it is considered core/shell, inorganic/in-
organic NP because the calcination step removes the polystyrene (PS)
used as a template for the formation of a displaced nucleus with respect
to the center of the nanoparticle [86].

Jin et al. designed a method for the synthesis of hollow silica
spheres (HMS), which respond to changes in pH due to the presence of
hydrotalcite (LDH) in the spheres [87]. At acidic pH (2.4), the antic-
ancer drug 5-Fluorouracil (5-FU) is fully released and at pH=7.4, the
release is almost zero. This pH sensitivity of these systems make them
promising candidates as drug dosing vehicles. In addition, the authors
highlight a higher drug loading in their hollow silica systems (HMS)
compared to the low drug loading in conventional silica NPs. The
spheres were prepared with yolk-shell morphology, using the sol-gel

Fig. 20. Schematic representation of the preparation process of the CS/CMC/Ca2+/GO aerogel and loaded with 5-FU [49].
Reused with permission from Elsevier.

Fig. 21. Different core/shell nanoparticles: a) spherical core/shell nano-
particles with dense core and without it; b) hexagonal and rods core/shell na-
noparticles; c) multiple small core materials coated by single shell material; d)
multi-layer material; e) movable core or well within hollow shell material.
Adapted from [1,3, and 50].
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method of surfactant assembly. Calcium carbonate (CaCO3) was used to
form the yolk and it was removed after its immersion in hydrochloric
acid solution (HCl). For the loading of the drug, mixture solutions of
water and methanol containing the hollow silica spheres are prepared
with the drug 5-FU (FU/HMS). The self-assembly method was achieved
to prepare a LDH shell on the silica-drug core (FU/HMS@LDH), cov-
ering the pore openings of silica and thus controlling the dosage by

changing the pH. The specific surface area and total pore volume of the
hollow silica spheres were 371–895m2 g−1 and 0.306–0.766 cm3 g−1,
respectively. Fig. 28 shows a schematic illustration for the formation
process of hollow mesoporous silica, 5-Fu loading and its release at
different pH values [87].

Silica is one of the most used inorganic materials for drug delivery
due to its low toxicity. Zůza et al. [88] proposed the synthesis of silica

Fig. 22. i) TEM images of solid silica cores prepared at ammonia concentration of (a) 0.019, (c) 0.033, (e) 0.047 g/ml and corresponding particle size distribution of
silica cores at (b) 0.019, (d) 0.033, (f) 0.047 g/ml ammonia concentration. ii) TEM images of solid silica cores prepared at ethanol concentration of (a) 0.395, (c)
0.618, (e) 0.658 g/ml and corresponding particle size distribution of silica cores at (b) 0.395, (d) 0.618, (f) 0.658 g/ml ethanol concentration. Spherical core/shell
nanoparticles with dense core [73].
Reused with permission from Elsevier.

Fig. 23. Schematic illustration of the synthesis and the controlled-release process.
Adapted from [80].
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particles with a novel multilevel porous structure, that is, the particles
combine a central hollow cavity (for a more efficient release profiles)
and a mesoporous shell, which is composed of many small particles of
silica. This increased the drug loading capacity and its stability (see
Fig. 29). For the synthesis of these particles, the authors combined

emulsion and mild tempering methods and controlled the precipitation
rate of the silica. The combination of TEOS hydrolysis and a soft tem-
plate method with octylamine in the reaction allowed the formation of
hollow silica spheres with hierarchical pore structure. This mesopore
structure is more efficient for the adsorption of drugs, since the same

Fig. 24. (a) SEM; (b) TEM images of FNC; (c) Preparation of fluorescence-marked core/shell structured nanocatalyst FNC. Spherical core/shell nanoparticles with
dense core [81].
Reused with permission from Elsevier.

Fig. 25. (i) Mechanism for the preparation of SiO2-CaCO3 and SiO2-HAp hollow nanospheres and the application in drug loading, delivery, sustained release and
cancer treatment of SiO2-CaCO3/DOX, and SiO2-HAp/DOX. (ii) FE-SEM images of (a–c) SiO2-CaCO3 and (d-f) SiO2-HAp hollow nanospheres.
Adapted from Y. Guo et al. [82]. Copyright. RSC 2016.
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volume of fluid penetrates the porous medium with lower times in
comparison with conventional silica nanoparticles. The specific surface
area of the particles was 508m2 g−1.

2.2.2. Organic/organic core/shell nanoparticles
Currently, the core/shell nanoparticles that are entirely formed by

polymers have received great attention due to the fact that two different
polymeric components are combined providing unique properties such
as biodegradability and biocompatibility. Biodegradable polymers are
most commonly used as drug delivery vehicles. For instance, poly
(lactic acid) (PLA), poly (lactide‑co‑glycolide) (PLGA), chitosan (CS)
and alginate (ALG) are widely used to prepare core/shell nanoparticles
[51,89–91]. Other advantages of polymers are their ability to respond
to stimuli caused by changes in pH, temperature, magnetic field and
electrical conductivity [92,93]. Zeng et al. synthesized core/shell na-
noparticles with multiple nuclei of poly (lactide‑co‑glycolide) (PLGA)
covered by a single layer of chitosan (CS) through the emulsion method,
the pH of the reaction was 7.4 to avoid the premature degradation of
the polymers, see Fig. 30.

These NPs presented spherical morphologies and sizes from 32.3 to
45.2 μm as depicted in Fig. 31. The authors could control the release of
the glial cell line-derived neurotrophic factor (which is an essential
protein for the maintenance and survival of neurons) by changing the
pH from 7.4 to 2.95, since this allowed a slow degradation of the core/
shell [91].

Another interesting research in organic/organic core/shell materials
was carried out by Mukhopadhyay et al., they improved the availability

of the insulin by charging it in the alginate core (ALG) without pro-
ducing any toxic effect [52]. The core/shell NPs were alginate (ALG)/
chitosan (CS), and their synthesis was achieved through a mild process
called “ionotropic pre-gelation”, which is a variant of the emulsion
processes. In this case, the crosslinking of the alginate was carried out
by calcium ions in water solvent, this method produced nanoparticles
with spherical morphology and sizes in the range of 100–200 nm
(Fig. 32). According to this report, the nanoparticles had an efficiency
of 85% for the adsorption of insulin (see Fig. 33). The core/shell algi-
nate (ALG)/chitosan (CS) nanoparticles were sensitive to pH changes in
vitro, since the insulin was not released at acidic pH (in simulated
gastric environment) but it was released at basic pH (in a simulated
intestinal environment). This suggests that that ALG/CS nanoparticles
are a promising vehicle for dosage of oral insulin [52].

Chen et al. [94] prepared nanoparticles with core/shell morphology
based on polycaprolactone (PCL)/polyethylene glycol (PEG) by using a
coaxial electrospraying method (e-spraying). Fig. 34 shows that both,
the core and shell fluids were injected by e-spraying. First, the PCL
solution in trifluorethanol (TFE) was used as core fluid, the TFE eva-
porated forming the PCL nanoparticle and subsequently the PGE layer
was also sprayed. The authors provided a simple technique to prepare
nanoparticles with core/shell structure with different sizes by changing
the injection speed of the PCL solution, that is, the size of the core-shell
nanoparticles was changed by varying the feed rate of the core fluid.
The size for the core structure made of PCL was< 100 nm and the shell
was formed by PEG polymer. The presence of this last polymer pro-
duced coalesced hollow nanoparticles similar to the silica nanoparticles

Fig. 26. Schematic illustration for the formation process of RMSNs.
Adapted from [83].

Fig. 27. i) Schematic procedure for the
synthesis of yolk/shell particles
(Adapted); ii) TEM images of particles
formed in the synthetic process of yolk/
shell particles: (a) TiO2 particles, (b)
TiO2/PSt core/shell particles, (c) silica-
coated core/shell particles, (d) particles
obtained by calcination of the particles
(c).
Reprinted with permission [86]. Copy-
right 2015. American Chemical So-
ciety.
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presented in Fig. 25, which are suitable to store drugs. Further, the
electrospraying technique has been employed to synthesize amorphous
toroidal polymer microparticles composed of pH-responsive Eudragit
L100-55. Those microparticles were loaded with the prednisolone drug,
which is commonly used for the treatment of inflammatory bowel
syndrome or colon cancer. The researchers found that a maximum of
50% of the drug is delivered in 2 h at an acidic pH of 1.2 but an im-
mediate total release is produced after adjusting the pH to 6.8 [95].
Hence, this result demonstrates that the proposed drug delivery system
is useful for targeted release of drugs.

Recently, the electrohydrodynamic atomization (EHDA) method has
been presented as a reliable and simple alternative to produce poly-
meric nanoparticles for drug delivery: Parhizkar et al. reported the
successful encapsulation of the cisplatin drug (typically used for cancer
treatment) in poly (lactic‑co‑glycolic acid) (PLGA) polymeric nano-
particles using the EHDA technique [96]. The authors found that the
drug release depends on the particle morphology and the drug con-
centration. For example, as the drug concentration increases from 2.5%
to 10% in the polymer nanoparticles, the cisplatin release percentage
decreased from ≈87% to ≈47% after 145min. Also, Shams et al.
prepared core/shell microparticles made of PLGA with the EHDA
method for the delivery of paracetamol and indomethacin drugs, that
are used for anti-inflammatory and body pain treatments. This work

demonstrated that both, paracetamol and indomethacin can be en-
capsulated at the same time (or individually) with efficiencies of 54%
and 69%, respectively. In fact, the maximum release percentage was at
about 70% when the indomethacin drug was released individually, this
maximum percentage is 17% higher than that obtained from the
polymeric nanoparticles that released both, paracetamol and in-
domethacin drugs simultaneously [97]. Other investigations have also
used the EHDA method for the encapsulation of progesterone (used in
hormone replacement therapy in menopausal women) or cisplatin
(drug employed for cancer treatment) into PLGA microparticles. In
those works, the research groups found that the drug release can be
controlled efficiently by modifying the polymer/drug ratio, morphology
and size of PLGA microparticles [98,99]. Finally, the hydrophobicity of
the drugs also played an important role for their successful incorpora-
tion in the microparticles.

Although these organic/organic core/shell nanoparticles mentioned
above are promising for controlled drug delivery, it is suitable hollow
organic core/shell nanoparticles due to its higher capacity for drug
storage. In this sense, Ming-Wei Chang et al. have developed a coaxial
electrohydrodynamic atomization (CEHDA) method to synthesize
hollow polymeric microspheres with morphologies similar to that for
hollow silica NPs reported by Guo et al. in reference 82. The hollow
microspheres studied by Ming-Wei Chang et al. are formed by a

Fig. 28. Schematic illustration for the formation process of hollow mesoporous silica and 5-Fu loading and releasing at different pH values [87].
Reused with permission from Elsevier.

Fig. 29. Scheme illustrating the formation of hollow silica spheres with hierarchical pore structure [88].
Reused with permission from Elsevier.
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Polymethylsilsesquioxane (PMSQ) polymer, which is biocompatible,
non/toxic and chemically stable material [100]. Furthermore, the dia-
meter of the microspheres can vary in the range of 275 to 700 nm while
the size of the monopore can change from 35 to 135 nm, see Fig. 35a
[101].

The change of the microspheres size was possible by varying the
flow rate of the PMSQ solution, that is, the size of the microspheres

increased with the flow rate as depicted by the Fig. 35a–e. The ad-
vantages of the CEHDA technique for the synthesis of the hollow mi-
crospheres are: 1) it eliminates the need of high temperatures, 2)
eliminates the need of multiple processing steps (for example the use of
complex procedures involving templating) and 3) avoids the use of
surfactants or additives [101,102]. Due to their easiness of synthesis,
biocompatibility property and controllable size. These hollow

Fig. 30. Schematic illustration of fabrication of the cores/shell PLGA-CS MPs loaded with GDNF using a re-emulsification method [91].
Reused with permission from Elsevier.

Fig. 31. SEM images of PLGA microspheres (A) and cores/shell PLGA-CS MPs with chitosan concentrations of 1% (B), 2% (C) and 3% (D). Multiple small core
materials coated by single cover material [91].
Reused with permission from Elsevier.
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polymeric spheres could be good candidates for drug delivery appli-
cations.

2.2.3. Inorganic/organic and organic/inorganic (hybrid) core/shell
nanoparticles

Hybrid NPs consisting of an organic and an inorganic part, are
widely used as drug delivery vehicles. Most of nanoparticles have an
inorganic solid core and a polymer shell. The polymer coating is

compatible with cores of silica, iron oxide, noble metals (Ag, Au and
Cu), quantum dots (CdSe and ZnS), etc. Therefore, those biocompatible
nanoparticles could be introduced in the human body [77]. Several
applications with hybrid nanoparticles for drug administration have
been reported, Sood et al. [103] synthesized gold-coated iron oxide
core/shell nanostructures and emphasized that this type of iron oxide/
Gold-alginate NPs integrates the plasmonic properties of gold and the
magnetic property of iron oxide. Those nanoparticles were stabilized
after their functionalization with thiolated sodium alginate. The drug
loading (for curcumin) efficiency reported by these authors was ≈72%
[103].

Furthermore, Shanavas et al. synthesized a complex core/hybrid
shell combined with diverse biomaterials and obtained a novel vehicle
for drug dosing against cancer. The core consisted of several super-
paramagnetic iron oxide nanoparticles, coated with poly (lacti-
de‑co‑glycolide) (PLGA) loaded with docetaxel, the final shell is com-
posed of chitosan (CS) modified with folic acid (see Fig. 36a). Those
nanoparticles have sizes in the range of 100–250 nm and are formed by
multiple cores as depicted in Fig. 36b. The magnetic core allows the
displacement of the nanoparticle toward a target organ and the shell
provides a physical barrier preventing the release of the initial un-
wanted drug. The lowest time for the complete release of the docetaxel
drug was 1 h at an acid pH of 4 [104].

The group of Hu et al. used a combination of mesoporous silica
(MSN) as the inorganic core and alginate (ALG) as the organic shell and
established a system of delivery for the indomethacin (IND) drug,
which is an anti-inflammatory compound poorly soluble in water
(Fig. 37). The authors used the sol-gel method to synthesize the sphe-
rical the MSN core and was functionalized with aminopropyl groups to
form the shell alginate, which will absorb the drug. As a result, sphe-
rical and monodisperse NPs with diameters around 300 nm were ob-
tained as shown in Fig. 38. The core presented a pore size of 2.3 to
3.8 nm and a surface area of 1012.65m2 g−1 [105].

Another investigation of hybrid core/shell NPs for drug delivery was
published by Feng et al. They reported a combination of mesoporous
silica (MSN) as inorganic core and alginate (ALG)/chitosan (CS) as
polymeric shells to create a polyelectrolyte multishell (PEM) system
[106]. This was used for the release of doxorubicin (DOX), which is an
anticancer drug with fluorescent properties. The authors covered the
mesoporous silica nucleus by alginate and chitosan using a self-as-
sembly method of layer by layer. The procedure of synthesis was as
follows: first, the silica nanoparticles were made with 3‑aminopropyl-
triethoxysilane (APTES). After this, the silica core was modified with
poly (allylamine hydrochloride) and poly (styrenesulfonate) to favor
the accumulation of the drug into the nucleus (see Fig. 39). The authors
indicated that The DOX release from nanocarriers was pH dependent,
and the release rate increased with the decrease of pH value. When
alkaline (pH 8.0) and neutral (pH 7.4) release media were used, the
amounts of released DOX from DOX@PEM-MSNs were only 5.2% and
7.5% over the total 132-h time period. The results suggest that the
polymer shell is in a nearly closed state under alkaline or neutral con-
ditions and thus blocks the pore outlets of MSNs and inhibits DOX re-
lease. However, when the release medium is acidic, the release rate
increases. This research demonstrated that approximately 10.7%,
48.6%, and 60.1% of the entrapped DOX was released at pH 6.8, 5.2,
and 4.0, respectively. Fig. 40 shows a mesoporous structure of the silica
particles, the core was 110.2 nm and the thickness of the double bi-shell
was 25.5 nm.

Ming-Wei Chang et al. [107] synthesized core/shell hollow mag-
netic fibers by using a coaxial electrospinning technique (COX-ES).
During the synthesis process, two different solutions are spun simulta-
neously, the first one was a suspension of polycaprolactone (PCL) and
the second one a solution of iron oxide (Fe3O4) which contained the
antifungal drug ketoconazole. At the end of the process, the core is air
and the shell is a composite formed by a polymeric matrix of PCL which
is encapsulating the magnetic Fe3O4 nanoparticles, see bottom left side

Fig. 32. Schematic diagram showing preparation of insulin-loaded CS/ALG
nanoparticles. Spherical core/shell nanoparticles with dense core [52].
Reused with permission from Elsevier.

Fig. 33. Scanning electron microscopic (SEM) micrographs of insulin-loaded
CS/ALG nanoparticles [52].
Reused with permission from Elsevier.
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in Fig. 41. This last figure also depicts the general configuration for the
COX-ES method. The authors of this work took advantage of the iron
oxide nanoparticles to accelerate the drug release. When an auxiliary
magnetic field (AMF) is applied to the fibers (at 40 KHz), the motion of
the Fe3O4 nanoparticles is increased and the maximum drug release
percentage augments from ≈48% to 66% for a time period of 600min
[107]. Another promising technique for the fabrication of polymer fi-
bers for applications in drug delivery is the pressurized gyration (PG).
This method combines the parameters of solution blowing and cen-
trifugal spinning to produce huge quantities of fibers with well-defined
morphology and uniform diameter. For the formation of high-quality
fibers for drug delivery, a drug should be solubilized with an appro-
priate solvent, this solution is then mixed with a hydrophilic polymer
solution and the final mixture is processed with PG for the fabrication of
the fiber [108]. The drug is released from the fiber by slowly dissolving
the hydrophilic polymer. Fibers made of polyvinylpyrrolidone (PVP)
have loaded with ibuprofen for controlled drug delivery. Other ex-
amples of fibers fabricated with PG are: nanofibers for vaginal therapy
and nanofibers loaded with progesterone for the treatment of preterm
birth. In these nanofibers the polyethylene oxide was used as the carrier
polymer due to its mucoadhesive properties [108].

Padmanabhan et al. reported a precipitation technique for the
synthesis of core/shell hydroxyapatite/gum-acacia (HAP-GA) nano-
particles for the efficient absorption of naringenin, which is a drug with
antioxidant and antimicrobial properties. The authors added system-
atically different content of GA in the nanoparticles and found that 10%
was the optimum concentration to observe a defined core/shell struc-
ture, see Fig. 42. They also found that a sustained release of naringenin
was achieved for 28 days. Further, the HAP-GA nanoparticles exhibited
better bioactivity than the bare HAP and promotes the formation of the
HAP after their immersion in a body simulated solution. Moreover, the
authors highlighted that the synthesis of HAP-GA was carried out with
non-toxic stabilizers derived from plants, which helped to stabilize
suspensions and increased its biocompatibility. This replaced tradi-
tional surfactants that normally leave toxic residues in the preparation
of HAP [109].

The hollow core/shell nanoparticles are currently considered as one
of the most efficient materials for drug encapsulation and the number of
holes is directly related with the speed for drug loading. Therefore,

Fig. 34. Schematic diagram of shell insertion strategy based on coaxial electrospray to generate core/shell PEG/PCL nanoparticles [94].
Reused with permission from Elsevier.

Fig. 35. SEM images of the one-hole microspheres obtained at different PMSQ
flow rates: (a) 200, (b) 300, (c) 400, (d) 500, and (e) 600 μl min−1; (f) low-
magnification of (e). Some spheres are aggregated to others because of wetting
and drying during sample preparation. PMSQ concentration 18wt%, applied
voltage 3.8–4.3 kV [101].
Copyright 2009 American Chemical Society.
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Wang et al. [110] studied hollow copper sulfide (CuS) nanosphere-
doxorubicin (DOX)/graphene oxide (GO) (CuS-DOX/GO) nanos-
tructures for drug delivery. The average size of these nanoparticles was
100 nm. The hollow core acts as a carrier of the drug, while the gra-
phene oxide shell prevents the early dosing. Graphene oxide (GO) has a
high surface area, also responds to stimuli such as temperature and pH
and its photothermal property allows its use for photo- and che-
motherapy. The process used by the authors to encapsulate the drug
was as follows: First, the CuS nanoparticles were formed using a tem-
plate assisted method, next, the CuS nanoparticles were loaded with
DOX. Afterwards, the hollow nanoparticle was wrapped with the GO-
PEG nanosheets through electrostatic attraction (Fig. 43). This type of
core/shell makes the dosing process more controllable and produces a
high specificity according to the authors. In fact, the core component
(CuS nanoparticles) showed a high loading factor of 1.75 g g−1 and the
outer GO−PEG shell can prevent the drug leakage while enhancing the
photothermal energy conversion efficiency.

3. Concluding remarks

This review presented the most important and simple methods for
the synthesis of porous aerogels and core/shell nanoparticles which are

useful for controlled drug delivery applications. The specific surface
area is one of the most important parameters to control both, the drug
release rate and the drug absorption in aerogels or core/shell nano-
particles. As the surface area increases in the porous material, it is able
to store more drug. In general, the aerogels had higher surface areas
(1000–1500m2 g−1) than core/shell nanoparticles (100–1000m2 g−1).
The aerogels with the highest surface areas were the starch and silica
aerogels, while the core/shell nanoparticles with the highest surface
areas were the hollow silica nanoparticles. Currently, the sol-gel tech-
nique combined with supercritical drying and the electrohydrodynamic
atomization method are considered very effective to synthesize aerogels
and hollow silica nanoparticles with high surface area, respectively.
Although the aerogels have higher surface area than the core/shell
nanoparticles, the presence of the shell in the porous nanoparticles
provides other advantages such as magnetic, biocompatible and pH
response properties, which are suitable for photo- and chemotherapy.
Moreover, the core/shell structure also permits to load two drugs si-
multaneously, the first drug in the core (cavity or porous structure) and
the second drug in the shell, which is difficult to achieve in the aerogels.
Particularly, the core/shell nanoparticles with shape of fibers (made
with the PG method) have taken popularity during the last years be-
cause they can be fabricated with biocompatible polymers (PLGA and

Fig. 36. a) Illustration of hybrid core/shell, b) Multiple small core and multi-layer material.
Taken from reference [104]. Reused with permission from Elsevier.

Fig. 37. Schematic representation of aminopropyl functionalization of MSNs, IND loaded into AP-MSNs and ALG encapsulation [105].
Reused with permission from Elsevier.
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PVP), that are employed for controlled drug delivery. Another ad-
vantage of these fibers is the fact that they can be produced in huge
quantities.

The pH played an important role for the stabilization and drug re-
lease rate of the porous nanoparticles. For example, a pH value above 2
produced a negative surface charge on the core/shell nanoparticles
made of silica, which helped to their stabilization in water. Also, the pH
of the solvent where the nanoparticles are dispersed allows to maximize
their drug loading capacity, for instance, the load of ibuprofen in

alginate aerogels was the highest by using a pH of 6.8. Furthermore, the
pH of the dissolution medium was an important factor for the faster or
slower drug release: In the core/shell system PLGA/CS, a change of pH
from 7.4 to 2.95 allows a slower degradation of the core/shell nano-
particles, which in turn, decreased the speed for the drug delivery.
Similarly, in the core/shell system PCL/PEG, a maximum of 50% of the
drug is delivered in 2 h at an acidic pH of 1.2 but an immediate total
release is produced after adjusting the pH to 6.8. The drug release rate
is also influenced by the hydrophilic or hydrophobic nature of the

Fig. 38. SEM images of (A) MSNs, (B) AP-MSNs, (C) IND-AP-MSNs and (D) ALG-IND-AP-MSNs. Spherical core/shell nanoparticles with dense core [105].
Reused with permission from Elsevier.

Fig. 39. Schematic Illustration for the Construction of pH-Responsive MSN-Based Nanocarriers and Intracellular pH-Triggered DOX Release [106].
Reprinted with permission [106]. Copyright 2014 American Chemical Society.
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Fig. 40. SEM images of (A) mesoporous silica (MSNs) and (D) silica core and bi-shell alginate/chitosan. TEM images of (B) mesoporous silica (MSNs) and silica core/
bi-shell alginate/chitosan [106].
Reprinted with permission [106]. Copyright 2014 American Chemical Society.

Fig. 41. Schematic diagram of the co-axial electrospinning set-up for the fabrication of loaded magnetic hollow fibers [107].
Reused with permission from Elsevier.

T.A. Esquivel-Castro et al. Materials Science & Engineering C 96 (2019) 915–940

937



porous nanoparticles. According to the reports in this review, the drugs
absorbed on hydrophilic silica aerogels dissolve faster than these in
hydrophobic aerogels. Other factors affecting the drug release rate are
the order of pores (Dysprosia aerogels with random nanopores store
more drugs and release it slower than the dysprosia aerogels with or-
dered pores) and the location of the drug. If the drug is located in the
core (in the core/shell systems), the diffusion of the drug to outside is
slower in comparison with that produced when the drug is located in
the shell, causing a prolonged release. If the drug is located in the cavity
of a hollow nanoparticle, the drug can be delivered easier in a specific
point. It is worthy to mention that the researchers around the world are
focusing their efforts to produce biodegradable and non-toxic porous

nanomaterials for drug delivery, since this facilitates their disposal and
storage. The main challenge is still the design of simple methods for the
synthesis of porous materials with very high drug loading capabilities.
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Fig. 42. Transmission electron micrographs of HAP nanoparticles and GA-HAP nanocomposites synthesized with and without the addition of GA: (a) HAP without
the addition of GA; (b) 1% GA-HAP; (c) 5% GA-HAP; and (d) 10% GA-HAP [109].
Reused with permission from Elsevier.

Fig. 43. Schematic illustration of the fabrication of CuS–DOX/GO nanocomposite for controlled drug delivery and photothermo-chemotherapy [110]. Reprinted with
permission [110].
Copyright 2014 American Chemical Society.

T.A. Esquivel-Castro et al. Materials Science & Engineering C 96 (2019) 915–940

938



References

[1] K. Chatterjee, S. Sarkar, K. Rao, S. Paria, Core/shell nanoparticles in biomedical
applications, Adv. Colloid Interf. Sci. 209 (2014) 8–39.

[2] P. Jayaraman, C. Gandhimathi, J. Venugopal, D. Becker, S. Ramakrishna,
D. Srinivasan, Controlled release of drugs in electrosprayed nanoparticles for bone
tissue engineering, Adv. Drug Deliv. Rev. 94 (2015) 77–95.

[3] R. Chaudhuri, S. Paria, Core/shell nanoparticles: classes, properties, synthesis
mechanisms, characterization, and applications, Chem. Rev. 112 (2012)
2373–2433.

[4] M. Regi, A. Rámila, R. del Real, J. Pariente, A new property of MCM-41: drug
delivery system, Chem. Mater. 13 (2001) 308–311.

[5] J. Paris, M. Colilla, I. Izquierdo-Barba, M. Manzano, M. Vallet-Regí, Tuning me-
soporous silica dissolution in physiological environments: a review, J. Mater. Sci.
52 (2017) 8761–8771.

[6] W. Yin, D. Rubenstein, Chap. 30, Aerogels Handbook, Springer, 2011, pp.
683–694.

[7] C. Dhand, N. Dwivedi, X. Loh, A. Ying, N. Kumar, R. Beuerman,
R. Laakshminarayanan, S. Ramakrishna, Methods and strategies for the synthesis
of diverse nanoparticles and their applications: a comprehensive overview, RSC
Adv. 5 (2015) 105003–105037.

[8] Z. Ulker, C. Erkey, An emerging platform for drug delivery: aerogel based systems,
J. Control. Release 177 (2014) 51–63.

[9] M. Arruebo, Drug delivery from structured porous inorganic materials, WIREs
Nano-Med. Nanobiotechnol. 4 (2012) 16–30.

[10] P. Sher, G. Ingavle, S. Ponrathnam, A. Pawar, Low density porous carrier: drug
adsorption and release study by response surface methodology using different
solvents, Int. J. Pharm. 331 (2007) 72–83.

[11] S. Song, K. Hidajat, S. Kawi, Functionalized SBA-15 materials as carriers for
controlled drug delivery: influence of surface properties on matrix−drug inter-
actions, Langmuir 21 (2005) 9568–9575.

[12] J. Andersson, J. Rosenholm, S. Areva, M. Lindén, Influences of material char-
acteristics on ibuprofen drug loading and release profiles from ordered micro- and
mesoporous silica matrices, Chem. Mater. 16 (2004) 4160–4167.

[13] S. Kistler, Coherent expanded aerogels, J. Phys. Chem. 36 (1932) 52–60.
[14] A. García, F. Carrillo, J. Oliva, T. Esquivel, S. Díaz, Effects of Eu content on the

luminescent properties of Y2O3:Eu3+ aerogels and Y(OH)3/Y2O3:Eu3+@SiO2

glassy aerogels, Ceram. Int. 43 (2017) 12196–12204.
[15] A. Pierre, G. Pajonk, Chemistry of aerogels and their applications, Chem. Rev. 102

(2002) 4243–4265.
[16] G. Owens, R. Singh, F. Foroutan, M. Alqaysi, C. Han, C. Mahapatra, H. Kim,

J. Knowles, Sol-gel based materials for biomedical applications, Prog. Mater. Sci.
77 (2016) 1–79.

[17] S. Kumar, M. Malik, R. Purohit, Synthesis methods of mesoporous silica materials,
Mater. Today: Proc. 4 (2017) 350–357.

[18] L. Wa, L. Fengyun, Z. Fanlu, C. Mengjing, C. Qiang, H. Jue, Z. Weijun, M. Mingwei,
Preparation of silica aerogels using CTAB/SDS as template and their efficient
adsorption, Appl. Surf. Sci. 353 (2015) 1031–1036.

[19] R. Nooney, D. Thirunavukkarasu, Y. Chen, R. Josephs, A. Ostafin, Synthesis of
nanoscale mesoporous silica spheres with controlled particle size, Chem. Mater. 14
(2002) 4721–4728.

[20] T. Nakamura, M. Mizutani, H. Nozaki, N. Suzuki, K. Yano, Formation mechanism
for monodispersed mesoporous silica spheres and its application to the synthesis of
core/shell particles, J. Phys. Chem. C 111 (2007) 1093–1100.

[21] Y. Han, J. Ying, Generalized fluorocarbon-surfactant-mediated synthesis of na-
noparticles with various mesoporous structures, Angew. Chem. Int. Ed. 44 (2005)
288–292.

[22] D. Lovskaya, A. Lebedev, N. Menshutina, Aerogels as drug delivery systems: in
vitro and in vivo evaluations, J. Supercrit. Fluids 106 (2015) 115–121.

[23] V. Goncalves, P. Gurikov, J. Poejo, A. Matias, S. Heinrich, C. Duarte, I. Smirnova,
Alginate-based hybrid aerogel microparticles for mucosal drug delivery, Eur. J.
Pharm. Biopharm. 107 (2016) 160–170.

[24] Z. Ulker, C. Erkey, An advantageous technique to load drugs into aerogels: gas
antisolvent crystallization inside the pores, J. Supercrit. Fluids 120 (2017)
310–319.

[25] M. Pantic, P. Kotnik, Z. Knez, Z. Novak, High pressure impregnation of vitamin D3

into polysaccharide aerogels using moderate and low temperatures, J. Supercrit.
Fluids 118 (2016) 171–177.

[26] S. Kumar, M. Vinjamur, M. Mukhopadhyay, Robust silica aerogel microspheres
from rice husk ash to enhance the dissolution rate of poorly water-soluble drugs,
Chem. Eng. Commun. 204 (2017) 249–253.

[27] A. Bang, A. Sadekar, C. Buback, B. Curtin, S. Acar, D. Kolasinac, W. Yin,
D. Rubenstein, H. Lu, N. Leventis, C. Leventis, Evaluation of dysprosia aerogels as
drug delivery systems: a comparative study with random and ordered mesoporous
silicas, ACS Appl. Mater. Interfaces 6 (2014) 4891–4902.

[28] H. Follmann, O. Oliveira, D. Lazarin, C. Nakamura, X. Huang, T. Asefa, R. Silva,
Multifunctional hybrid aerogels: hyperbranched polymer-trapped mesoporous si-
lica nanoparticles for sustained and prolonged drug release, Nanoscale 10 (2018)
1704–1715.

[29] I. Smirnova, S. Suttiruengwong, W. Arlt, Feasibility study of hydrophilic and hy-
drophobic silica aerogels as drug delivery systems, J. Non-Cryst. Solids 350 (2004)
54–60.

[30] M. Mohammadian, T. Jafarzadeh, M. Erfan, F. Pashaei, Synthesis and character-
ization of silica aerogel as a promising drug carrier system, J. Drug Delivery Sci.
Technol. 44 (2018) 205–212.

[31] P. Veres, M. Kéri, I. Bányai, I. Lázár, I. Fábián, C. Domingo, J. Kalmár, Mechanism
of drug release from silica-gelatin aerogel-relationship between matrix structure
and release kinetics, Colloids Surf. B: Biointerfaces 152 (2017) 229–237.

[32] T. Mehling, I. Smirnova, U. Guenther, R. Neubert, Polysaccharide-based aerogels
as drug carriers, J. Non-Cryst. Solids 355 (2009) 2472–2479.

[33] C. García, M. Alnaief, I. Smirnova, Polysaccharide-based aerogels-promising bio-
degradable carriers for drug delivery systems, Carbohydr. Polym. 86 (2011)
1425–1438.

[34] F. Quignard, R. Valentin, F. Renzo, Aerogel materials from marine poly-
saccharides, New J. Chem. 32 (2008) 1300–1310.

[35] C. García, M. Jin, J. Gerth, C. Alvarez, I. Smirnova, Polysaccharide-based aerogel
microspheres for oral drug delivery, Carbohydr. Polym. 117 (2015) 797–806.

[36] G. Porta, P. Gaudio, F. Cicco, R. Aquino, E. Reverchon, Supercritical drying of
alginate beads for the development of aerogel biomaterials: optimization of pro-
cess parameters and exchange solvents, Ind. Eng. Chem. Res. 52 (2013)
12003–12009.

[37] G. Horvat, M. Pantic, Z. Knez, Z. Novak, Encapsulation and drug release of poorly
water soluble nifedipine from biocarriers, J. Non-Cryst. Solids 481 (2018)
486–493.

[38] H. Paukkonen, M. Kunnari, P. Laurén, T. Hakkarainen, V. Auvinen, T. Oksamen,
R. Koivuniemi, M. Yliperttula, T. Laaksonen, Nanofibrillar cellulose hydrogels and
reconstructed hydrogels as matrices for controlled drug release, Int. J. Pharm. 532
(2017) 269–280.

[39] K. France, T. Hoare, E. Cranston, Review of hydrogels and aerogels containing
nanocellulose, Chem. Mater. 29 (2017) 4609–4631.

[40] J. Bhandari, H. Mishra, P. Kumar, R. Wimmer, F. Ahmad, S. Talegaonkar, Cellulose
nanofiber aerogel as a promising biomaterial for customized oral drug delivery,
Int. J. Nanomedicine 12 (2017) 2021–2031.

[41] J. Korhonen, P. Hiekkataipale, J. Malm, M. Karppinen, O. Ikkala, R. Ras, Inorganic
hollow nanotube aerogels by atomic layer deposition onto native nanocellulose
templates, ACS Nano 5 (2011) 1967–1974.

[42] N. Lavoine, L. Bergström, Nanocellulose-based foams and aerogels: processing,
properties, and applications, J. Mater. Chem. A 5 (2017) 16105–16117.

[43] H. Valo, S. Arola, P. Laaksonen, M. Torkkeli, L. Peltonen, M. Linder, R. Serimaa,
S. Kuga, J. Hirvonen, T. Laaksonen, Drug release from nanoparticles embedded in
four different nanofibrillar cellulose aerogels, Eur. J. Pharm. Sci. 50 (2013) 69–77.

[44] J. Zhao, C. Lu, X. He, X. Zhang, W. Zhang, X. Zhang, Polyethylenimine-grafted
cellulose nanofibril aerogels as versatile vehicles for drug delivery, ACS Appl.
Mater. Interfaces 7 (2015) 2607–2615.

[45] I. Karadagli, B. Schulz, M. Schestakow, B. Milow, T. Gries, L. Ratke, Production of
porous cellulose aerogel fibers by an extrusion process, J. Supercrit. Fluids 106
(2015) 105–114.

[46] J. Praglowska, M. Piatkowski, L. Janus, D. Bogdal, D. Matysek, Biodegradable, pH-
responsive chitosan aerogels for biomedical applications, RSC Adv. 7 (2017)
32960–32965.

[47] N. Dang, T. Chau, H. Duong, H. Le, T. Tran, T. Le, T. Vu, C. Nguyen, L. Nguyen,
T. Nguyen, Water-soluble chitosan-derived sustainable materials: towards fila-
ments, aerogels, microspheres, and plastics, Soft Matter 13 (2017) 7292–7299.

[48] A. Alhwaige, T. Agag, H. Ishida, S. Qutubuddin, Biobased chitosan hybrid aerogels
with superior adsorption: role of graphene oxide in CO2 capture, RSC Adv. 3
(2013) 16011–16020.

[49] R. Wang, D. Shou, O. Lv, Y. Kong, L. Deng, J. Shen, pH-controlled drug delivery
with hybrid aerogel of chitosan, carboxymethyl cellulose and graphene oxide as
the carrier, Int. J. Biol. Macromol. 103 (2017) 248–253.

[50] R. Liu, R. Priestley, Rational design and fabrication of core–shell nanoparticles
through a one-step/pot strategy, J. Mater. Chem. A 4 (2016) 6680–6692.

[51] A. Bhattacharyya, D. Mukherjee, R. Mishra, P. Kundu, Preparation of poly-
urethane–alginate/chitosan core/shell nanoparticles for the purpose of oral insulin
delivery, Eur. Polym. J. 92 (2017) 294–313.

[52] P. Mukhopadhyay, S. Chakraborty, S. Bhattacharya, R. Mishra, P. Kundu, pH-
sensitive chitosan/alginate core/shell nanoparticles for efficient and safe oral in-
sulin delivery, Int. J. Biol. Macromol. 72 (2015) 640–648.

[53] J. Li, J. Zeng, X. Jia, L. Liu, T. Zhou, P. Liu, pH, temperature and reduction multi-
responsive polymeric microspheres as drug delivery system for anti-tumor drug:
effect of middle hollow layer between pH and reduction dual-responsive cores and
temperature sensitive shells, J. Taiwan Inst. Chem. Eng. 74 (2017) 238–245.

[54] J. Yang, F. Li, M. Li, S. Zhang, J. Liu, C. Liang, Q. Sun, L. Xiong, Fabrication and
characterization of hollow starch nanoparticles by gelation process for drug de-
livery application, Carbohydr. Polym. 173 (2017) 223–232.

[55] D. Deepika, J. PonnanEttiyappan, Synthesis and characterization of microporous
hollow core-shell silica nanoparticles (HCSNs) of tunable thickness for controlled
release of doxorubicin, J. Nanopart. Res. 20 (2018) 187.

[56] Š. Zupančič, S. Sinha-Ray, S. Sinha-Ray, J. Kristl, A. Yarin, Controlled release of
ciprofloxacin from core/shell nanofibers with monolithic or blended Core, Mol.
Pharm. 13 (2016) 1393–1404.

[57] I. Bonadies, L. Maglione, V. Ambrogi, J. Paccez, L. Zerbini, L. Rocha, Electrospun
core/shell nanofibers as designed devices for efficient artemisinin delivery, Eur.
Polym. J. 89 (2017) 211–220.

[58] V. Gonçalves, S. Rodríguez, A. Matias, A. Nunes, I. Nogueira, D. Nunes,
E. Fortunato, A. Alves, M. Cocero, C. Duarte, Development of multicore hybrid
particles for drug delivery through the precipitation of CO2 saturated emulsions,
Int. J. Pharm. 478 (2015) 9–18.

[59] C. Huang, T. Liu, Controlled Au–polymer nanostructures for multiphoton imaging,
prodrug delivery, and chemo–Photothermal therapy platforms, ACS Appl. Mater.
Interfaces 7 (2015) 25259–25269.

[60] S. Hönzke, C. Gerecke, A. Elpelt, N. Zhang, M. Unbehauen, V. Kral, E. Fleige,

T.A. Esquivel-Castro et al. Materials Science & Engineering C 96 (2019) 915–940

939

http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0005
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0005
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0010
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0010
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0010
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0015
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0015
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0015
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0020
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0020
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0025
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0025
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0025
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0030
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0030
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0035
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0035
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0035
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0035
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0040
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0040
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0045
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0045
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0050
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0050
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0050
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0055
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0055
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0055
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0060
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0060
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0060
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0065
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0070
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0070
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0070
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0075
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0075
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0080
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0080
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0080
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0085
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0085
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0090
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0090
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0090
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0095
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0095
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0095
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0100
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0100
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0100
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0105
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0105
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0105
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0110
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0110
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0115
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0115
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0115
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0120
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0120
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0120
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0125
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0125
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0125
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0130
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0130
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0130
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0135
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0135
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0135
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0135
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0140
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0140
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0140
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0140
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0145
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0145
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0145
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0150
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0150
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0150
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0155
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0155
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0155
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0160
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0160
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0165
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0165
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0165
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0170
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0170
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0175
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0175
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0180
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0180
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0180
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0180
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0185
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0185
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0185
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0190
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0190
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0190
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0190
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0195
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0195
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0200
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0200
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0200
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0205
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0205
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0205
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0210
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0210
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0215
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0215
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0215
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0220
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0220
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0220
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0225
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0225
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0225
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0230
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0230
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0230
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0235
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0235
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0235
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0240
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0240
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0240
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0245
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0245
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0245
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0250
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0250
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0255
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0255
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0255
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0260
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0260
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0260
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0265
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0265
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0265
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0265
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0270
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0270
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0270
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf3024
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf3024
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf3024
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0280
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0280
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0280
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0285
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0285
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0285
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0290
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0290
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0290
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0290
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0295
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0295
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0295
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0300


F. Paulus, R. Haag, M. Schäfer-Korting, B. Kleuser, S. Hedtrich, Tailored dendritic
core-multishell nanocarriers for efficient dermal drug delivery: a systematic top-
down approach from synthesis to preclinical testing, J. Control. Release 242
(2016) 50–63.

[61] K. Yamamoto, A. Klossek, R. Flesch, T. Ohigashi, E. Fleige, F. Rancan, J. Frombach,
A. Vogt, U. Blume-Peytavi, P. Schrade, S. Bachmann, R. Haag, S. Hedtrich,
M. Schäfer-Korting, N. Kosugi, E. Rühl, Core-multishell nanocarriers: transport and
release of dexamethasone probed by soft X-ray spectromicroscopy, J. Control.
Release 242 (2016) 64–70.

[62] R. Agarwal, M. Domowicz, N. Schwartz, J. Henry, I. Medintz, J. Delehanty,
M. Stewart, K. Susumu, A. Huston, J. Deschamps, P. Dawson, V. Palomo,
G. Dawson, Delivery and tracking of quantum dot peptide bioconjugates in an
intact developing avian brain, ACS Chem. Neurosci. 6 (2015) 494–504.

[63] W. Liu, Y. Zhao, C. Zeng, C. Wang, C. Serra, L. Zhang, Microfluidic preparation of
yolk/shell ZIF-8/alginate hybrid microcapsules from Pickering emulsion, Chem.
Eng. J. 307 (2017) 408–417.

[64] L. Dai, Q. Zhang, H. Gu, K. Cai, Facile synthesis of yolk–shell silica nanoparticles
for targeted tumor therapy, J. Mater. Chem. B 3 (2015) 8303–8313.

[65] L. Cheng, W. Ruan, B. Zou, Y. Liu, Y. Wang, Chemical template-assisted synthesis
of monodisperse rattle-type Fe3O4@C hollow microspheres as drug carrier, Acta
Biomater. 58 (2017) 432–441.

[66] Y. Zhou, J. Ding, T. Liang, E. Abdel-Halim, L. Jiang, J. Zhu, FITC doped rattle-type
silica colloidal particle-based ratiometric fluorescent sensor for biosensing and
imaging of superoxide anion, ACS Appl. Mater. Interfaces 8 (2016) 6423–6430.

[67] Y. Chen, H. Chen, D. Zeng, Y. Tian, F. Chen, J. Feng, J. Shi, Core/Shell structured
hollow mesoporous nanocapsules: a potential platform for simultaneous cell
imaging and anticancer drug delivery, ACS Nano (10) (2010) 6001–6013.

[68] L. Sun, T. Liu, H. Li, L. Yang, L. Meng, Q. Lu, J. Long, Fluorescent and cross-linked
organic–inorganic hybrid nanoshells for monitoring drug delivery, ACS Appl.
Mater. Interfaces (8) (2015) 4990–4997.

[69] L. Xia, X. Li, F. Zhu, S. Hu, L. Huang, Luminescent and magnetic α-Fe2O3@
Y2O3:Eu3+ bifunctional hollow microspheres for drug delivery, J. Phys. Chem. C
(37) (2017) 20279–20286.

[70] X. Huang, X. Zheng, Z. Xu, C. Yi, ZnO-based nanocarriers for drug delivery ap-
plication: from passive to smart strategies, Int. J. Pharm. 534 (2017) 190–194.

[71] M. Wang, B. Hu, H. Ji, Y. Song, J. Liu, D. Peng, L. He, Z. Zhang, Aptasensor based
on hierarchical core/shell nanocomposites of zirconium hexacyanoferrate nano-
particles and mesoporous mFe3O4@mC: electrochemical quantitation of epithelial
tumor marker Mucin-1, ACS Omega (10) (2017) 6809–6818.

[72] Y. Li, N. Li, W. Pan, Z. Yu, L. Yang, B. Tang, Hollow mesoporous silica nano-
particles with tunable structures for controlled drug delivery, ACS Appl. Mater.
Interfaces 9 (2017) 2123–2129.

[73] A. Mohamed, A. Khan, M. Abbas, J. Puzon, G. Badr, M. Al-Hoshan, S. Yin, T. Sato,
Synthesis of double mesoporous core/shell silica spheres with tunable core por-
osity and their drug release and cancer cell apoptosis properties, J. Colloid
Interface Sci. 378 (2012) 83–92.

[74] C. Argyo, V. Weiss, C. Bräuchle, T. Bein, Multifunctional mesoporous silica na-
noparticles as a universal platform for drug delivery, Chem. Mater. 26 (2014)
435–451.

[75] M. Niu, C. Pham-Huy, H. He, Core/shell nanoparticles coated with molecularly
imprinted polymers: a review, Microchim. Acta 183 (2016) 2677–2695.

[76] T. Shiomi, M. Matsui, F. Mizukami, K. Sakaguchi, A method for the molecular
imprinting of hemoglobin on silica surfaces using silanes, Biomaterials 26 (2005)
5564–5571.

[77] G. Crozals, R. Bonnet, C. Farre, C. Chaix, Nanoparticles with multiple properties
for biomedical applications: a strategic guide, Nano Today 11 (2016) 435–463.

[78] C. Wu, X. Sun, Z. Zhao, Y. Zhao, Y. Hao, Y. Liu, Y. Gao, Synthesis of novel core/
shell structured dual-mesoporous silica nanospheres and their application for en-
hancing the dissolution rate of poorly water-soluble drugs, Mater. Sci. Eng. C 44
(2014) 262–267.

[79] W. Jiang, C. Wu, R. Zhang, General assembly of organic molecules in core-shell
mesoporous silica nanoparticles, Mater. Lett. 77 (2012) 100–102.

[80] N. An, H. Lin, C. Yang, T. Zhang, R. Tong, Y. Chen, F. Qu, Gated magnetic me-
soporous silica nanoparticles for intracellular enzyme-triggered drug delivery,
Mater. Sci. Eng. C 69 (2016) 292–300.

[81] J. An, J. Zhao, G. Liu, T. Cheng, Fluorescence-marked mesoporous silica core/shell
nanocatalyst for asymmetric transfer hydrogenation, Sensors Actuators B Chem.
224 (2016) 333–337.

[82] Y. Guo, Q. Fang, H. Li, W. Shi, J. Zhang, J. Feng, W. Jia, L. Yang, Hollow silica
nanospheres coated with insoluble calcium salts for pH-responsive sustained re-
lease of anticancer drugs, Chem. Commun. 52 (2016) 10652–10655.

[83] X. Liu, Z. Jiao, T. Song, M. Wu, H. Zhang, Surfactant-assisted selective etching
strategy for generation of rattle-like mesoporous silica nanoparticles, J. Colloid
Interface Sci. 490 (2017) 497–504.

[84] S. Wang, M. Zhang, W. Zhang, Yolk-shell catalyst of single Au nanoparticle en-
capsulated within hollow mesoporous silica microspheres, ACS Catal. 1 (2011)
207–211.

[85] X. Fang, C. Chen, Z. Liu, P. Liu, N. Zheng, A cationic surfactant assisted selective
etching strategy to hollow mesoporous silica spheres, Nanoscale 3 (2011)
1632–1639.

[86] K. Watanabe, D. Nagao, H. Ishii, M. Konno, Rattle-type colloidal crystals composed
of spherical hollow particles containing an anisotropic, movable core, Langmuir
31 (2015) 5306–5310.

[87] L. Jin, Q. Huang, H. Zeng, J. Du, S. Xu, C. Chen, Hydrotalcite-gated hollow me-
soporous silica delivery system for controlled drug release, Microporous
Mesoporous Mater. 274 (2019) 304–312.

[88] D. Zůza, M. Šoltys, J. Mužík, D. Lizoňová, M. Lhotka, P. Ulbrich, O. Kašpar,
F. Štěpánek, Silica particles with three levels of porosity for efficient melt amor-
phization of drugs, Microporous Mesoporous Mater. 274 (2019) 61–69.

[89] L. Xiao, L. Huang, F. Moingeon, M. Gauthier, G. Yang, pH-responsive poly(ethy-
lene glycol)-block-polylactide micelles for tumor-targeted drug delivery,
Biomacromolecules 18 (2017) 2711–2722.

[90] W. Huang, C. Tsui, C. Tang, M. Yang, L. Gu, Surface charge switchable and pH-
responsive chitosan/polymer core/shell composite nanoparticles for drug delivery
application, Compos. Part B 121 (2017) 83–91.

[91] W. Zeng, Z. Liu, Y. Li, S. Zhub, J. Maa, W. Li, G. Gao, Development and char-
acterization of cores/shell poly(lactide‑co‑glycolide)-chitosan microparticles for
sustained release of GDNF, Colloids Surf. B: Biointerfaces 159 (2017) 791–799.

[92] L. Yong, D. Hai, W. Kang, S. Dong, Z. Xian, Z. Ren, Stimulus-responsive polymeric
nanoparticles for biomedical applications, Sci. China Chem. 53 (2010) 447–457.

[93] Y. Luo, L. Fan, F. Xu, Y. Chen, C. Zhang, Q. Wei, Synthesis and characterization of
Fe3O4/PPy/P(MAA‑co‑AAm) trilayered composite microspheres with electric,
magnetic and pH response characteristics, Mater. Chem. Phys. 120 (2010)
590–597.

[94] J. Chen, Y. Cui, X. Xu, L. Wang, Direct and effective preparation of core-shell PCL/
PEG nanoparticles based on shell insertion strategy by using coaxial electrospray,
Colloids Surf. A Physicochem. Eng. Asp. 547 (2018) 1–7.

[95] T. Shams, U. Illangakoon, M. Parhizkar, A. Harker, S. Edirisinghe, M. Orlu,
M. Edirisinghe, Electrosprayed microparticles for intestinal delivery of pre-
dnisolone, J. R. Soc. Interface 15 (2018) 20180491.

[96] M. Parhizkar, P. Reardon, J. Knowles, R. Browning, E. Stride, B. Pedley, A. Harker,
M. Edirisinghe, Electrohydrodynamic encapsulation of cisplatin in poly (lac-
tic‑co‑glycolic acid) nanoparticles for controlled drug delivery, Nanomedicine:
NBM 12 (2016) 1919–1929.

[97] T. Shams, M. Parhizkar, U. Illangakoon, M. Orlu, M. Edirisinghe, Core/shell mi-
croencapsulation of indomethacin/paracetamol by co-axial electrohydrodynamic
atomization, Mater. Des. 136 (2017) 204–213.

[98] Y. Zhang, T. Shams, A. Harker, M. Parhizkar, M. Edirisinghe, Effect of copolymer
composition on particle morphology and release behaviour in vitro using pro-
gesterone, Mater. Des. 159 (2018) 57–67.

[99] P. Reardon, M. Parhizkar, A. Harker, R. Browning, V. Vassileva, E. Stride,
B. Pedley, M. Edirisinghe, J. Knowles, Electrohydrodynamic fabrication of core-
shell PLGA nanoparticles with controlled release of cisplatin for enhanced cancer
treatment, Int. J. Nanomedicine 12 (2017) 3913–3926.

[100] H. Xiang, L. Zhang, Z. Wang, X. Yu, Y. Long, X. Zhang, N. Zhao, J. Xu,
Multifunctional polymethylsilsesquioxane (PMSQ) surfaces prepared by electro-
spinning at the sol-gel transition: superhydrophobicity, excellent solvent re-
sistance, thermal stability and enhanced sound absorption property, J. Colloid
Interface Sci. 359 (2011) 296–303.

[101] M.-W. Chang, E. Stride, M. Edirisinghe, Controlling the thickness of hollow
polymeric microspheres prepared by electrohydrodynamic atomization, J. R. Soc.
Interface 7 (2010) S451–S460.

[102] M.-W. Chang, E. Stride, M. Edirisinghe, A new method for the preparation of
monoporous hollow microspheres, Langmuir 26 (2010) 5115–5121.

[103] A. Sood, V. Arora, J. Shah, R. Kotnala, T. Jain, Multifunctional gold coated iron
oxide core/shell nanoparticles stabilized using thiolated sodium alginate for bio-
medical applications, Mater. Sci. Eng. C 80 (2017) 274–281.

[104] A. Shanavas, S. Sasidharan, D. Bahadur, R. Srivastava, Magnetic core-shell hybrid
nanoparticles for receptor targeted anti-cancer therapy and magnetic resonance
imaging, J. Colloid Interface Sci. 486 (2017) 112–120.

[105] L. Hu, C. Sun, A. Song, D. Chang, X. Zheng, Y. Gao, T. Jiang, S. Wang, Alginate
encapsulated mesoporous silica nanospheres as a sustained drug delivery system
for the poorly water-soluble drug indomethacin, Asian J. Pharm. Sci. 9 (2014)
183–190.

[106] W. Feng, W. Nie, C. He, X. Zhou, L. Chen, K. Qiu, W. Wang, Z. Yin, Effect of pH-
responsive alginate/chitosan multilayers coating on delivery efficiency, cellular
uptake and biodistribution of mesoporous silica nanoparticles based Nanocarriers,
ACS Appl. Mater. Interfaces 6 (2014) 8447–8460.

[107] B. Wang, H. Zheng, M. Chang, Z. Ahmad, J. Li, Hollow polycaprolactone com-
posite fibers for controlled magnetic responsive antifungal drug release, Colloids
Surf. B: Biointerfaces 145 (2016) 757–767.

[108] P. Heseltine, J. Ahmed, M. Edirisinghe, Developments in pressurized gyration for
the mass production of polymeric fibers, Macromol. Mater. Eng. 303 (2018)
1800218.

[109] V. Prasath, R. Kulandaivelu, S. Narayanan, New core-shell hydroxyapatite/gum-
acacia nanocomposites for drug delivery and tissue engineering applications,
Mater. Sci. Eng. C 92 (2018) 685–693.

[110] L. Han, Y. Hao, X. Wei, X. Chen, Y. Shu, J. Wang, Hollow copper sulfide nano-
sphere-doxorubicin/graphene oxide core-shell nanocomposite for photothermo-
chemotherapy, ACS Biomater. Sci. Eng. 3 (2017) 3230–3235.

T.A. Esquivel-Castro et al. Materials Science & Engineering C 96 (2019) 915–940

940

http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0300
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0300
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0300
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0300
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0305
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0305
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0305
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0305
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0305
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0310
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0310
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0310
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0310
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0315
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0315
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0315
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0320
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0320
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0325
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0325
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0325
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0330
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0330
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0330
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0335
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0335
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0335
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0340
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0340
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0340
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0345
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0345
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0345
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0350
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0350
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0355
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0355
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0355
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0355
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0360
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0360
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0360
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0365
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0365
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0365
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0365
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0370
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0370
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0370
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0375
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0375
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0380
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0380
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0380
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0385
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0385
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0390
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0390
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0390
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0390
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0395
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0395
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0400
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0400
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0400
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0405
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0405
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0405
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0410
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0410
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0410
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0415
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0415
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0415
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0420
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0420
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0420
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0425
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0425
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0425
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0430
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0430
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0430
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0435
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0435
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0435
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0440
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0440
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0440
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0445
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0445
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0445
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0450
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0450
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0450
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0455
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0455
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0455
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0460
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0460
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0465
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0465
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0465
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0465
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0470
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0470
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0470
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0475
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0475
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0475
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0480
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0480
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0480
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0480
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0485
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0485
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0485
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0490
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0490
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0490
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0495
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0495
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0495
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0495
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0500
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0500
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0500
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0500
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0500
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0505
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0505
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0505
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0510
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0510
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0515
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0515
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0515
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0520
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0520
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0520
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0525
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0525
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0525
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0525
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0530
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0530
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0530
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0530
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0535
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0535
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0535
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0540
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0540
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0540
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0545
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0545
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0545
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0550
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0550
http://refhub.elsevier.com/S0928-4931(18)30742-2/rf0550

	Porous aerogel and core/shell nanoparticles for controlled drug delivery: A review
	Introduction
	Relevance of porous nanomaterials for controlled drug delivery
	A general overview of aerogel systems
	Aerogels for drug delivery
	SiO2 aerogels
	Dy2O3 aerogels
	Polysaccharide aerogels
	Starch
	Alginate
	Cellulose
	Chitosan

	Core/shell nanoparticles
	Inorganic/inorganic core/shell nanoparticles
	Organic/organic core/shell nanoparticles
	Inorganic/organic and organic/inorganic (hybrid) core/shell nanoparticles


	Concluding remarks
	Acknowledgements
	References




