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Abstract

Purpose Hybrid nanoparticles are an interesting type of particles currently employed in nanomedicine. They can combine
the therapeutic and diagnostic functions of their components into one single nanosystem and therefore, can be tweaked
according to their applications and desired results. The purpose of this work is to develop an easily tuned nano-system of
bovine serum albumin-silica hybrid nanoparticles.

Methods BSA nanoparticles were prepared by nanoprecipitation process using water as the solvent phase and ethanol as
the non-solvent. Silica was produced through a sol-gel process and deposited inside the BSA nanoparticles via template
deposition. The effect of initial concentrations of raw materials on the structure and colloidal properties of the system was
evaluated using FTIR, TGA, TEM, and zeta potential measurements.

Results A hybrid structure of BSA-silica was obtained. The results suggest that the particles size, isoelectric point and silica
content of the hybrid nanoparticles can be easily tuned by controlling adequately the concentration of TEOS and ammonia.
Conclusion Our method can be considered as a novel approach for hybrid nanoparticle synthesis. To our knowledge, we
report for the first time the synthesis of silica-BSA hybrid particles with a non-core—shell structure. In addition, we proved
that that the particles size, isoelectric point and silica content of the hybrid nanoparticles can be easily tuned by controlling
adequately the concentration of TEOS and ammonia.

Keywords BSA - Silica - Hybrid nanoparticles - Characterization

1 Introduction

The preparation of nanoparticles is a research field which
had a high technological development and commercial inter-
est during the last decades due to the production of materi-
als with unique properties that have been widely employed.
Particularly, in the biomedical and pharmaceutical domains,
the preparation of nanoparticles has received considerable
attention owing to their capacity of interacting intimately
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with biological structures [1]. Thereby, nanoparticles have
been used as delivery systems (drugs, genes, proteins) [2—4],
therapeutic agents (photothermal therapy, magnetic hyper-
thermia therapy, photodynamic therapy) [5—7] and imaging
agents (magnetic resonance imaging, fluorescent imaging)
[8, 9], exhibiting good results under biological conditions.
Nanoparticles can be synthesized from different materials
such as polymers, metals, oxides, chalcogenides. In other
cases, hybrid nanoparticles can be made with more than one
base material [10-13]. Some hybrid nanoparticles combine
synergistically the therapeutic and diagnostic functions of
their components into a single nanosystem, improving the
efficiency of diseases treatment. In addition, the presence of
different materials in a single system allows the interaction
between them and may lead to changes in properties such as
colloidal stability, chemical stability, biodegradability, car-
rying capacity, toxicity. Hybrid nanoparticles represent a
promising strategy for the detection and treatment of cancer
and other diseases [14-17].



Silica (SiOz2) nanoparticles have many valuable proper-
ties that make them a promising platform for nanomedicine
development, becoming one of the most important materials
in nanotechnology [18, 19]. They show an extensive surface
area, biocompatibility, high chemical and colloidal stabil-
ity, low-cost material, easy surface functionalization, optical
transparency, and easy diffusion through the whole body.
Moreover, size, shape, porosity and surface charge of silica
nanoparticles are easily controlled. Further, silica coating on
the surface of other nanoparticles is a common process of
surface modification of nanoparticles [20-22].

Template deposition of silica into organic nanoparticles is
a synthesis method used currently for controlling the poros-
ity, size and shape of silica nanoparticles and hollow silica
nanoparticles [23]. Also, it allows producing silica-organic
hybrid nanoparticles (with a good control over the silica-
organic material ratio) which have been received special
attention due to their possible applications in the biomedi-
cal field [24-29]

On the other hand, bovine serum albumin (BSA) also rep-
resents a promising material when it comes to nanoparticle
preparation for drug delivery. It is a natural protein that is
readily available and relatively cheap to obtain. It is bio-
compatible, biodegradable, and does not produce undesired
degradation products. The natural role of BSA is to work as
transporter for various molecules in the blood. This function
gives BSA the ability to bind to a wide range of molecules
and therefore can serve as an excellent drug carrier. BSA-
based nanoparticles were prepared, studied previously and
proven to be a good carrier for a wide range of drugs and
biomolecules [30, 31]. In addition, the lack of toxicity of
BSA can also represent a great value to the obtained nano-
particles [32].

Several works can be found about nanomaterials pro-
duction with BSA (or protein in general) and silica being
the two main components [33, 34]. The presence of protein
in the formulations can make silica particles less harmless
and not taken up by macrophages [19]. In another study,
it was suggested that BSA coating of silica nanoparticles
may reduce their damage to biological cells and reduce their
uptake by the immune system. BSA coated particles needed
more time for membrane disruption than uncoated silica
particles and therefore decrease the membrane damage by
protein adsorption [35]. Furthermore, human serum albumin
(HSA) coating of silica nanoparticles in a bilayer system
consisting of HSA and poly(acrylic acid-co-itaconic acid)
allowed a pH-responsive gemcitabine release and improved
cytotoxicity in mouse fibroblast cells after 24 h of incuba-
tion [36]. Furthermore, it was reported the preparation silica
nanoparticles in presence of BSA and polyethylenimine, in
which BSA improved the size distribution of the obtained
nanoparticles, however, the procedure did not involve the
deposition of silica into BSA particles [37].

In this work, BSA-silica hybrid nanoparticles were syn-
thesized through the deposition of silica into BSA nanopar-
ticles. To our knowledge, no previous work was done on the
matter since the formulation obtained was not a core—shell
structure, instead, interpenetrated networks of the compo-
nents. Moreover, the influence of TEOS and ammonia con-
centration on the particle properties were evaluated. This
formulation can lead to a promising drug delivery system
for in vivo administration.

2 Experimental

2.1 Materials and Reagents

Bovine serum albumin (BSA, 96%) was obtained from
Sigma-Aldrich. Polyvinylpyrrolidone (PVP) and tetraethyl
orthosilicate (TEOS) were purchased from Fluka. Glu-
taraldehyde (25%), ethanol (96%) and ammonia solutions
(NH40H, 25%) were purchased from VWR Prolabo and
used as received.

2.2 BSA Nanoparticles (BSA-NP)

An aqueous BSA solution was prepared at a concentration
of 20 mg/ml. BSA nanoparticles were obtained by adding
ethanol to the BSA solution with a solvent/non-solvent ratio
of 1/2 under magnetic stirring at room temperature. Upon
ethanol addition, glutaraldehyde (8 wt% respect to BSA)
was added as crosslinker and kept under magnetic stirring
for 10 min. Ethanol was then removed by rotary evaporation
(30-C, 100 rpm) and the BSA nanoparticles dispersed in
water were recovered.

2.3 Preparation of BSA-Silica Hybrid Nanoparticles
(BS)

A mass of 0.2 g of PVP was dissolved in 4 ml of BSA-NP
aqueous suspension (2% w/v) and kept under magnetic agi-
tation for 3 h. Then, ammonia (NH4OH) was added to the
suspension. Afterwards, a solution of TEOS in ethanol (25%
v/v) was added to the suspension and kept under magnetic
agitation overnight. Hybrid nanoparticles were separated
from the solution by centrifugation and redispersed in water
by ultrasonication. This procedure was repeated five times
for ensuring the removal of unreacted material. Different
samples of BSA-silica hybrid nanoparticles were prepared
by varying the quantity of ammonia and TEOS used in the
preparation according to Table 1. The influence of ammonia
and TEOS concentration on the physicochemical properties
of the obtained nanoparticles were evaluated.



Table 1 Quantities of ammonia and TEOS solutions used for prepar-
ing the samples

Sample NH4OH (uL) TEOS solu-
tion (25% vlv,
uL)

BS1 280 160

BS2 280 320

BS3 280 480

BS4 160 480

BS5 400 480

2.4 Samples Characterization

FTIR analyses were performed by FTIR spectrophotometer
Nicolet iS50 FTIR (Thermo Scientific) in the ATR mode.
Nanoparticles suspension was dropped onto the ATR crystal
and left to dry prior to analysis. The spectra were scanned
over the range 4000-500 cm-1.

The surface charge of the nanoparticles was determined
by measurements of zeta potential using Zetasizer Nano ZS
equipment. Zeta potential was measured as a function of
pH in the range 2.5-9.5 at room temperature. Nanoparti-
cles were dispersed in 5 mmol I-1 NaCl aqueous solution.
Zeta potential was measured by taking an average of three
measures.

Thermogravimetry Analysis (TGA) of dried samples was
performed by TG 209 F1 ASC (Netzsch) equipment from
25 °C up to 1000 °C at a heating rate of 10 °C/min under a
nitrogen flow rate of 20 ml/min.

Transmission electron microscopy (TEM) images were
obtained with a Phillips CM120 electron microscope
(Claude Bernard University—Lyonl, CTy, Lyon, France).
One drop of highly diluted particles suspension was placed
onto a copper grid (mesh 200 and covered with formvar-
carbon) and dried at room temperature before TEM analy-
sis. The analyses were performed with a field emission gun
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operating at 100 kV. The average size and the standard devi-
ation were calculated assuming a lognormal distribution of
the particles size.

3 Results and Discussion

Figure 1 displays the FTIR spectra of the obtained sam-
ples. The BSA-NP spectrum exhibits bands at 1520 and
1645 cm-1, which are assigned to amide 11 and amide |
vibration modes, respectively. These bands are produced by
the presence of peptide bonds in the BSA protein. Bands at
3060 and 3280 cm-1 are related to -NH and -OH stretching
vibrations. Bands at 2960, 2930 and 2870 cm-1 are associ-
ated to -CH stretching [38, 39]. These last bands confirm
the organic nature of the examined material. All the BSA-
silica hybrid nanoparticles (BS samples) present intense
bands at 1060, 950 and 795 cm-1 associated to the asym-
metric stretching vibration of Si—-O-Si, stretching vibration
of Si—OH and symmetric stretching vibration of Si—O-Si,
respectively, which confirms the presence of silica in these
nanoparticles [40, 41]. BS1 and BS4 spectra present bands
attributed to BSA and silica. However, BS2, BS3 and BS5
spectra do not exhibit bands related to BSA. Probably the
concentration of BSA in BS2, BS3 and BS5 samples is so
low that the bands related to BSA are not observable in the
spectra.

TGA curves of BSA-NP, BS1, BS2, BS3, BS4 and
BS5 nanoparticles are shown in Fig. 2. The weight losses
in the range 25-200 °C are assigned to the loss of physi-
cally absorbed water. Above 200 °C, the weight losses are
attributed to the decomposition of organic material, which
is mainly albumin. The curve of the BSA-NP sample shows
an abrupt mass drop near 300 °C and then a continuous
decrease of mass to total calcination, which confirms that
the BSA-NP sample is effectively formed by organic mate-
rial. The BS nanoparticles decreased in mass with increasing
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Fig. 1 FTIR spectra: a samples prepared varying the TEOS concentration: BS1, BS2, BS3 and BSA-NP. b Samples prepared varying the ammo-

nia concentration: BS4, BS3, BS5 and BSA-NP
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Fig. 2 TGA curves: a samples prepared by varying the TEOS concentration: BS1, BS2, BS3 and BSA-NP. b Samples prepared by varying the

ammonia concentration: BS4, BS3, BS5 and BSA-NP

Table 2 Characteristics of BSA nanoparticles (BSA-NP) and hybrid
nanoparticles (BS): medium size, isoelectric point and silica content

Sample Average size (nm) Isoelectric Silica
point content
(%)
BSA-NP 84+10 5.0 0
BS1 134+23 42 58.2
BS2 213+15 4.0 78.0
BS3 219+14 3.8 80.5
BS4 90+13 47 40.0
BS5 251+14 2.0 76.8

temperature due to the calcination of the organic material
(BSA) inside. However, the final mass of the BS samples
was nonzero, since these samples also contain silica, which
does not decompose with increasing temperature. Conse-
quently, the mass remaining after calcination corresponds
to silica [38]. The silica content in BS nanoparticles is listed
in Table 2. The high content of silica in BS2, BS3 and BS5
nanoparticles can also be interpreted as a low content of
BSA, as it was suggested by the FTIR analysis. The TGA
curves of samples BS1 and BS4 exhibited a slightly abrupt
mass drop near 300 °C similar to the behaviour of the BSA-
NP sample. However, the decrease of the mass above 200 °C
in samples BS2, BS3 and BS5 was not abrupt otherwise
continuous. These differences in the TGA curves of the BS
samples were attributed to the silica content. The incorpo-
ration of inorganic material in an organic matrix usually
promotes the thermal stability, that is, it delays the thermal
decomposition process of the organic material which can be
observed in the TGA curve as an increase of the decomposi-
tion temperature and as a less abrupt decrease of the mass
[28, 42, 43]. This effect was observed in the TGA curves
of the BS samples, where the samples with higher silica
content showed a slow and continuous decrease of the mass.

Because TEOS is the source of silica and the presence of
ammonia increases the rate of hydrolysis and condensation
reactions, increasing the concentration of ammonia or TEOS
should increase the amount of generated silica. Thus, more
silica would be available to be incorporated into the albu-
min nanoparticles resulting in hybrid nanoparticles BS with
higher content of silica. The TGA results reveal the increase
in silica content when TEQOS concentration is increased in
the synthesis of BSA-silica hybrid nanoparticles, which
was expected as discussed above. A similar tendency was
expected for the influence of ammonia concentration in
the silica content. BS3 has larger silica content than BS4,
which agrees with the previous assumption that suggests an
increase in the silica content when the ammonia concentra-
tion increases. Although the concentration of ammonia was
greater in BS5 than in BS3 (Table 1), the silica content in
BS5 was lower than in BS3 (Table 2). Despite silica is a
chemically stable material in solutions with low pH and in
neutral solutions, its solubility in alkaline solutions increases
with increasing pH [44, 45].

The BS3 and BS5 nanoparticles were prepared with the
same amount of TEQS, that is, the amount of silica gen-
erated to be incorporated into the nanoparticles would be
equal if the synthetic conditions were similar. However,
the amount of ammonia used in the synthesis of BS5 was
higher than in BS3 (Table 1), so the final pH of the solu-
tion was higher in BS5. Probably, the higher pH in the BS5
suspension compared to that of BS3 suspension promoted
the dissolution of a part of the silica generated, decreasing
the amount of silica that was incorporated into the BSA-NP.

Zeta potential curves of BSA-NP, BS1, BS2, BS3, BS4
and BS5 nanoparticles as a function of pH are displayed
in Fig. 3. The zeta potential curve depends on the physico-
chemical features of the nanoparticles surface; thus, it sup-
plies information about the chemical species on the nano-
particles surface. All samples exhibit the typical profile of
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Fig. 3 Zeta potential as a function of pH: a samples prepared by varying the TEOS concentration: BS1, BS2, BS3 and BSA-NP. b Samples pre-
pared by varying the ammonia concentration: BS4, BS3, BS5 and BSA-NP

zeta potential curve; however, the isoelectric point (IEP,
i.e. pH at which zeta potential is zero) is different for each
sample. The values of IEP are listed in Table 2. The IEP
of BSA-NP is 5.0, which agrees with the reported value
in previous works [39, 46]. Nanoparticles with core—shell
structure in which the shell is formed exclusively by silica
have a zeta potential curve similar to the curve of silica
nanoparticles and an IEP around 2.0 [47, 48]. The IEP of
BS1, BS2, BS3 and BS4 nanoparticles is lower than the
IEP of BSA-NP and higher than that of silica, so it seems
reasonable to assume that silica and BSA are present on
the surface of these nanoparticles and the proportion of
these materials determines the 1EP of each sample [25,
49]. The zeta potential curve of BS4 nanoparticles is simi-
lar to that of BSA-NP nanoparticles, also their IEP are
slightly similar. These results suggest that the surface of
BS4 nanoparticles is composed mainly of BSA. Although
the silica content on the surface of the BS4 nanoparti-
cles is low, the results of the thermogravimetric analysis
(Table 2) suggest that BS4 nanoparticles are formed by
40% of silica, so the silica is also distributed inside the
nanoparticle. The zeta potential curve of the sample BS5 is
similar to that of silica nanoparticles. Although the meas-
ured zeta potential values of the BS5 sample were below
0 mV, the IEP of the nanoparticles was estimated at about
2.0, which is similar to the IEP of silica. The IEP of BS5
suggests a high concentration of silica on the surface of the
nanoparticles, therefore it is possible that BS5 nanoparti-
cles present a layer composed almost exclusively of silica
on the surface of the nanoparticles. An increase in TEOS
or ammonia concentration produces a reduction in the 1EP
of BS nanoparticles because it raises the silica content
on the surface of BS nanoparticles. These results indicate
that the IEP of BSA-silica hybrid nanoparticles could be
adjusted between 5 and 2 by tuning the concentration of
the reagents adequately.

It is important to mention that the choice of ammonia
volumes for this experiment was based on the results of a
previous study of ours in which it was found that crosslinked
BSA nanoparticles are resistant to pH increase until pH 11
[30]. The amount of ammonia used here did not exceed the
amount of ammonia used in the cited study, and therefore,
the integrity of BSA nanoparticles during preparation is
guaranteed.

TEM images of BSA-NP, BS1, BS2, BS3, BS4 and BS5
nanoparticles are shown in Fig. 4. TEM images verify the
presence of homogeneous nanoparticles with a porous sur-
face. Since no core—shell structure was observed in BS nano-
particles, apparently, silica was deposited into the albumin
nanoparticles. Moreover, there was no evidence of nontem-
plated silica nanoparticles. The average size and the stand-
ard deviation of the nanoparticles are presented in Table 2.
These results show that the nanoparticles have monodisperse
size distributions. BSA nanoparticles (BSA-NP) were pre-
pared by the nanoprecipitation method. When ethanol was
added to the aqueous solution of BSA, the solubility of BSA
in water decreased and the molecules precipitated forming
agglomerates of BSA, which were cross-linked with glutar-
aldehyde to forming BSA-NP. The BSA-silica hybrid nano-
particles (BS) were obtained via the template deposition of
silica into preformed BSA-NP. Silica was produced from
TEOS by the sol-gel process. Hydrolysis of TEOS in water
produced silanols, afterwards, condensation of silanols pro-
duced first oligomers and then silica primary nuclei. Since
BSA nanoparticles present a porous structure, silica precur-
sors penetrate easily into the nanoparticles, then, nucleation
and assembly of silica take place inside the nanoparticles
[27]. 1t seems that BSA provides an environment that facili-
tates silica nucleation and growth of the particles, probably
due to the functional groups of BSA that could associate
with silica through hydrogen bonding and electrostatic
interactions [50]. During the growth of silica, BSA protein



Fig. 4 TEM images: aBSA-NP.
BSA-silica hybrid nanoparti-
cles: b BS1,¢cBS2,dBS3, e
BS4 and f BS5

is entrapped into the silica framework. BSA-NP morphol-
ogy is slightly irregular (Fig. 4a). A similar morphology
but closer to a sphere is observed in samples BS1 (Fig. 4b)
and BS4 (Fig. 4e), while the nanoparticles BS2 (Fig. 4c),
BS3 (Fig. 4d) and BS5 (Fig. 4f) are approximately spherical.
These differences are probably due to the amount of silica
in the BS nanoparticles. BSA-NP nanoparticles store water
in their structure when they are in aqueous suspension. The
volume and shape depend on the amount of water stored.
During the drying process, the BSA-NP nanoparticles loss
water, decreasing in volume and producing dry nanoparticles
with slightly different shapes. Silica in the BS nanoparticles
results in an inorganic matrix that confers stiffness to the

nanoparticles. The loss of water during drying does not alter
the shape of the inorganic matrix and maintains almost the
same shape when they are suspended or dried. Therefore,
the BS nanoparticles are less altered by shrinkage during the
drying process than the BSA-NP [25]. This effect depends
on the amount of silica in the nanoparticles. Nanoparticles
with less silica, such as BS1 and BS4 (Table 2) are slightly
modified by the drying process. Such nanoparticles appear
in TEM images as slightly irregular spheres. Whereas, BS2,
BS3 and BS5 nanoparticles, composed of more than 75%
silica, are not affected by the drying process and maintain
a spherical shape even after drying. The concentration of
TEOS and ammonia in the synthesis of BSA-silica hybrid



nanoparticles influences significantly the average size of the
nanoparticles. An increase in the TEOS or ammonia con-
centration (in the working range) produced bigger nanopar-
ticles. This tendency was also observed in previous articles
related to the synthesis of silica nanoparticles [26, 51, 52].
As discussed previously, an increase in TEOS or ammonia
concentration raises the formation of silica, thus more silica
is available for being incorporated into the albumin nanopar-
ticles producing bigger BS nanoparticles. This relationship
was confirmed by the TGA results in samples BS1, BS2,
BS3 and BS4. That is, the size of the nanoparticles depends
on the amount of silica available to be incorporated into the
BSA-NP nanoparticles. Although the average size of BS5
nanoparticles is larger than that of other BS nanoparticles,
BS5 nanoparticles do not have the highest silica content
among BS nanoparticles (Table 2). Probably, on the BS5
nanoparticles, the silica network did not penetrate as deeply
into the BSA-NP nanoparticles as other BS nanoparticles,
thus having more silica to be incorporated into the surface
and allowing the growth of a silica shell as indicated by the
results of zeta potential. However, it is unclear the reason
for the different silica distribution in BS5, a more extensive
study is necessary to elucidate the phenomenon.

Hybrid nanoparticles possess the trait of being multifunc-
tional according to their main compositions. Therefore, it
is important to understand and control the distribution and
amount of their components within the system. This can
highlight one function on top of the other and lead to more
sophisticated profile of applications [10]. In addition, con-
trolling the physico-chemical properties of the particles such
as size, charge, and morphology, is known to be crucial for
any biomedical and biotechnological applications, therein
lies the importance of this work. Indeed, other relevant
synthesis parameters to produce BSA-silica hybrid nano-
particles as the degree of cross-linking of BSA nanopar-
ticles [53], size of BSA-based nanoparticles [30], reaction
temperature [54], and degradation behaviour [55] would be
considered in a future work.

4 Conclusion

In this work, BSA-silica hybrid nanoparticles were synthe-
sized via the template deposition of silica into BSA nano-
particles. The silica was produced through the sol-gel pro-
cess and embedded in the BSA nanoparticles. It was found
that the method is able to produce monodisperse hybrid
nanoparticles. The effect of TEOS and ammonia concen-
tration on the properties of nanoparticles was investigated.
The results suggest that the particles size, isoelectric point
and silica content of the hybrid nanoparticles can be eas-
ily tuned by controlling adequately the concentration of
TEOS and ammonia. In general, an increase in TEOS or

ammonia concentration increases the size and silica content
and decreases the isoelectric point. To our knowledge, this is
the first work that reports the synthesis of BSA-silica hybrid
nanoparticles in a non-core—shell structure.
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