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• We investigated two encapsulation
techniques as safer by molecular
design approach.

• Silica coated TiO2 andAgnanophases
were produced and characterized.

• Nanomatrices and core–shell
nanocapsules structures were
identified.

• The feasibility of a cost-effective col-
loidal approach was demonstrated.
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a b s t r a c t

Designing safer materials is one of the main challenges in the world of nanotechnology because of the
potential risks arising from nanomaterial production, use and disposal. In this work, two nanoencapsula-
tion techniques are investigated and proposed as a ‘‘safer by (molecular) design’’ strategy for controlling
and harmonizing the biological reactivity of silver and TiO2 nanoparticles. SiO2 coatings were applied to
silver and TiO2 nanoparticles and the feasibility of two different encapsulation techniques, a colloidal ap-
proach and chemical synthesis nucleation, were compared. Nanomatrices and core–shell nanocapsules
were obtained and thoroughly characterized in terms of their wet physicochemical features (particle size
distribution and ζ -potential measurements) and TEMmorphology. The colloidal andmorphological iden-
tification of the samples produced served as a basis for assessing their biological reactivity (reported in
subsequent publications).

© 2016 Published by Elsevier B.V.

1. Introduction

Nanotechnology is an evolving interdisciplinary area expected
to have far-reaching implications in all fields of science and tech-
nology, including material science, mechanics, electronics, optics,
medicine, energy, aerospace, plastics and textiles. According to
the long-term vision that inspired the creation of the US National
Nanotechnology Initiative (NNI) early in the present century, nan-
otechnology will develop in two fundamental phases [1]:

• a first, essentially science-centric phase addressing the de-
velopment of passive nanostructure, the discovery of new
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nanoscale properties, and the improvement of existing prod-
ucts by incorporating simple nanostructures;

• a second phase focusing on the development of complex
nanosystems by designing and building nanoscale systems
and properly engineering their surface to match functionality,
safety, and system integration criteria.

The design of safer materials and green manufacturing methods,
taking a ‘‘safer by design (SbyD)’’ approach, is currently one of
the main challenges in the world of nanotechnology because of
the potential risks arising from nanomaterial production, use and
disposal [2,3], since this approach can prevent risks rather than
address them when they occur. The development of encapsulated
structures that preserve or improve the functionality of the active
phase by limiting any adverse health impact goes in this direction
and represents the most promising way to harmonize and control
nanoscale reactivity.
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Fig. 1. Schematic representation of: (a) nanomatrices; and (b) core–shell
nanocapsules.

Nano-silver (Ag) and nano-titanium dioxide (TiO2) are among
thematerials most investigated for their technological importance
and consequent interest in terms of their environment, health and
safety (EHS) issues. Of all nanomaterials, nano-TiO2 is the one pro-
duced in largest quantities [4]. The commercial use of nano-TiO2 as
a photocatalyst iswidespread in the areas of:water purification [5],
air purification [6], sterilization/disinfection [7], and systems in-
volving applications of the recently-reported superhydrophilic ef-
fect [8]. Nano-TiO2 is also amply exploited in the clean energy
field [9]. For example, acceptable energy conversion efficiencies
for dye-sensitized solar cells can only be achieved with nanos-
tructured semiconductors, and nanostructured titania in particu-
lar. Several publications have shown that the particle size, shape,
crystallinity, surface morphology and chemistry of the TiO2 mate-
rial are key parameters to control for an optimized solar cell per-
formance [10–13]. Silver materials have been used in many ways
ever since ancient times, in applications such as pigments, pho-
tographics, wound treatments, conductive/antistatic composites,
catalysts, and as a biocide [14,15]. Colloidal nano-Ag has been com-
mercialized for health and medical purposes since the early 20th
century and is now marketed as a dietary supplement and cure-
all alternative medicine [16]. Improved capabilities in nanoscience
and nanoparticle synthesis and engineering justify a new (or re-
newed) interest in the antimicrobial applications of Ag nanoparti-
cles (NPs), which has led to an estimated 320 tons of them being
produced and used worldwide every year [17].

Various techniques can be usefully exploited to create encap-
sulated structures (i.e. with one substance trapped inside another)
and thereby produce particles with diameters in the range of a few
nm to a fewmm. The techniques involved give rise to twomain en-
capsulated structures: nanomatrices and core–shell nanocapsules
(Fig. 1). The core–shell structure (Fig. 1(b)) comprises a shell sur-
rounding the active agent, while the latter is dispersed through-
out a carrier material in the matrix type of solution (Fig. 1(a)). The
resulting coated NPs are engineered so as to facilitate their pro-
cessing (e.g. to reduce or control their state of agglomeration) and
to enhance their performance by making them compatible with
solid or liquid host matrices [18]. Many papers [19–27] demon-
strate that the core–shell structure enhances the NPs’ thermal and
chemical stability, improves their solubility, makes them less cyto-
toxic, and enables them to be conjugatedwith othermolecules. The
advantages of thematrix encapsulation structure (Fig. 1(a)), on the
other hand, include the NPs’ protection against internal incompat-
ibilities and external influences, their improved stability in stor-
age, and specific ‘‘controlled-release’’ and ‘‘slow-release’’ mecha-
nisms, as reported in several publications [28–31]. The recent huge
interest in encapsulated structures comes from the medical field,
and relates to advances in the development of drug delivery sys-
tems [32–34]. For use in such applications, nanocarriers must be
designed so that they can transport the medication safely to the
site of disease, overcoming biological barriers within the body.
Nanocontainer systems for use as drug carriers have to satisfy par-
ticular requirements such as low toxicity, high loading efficiency,
and sustained release [35–39].

Judging from an analysis of the literature on the interactions
at the NP-biological interface [40–43], the nano–bio interface is

clearly not in a steady state. It changes continuously as a result
of NPs interacting with proteins, membranes, cells, DNA, and or-
ganelles, due to colloidal forces aswell as specific biophysicochem-
ical interactions. Coating NPs with protective shells (e.g. biocom-
patible polymers or inorganic SiO2) is an effective way to prevent
them from dissolving and releasing of toxic ions, while also pro-
viding a physical barrier against biologically nonspecific events.
Preventing biologically nonspecific events seems to be a key goal
for the purpose of reducing adverse biological responses such as
acute toxicity. Applying a surface coating and thereby controlling
the nano–bio interactions is therefore an efficient way to prevent
nonspecific biomolecule adsorption events and hinder any direct
interaction with the cell membrane. Based on these concepts, a sil-
ica coating can harmonize the NP surfaces and thus reduce their
hazardous potential. SiO2 has been selected for this purpose be-
cause it is considered an inert material and has been thoroughly
studied in terms of its biocompatibility [44], low toxicity [45], and
suitability for use as a chemically inert coating [46] with a nanos-
tructured mesoporous structure [47].

In this work, a SiO2 coating was applied to silver and TiO2
colloidal nanosuspensions (nanosols) and the feasibility of two
different encapsulation techniques—a colloidal approach (hete-
rocoagulation) [48], and chemical synthesis nucleation (Stöber
method) [49]—was assessed by comparing the results of wet
physicochemical andmorphological characterizations of the struc-
tures obtained. The two methods were developed as SbyD strate-
gies for the purpose of controlling the potential risks of nanomate-
rials.

2. Experimental

2.1. Materials

TiO2 (NAMA41, 6 wt%) and silver (NAMA39, 4 wt%) nanosols
were purchased from Colorobbia Italia and silica (SiO2) nanosol
(LUDOX HS-40, 40 wt%) from Grace Davison. The following
analytical-grade reagents were used: tetraethyl orthosilicate TEOS
(as a precursor of silicon) and ethanol from Sigma-Aldrich, and
ammonium hydroxide (NH4OH) solution at 30 wt% from Carlo
Erba. Dowex R⃝ 55X8 cationic exchange resin was purchased from
Sigma-Aldrich.

2.2. Methods

2.2.1. Colloidal approach
The commercial nanosols were diluted with water (TiO2 and

SiO2 to 3 wt% and Ag sol to 2 wt%) and the SiO2 was acidified by
cationic exchange on resin until a pH of 4was obtained. After these
treatments, the titania or silver nanosols and silica were mixed in
well-defined ratios and ball milled for 24 h using alumina balls as
milling media. Weight ratios of 1:3 and 1:1 were investigated for
TiO2:SiO2 andAg:SiO2, respectively. The samples obtainedwith the
colloidal approach, heterocoagulated TiO2:SiO2 and Ag:SiO2, were
named TS3_HC and AgS1_HC, respectively.

2.2.2. Chemical synthesis
SiO2-coated NPs were also prepared by diluting TiO2 and Ag

commercial nanosols in water/ethanol (EtOH), and adding TEOS
in well-defined amounts in a basic environment (ammonium hy-
droxide) according to the Stöber method, with some modifica-
tions [50]. The reaction was stirred magnetically for 24 h at room
temperature. Then the reaction systems were washed three times
with ethanol, and several times with deionized water to achieve a
neutral pH. The samples produced by chemical synthesis were in
weight ratios of 1:3 and 1:1 for TiO2:SiO2 andAg:SiO2, respectively,
and were named TS3_CS and AgS1_CS.
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