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Abstract Silica nanoparticles have become an
important tool in material sciences, nanomedicine,
biotechnology, and pharmaceutics, with recent sug-
gested applications also in environmental sciences.
In life and environmental sciences, the application
field is usually aqueous media; however, the crucial
issue of silica nanoparticle dissolution behavior and
rate in the target medium is often neglected, over-
looked, or taken for granted. Silica nanoparticles are
not stable in aqueous solutions until equilibrium sil-
ica concentrations are reached. While for life science
applications, the degradability of silica nanoparticles
is prerequisite for biocompatibility, this characteristic
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impedes the successful application of silica nano-
particles as environmental tracer, where long-term
stability is needed. In this study, the impact of exter-
nal (temperature, pH values, salinity, availability of
silica) and internal (degree of condensation, size,
porosity) parameters on the stability of ~45-nm-sized
silica nanoparticles is characterized. Results show
that external factors such as elevated temperature
and alkaline pH-values accelerate the dissolution,
acidic pH, high salinities, and high initial silica con-
centrations exhibit a contrary effect. Consequently,
in applications, where external parameters cannot be
controlled (e.g., in vivo, subsurface reservoirs), dis-
solution control and stability improvement of silica
nanoparticles can be achieved by various means, such
as adding a protective layer or by condensation of the
silanol bonds through calcination.

Keywords Nanotracer - Drug carriers - Silica
nanoparticles - Degradation - Surface modifications -
Geothermal - Environmental effects

Introduction

Over the last decades, silica nanoparticles gained
worldwide importance and attention [1]. The well-
established industrial applications, e.g., application
in material sciences, have in common that the silica
nanoparticles are applied in/to dry environments,
where silica nanoparticles are considered inert and
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stable [2]. Over the last decade, engineered silica
nanoparticles have been developed for biomedical
purposes, e.g., serving as tunable nanocarriers for
water-insoluble drugs, chemotherapeutics, and as
soluble drug encapsulation facilitating long-term
release applications [3—14]. The favorable properties
of silica nanoparticles were furthermore highlighted
by the easily functionable surface, e.g., for targeted or
stimuli-responsive drug release [10, 13, 15-17], and
in the field of nanobiophotonics [4, 18-22]. Addi-
tionally, the small size of the nanoparticles offers the
unique opportunity of reaching formerly inaccessible
areas, e.g., across the blood-brain barrier [3, 22, 23].
The usage of nanoparticles as imaging sensors in life
sciences inspired research toward similar applications
in the environmental sciences. In particular, hydrol-
ogy and geothermal production are often facing the
challenge of an exploitation from inaccessible reser-
voirs. However, a sustainable management of a reser-
voir and the long-term optimized commercial produc-
tion requires a comprehensive knowledge about the
structures and flow paths and their hydraulic behav-
ior. For such analysis, well-established tracing tech-
niques usually use fluorescent molecular dyes such as
sodium fluorescein or eosin [24]. However, molecular
dyes can be greatly affected by fluids pH and tem-
perature and have a low photostability [25-27]. In
addition, the rock properties of the underground can
lead to adsorption and in extreme cases to complete
retention of molecular tracers and impede the charac-
terization of the reservoir. Thus, there is the require-
ment for new approaches to overcome the drawbacks
of the molecular dyes. Basic research has been con-
ducted on the application of silica nanoparticles as
tracers in hydrology for aquifer and reservoir assess-
ment [28-33]. Further developments led to advanced
temperature-sensitive silica nanoparticles as tracers
for geothermal reservoir characterization [33-35].
For all application in aqueous environments (geo-
thermal tracer, groundwater marker, bioimaging, drug
delivery, theranostic), the stability of the silica nano-
particles is a key parameter. Two factors are therefore
of utmost importance: the silica solubility (i.e., the
maximum SiO, concentration to attain equilibrium
at given geochemical conditions) and the silica dis-
solution rate. From the environmental sciences, it is
well known that the stability of silica, silicates, and
other SiO,-polymorphs depends mainly on the crys-
tallinity of the silica network, with higher crystalline
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order being less soluble [36]. The dissolution process
of silica in water can be described in simplified form:

Si0, + 2H,0 = H,SiO, (1)

with H,SiO, the monomeric, silicic acid species.
This reaction takes place until the equilibrium, the
thermodynamically governed silica saturation con-
centration (SSC), is reached. From natural systems,
it is also well-known that elevated temperatures
augment the SSC and increase the silica dissolution
kinetic [37-39]. Studies found the SiO, concentra-
tion at equilibrium with amorphous silica, referred to
as silica saturation concentration (SSC), to be in the
range of 90 mg L™! to 170 mg L' at room tempera-
ture and increasing up to the range of 270 mg L™ to
310 mg L~! at 80 °C [39-43]. The broad variation
can be explained by differences of the natural amor-
phous silica itself such as the degree of hydration, the
presence of areas of higher degree of crystallinity,
the amount of impurities, and the particle size [36].
However, in fact, the proportionality of silica concen-
tration in natural groundwater and geothermal fluids
and their temperature is a widely used tool to deduce
the subsurface temperature from the composition of
natural springs [39, 44-46]. Temperature is therefore
expected to have also a high impact on the dissolution
of artificial silica nanoparticles. Other important fac-
tors that are affecting the solubility of natural silica
are pH and salinity of the solution. Hence, they are
assumed to affect the solubility of artificial silica nan-
oparticles as well.

Even though artificial silica nanoparticles are
mainly of an amorphous structure, differences in the
degree of condensation of the silica network deriving
from the synthesis makes comparison with natural
amorphous silica not expedient. In particular, tunable
properties like size, shape, porosity, functionalization,
and the high surface area of the silica nanoparticles
complicate the analysis of behavior of silica nano-
particles in aqueous environments. Thus, only sparse
data on the (aqueous) stability of artificial silica nano-
particles exist [47]. Additionally, although several
studies on the safety of silica nanoparticles in bio-
logical media or in vivo [48-60] and ecotoxicological
assessments [61, 62] exist, the data situation is com-
plex and partly contradicting, as there is no standard-
ized testing procedure. The main consent seems to be
the dependency on many factors, e.g., on dosage, cell
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type, protein corona, surface functionalization, size,
and shape the particles [20, 49, 51, 54, 63-66], and
the nontoxicity and biocompatibility of the degrada-
tion product silicic acid [23, 67]. Therefore, the deg-
radability of silica nanoparticles is a desired factor for
most applications in life science. However, for long-
term drug release, a slow, controlled, and well-char-
acterized drug release would be beneficial, as degra-
dation of the carrier’s matrix would lead to premature
release of the incorporated drugs [68]. Furthermore,
the degradability of silica nanoparticles is up to now
the major obstacle for hydrology and geothermal
applications, where high (thermal) and long-term
stability is crucial. Therefore, accurate knowledge of
the degradation process by identifying factors affect-
ing the dissolution rate and the solubility of silica is
of utmost importance for both, life and environmental
science applications [69—71]. No fundamental stud-
ies have been performed on the individual effect of
temperature, salinity, pH, particle concentration, and
initial silica concentration on the stability of artifi-
cial silica nanoparticles. This study aims to bridge
the gap and obtain detailed knowledge of the behav-
ior of artificial silica nanoparticles in aqueous envi-
ronments by first performing a sensitivity study on
the impact of various parameters on the stability of
silica nanoparticles in aqueous media and second, the
development and evaluation of surface modifications
strategies for silica nanoparticles stability enhance-
ment. For this study, nonporous, fluorescent~45 nm
silica nanoparticles were chosen to represent a possi-
ble tracer for environmental sciences [35] and simul-
taneously represent a possible usage in bioimaging
[72]. Especially for the application in environmental
sciences, the fluorescence is beneficial for monitor-
ing of tracer breakthrough and return curves. Within
this study, we examine the individual effects of tem-
peratures up to 80 °C, pH values ranging from pH 3
to pH 11, salinity of mono- and divalent ions up to
concentrations of 4 mol L~!, physiological buffer
solution PBS (phosphate-buffered saline) at 37 °C,
silica nanoparticle concentrations up to 1 mg mL™!,
and initial silica concentrations up to 250 mg L~
on the stability of non-porous silica nanoparticles in
aqueous solution over an application-relevant period
of time and characterize the dissolution kinetics.
Additionally, the stability of selected mesoporous
silica particles was tested under physiological/bio-
medical relevant conditions. Finally, although several

approaches exist modifying the surface of silica nano-
particles; either by adding a protective layer on the
surface, organic functionalization or even by calci-
nation of the particles [64, 67, 73-77], their impact
on the SSC and dissolution kinetic is yet not moni-
tored sufficiently. We therefore tested and compared
several approaches; chemical surface modifications
including silanization (octadecyltrimethoxysilane and
1,2-Bis(trimethoxysilyl)decane), grafting of paraffin
(dotriacontane) and metal oxide coating, as well as
calcination (300 °C, 500 °C, and 700 °C).

Materials and methods
Synthesis
Reversed microemulsion (fluorescent nanoparticles)

The particle synthesis starts with a mixture of
cyclohexane (VWR Chemicals AnalaR Norma-
pur, 15 mL), n-Hexanol (VWR GPR Rectapur,
Assay <98%, 3.6 mL) and Triton X 100 (Sigma-
Aldrich for analysis, 3.44 mL) magnetically stirred
in a round bottom flask. After 1 min reaction time,
Tris(2,2-bipyridyl)dichlororuthenium(II) hexahydrate
(Ru(bpy)32+, Acros organics, 98%, 0.96 mL 20 mM)
and tetraethylorthosilicate (TEOS, Sigma-Aldrich,
99.0%, 0.2 mL) are added. After 20 min of contin-
ued stirring, ammonium hydroxide solution (Merck,
28-30%, 0.12 mL) is added. After 24 h continued stir-
ring, acetone (VWR Chemicals AnalaR Normapur,
28 mL) is added to break down the microemulsion.
The solution is then collected, centrifuged at 4400 g
(6000 rpm, Hermle Z206A) and undergoes 4 wash-
ing-centrifugation cycles using acetone, ethanol, eth-
anol + water (80:20), and water. A 5th cycle (ethanol)
can be added optionally to facilitate vacuum drying of
the particles. When needed, a sonotrode (IUP200St,
Hielscher Ultrasonics) or a sonication bath (Bandelin
Sonorex) was applied to resuspend the pellets. The
fluorescent particles show sizes of 44 +3 nm and an
average (-potential of —37.2+2.3 mV.

Stober synthesis (non-fluorescent nanoparticles)
Stober synthesis following Stober et al. [78]. Ethanol

(26 mL) were mixed with H,O (1.6 mL) and ammo-
nium hydroxide (3 mL). After thoroughly stirring,
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tetraethylorthosilicate (3 mL) is added and the solu-
tion is stirred for 2 h at 60 °C. The solution is then
collected and centrifuged at 4400 g (6000 rpm) and
undergoes 3 washing cycles with ethanol and water.

Surface modifications
1,2-Bis(Trimethoxysilyl)decane

The coating of the fluorescent nanoparticles with
1,2-Bis(trimethoxysilyl)decane (Gelest Inc.) was per-
formed following the procedure of Arkles et al. [79].
Acetonitrile (Merck, 99.5%) was used as solvent.
1,2-Bis(trimethoxysilyl)decane (1 wt%) was added to
the solution and stirred for at least 20 h. The nano-
particles are collected via centrifugation and dried in
vacuum.

Octadecyltrimethoxysilane

Starting from the fluorescent nanoparticle synthe-
sis, the NPs are dried and weighted. Dry acetonitrile
(Merck, 99.5%) and n-Octadecyltrimethoxysilane
(ABCR GmbH, 95%, 0.375 mL) per 50 mg particles
is added. After stirring the solution for at least 12 h,
the nanoparticles are collected by centrifugation.
One washing cycle with acetonitrile and one with
hexane (Carl Roth, 99%) is performed. Then the par-
ticles are dried in vacuum. No surfactants were used
to resuspend the particles in water for the stability
experiments.

Dotriacontane

Starting from the capping with n-Octadecyltrimeth-
oxysilane, the dried particles are resuspended in hex-
ane (40 mL) per 50 mg particles and dotriacontane
(Sigma-Aldrich, 97%, 375 mg) per 50 mg particles
are added. The solution is sonicated for 15 min, fol-
lowed by a 15-min stirring cycle. The particles are
collected by centrifugation and dried in vacuum. No
surfactants were used to resuspend the particles in
water for the stability experiments.

Titania coating
The coating with titania was performed following Joo

et al. [80]. Then, 50 mg fluorescent nanoparticles are
dispersed in ethanol (20 mL) and stirred at 500 rpm.

@ Springer

Hydroxylpropyl cellulose (Acros Organics, 0.1 mg)
and H,O (0.1 mL) were added. Tetrabutyl orthotitan-
ate (1 mL, TBOT, Sigma-Aldrich, synthesis grade)
was mixed with ethanol (4 mL) and added with a
syringe pump with 0.5 mL min~'. The solution was
heated up in an oil bath to 85 °C. After 100 min, the
nanoparticles are collected by centrifugation.

Calcination

The calcination of the non-fluorescent nanoparticles
was performed using a quartz cuvette and an oven at
the temperatures desired. The particles are heated for
24 h and used afterwards as retrieved.

Experimental procedure

For the stability experiments, 1 mg mL™"! silica nano-
particle concentration and deionized water (18 MQ)
was used unless otherwise noted. First, the particles
were dispersed in the aqueous media using a soni-
cation bath. The experiments were performed under
static conditions without disturbance of the disper-
sions by sonication or stirring. The duration of the
experiments is displayed directly in the figures, either
as timescale on the x-axis, or if sampled at a specific
time point, on the y-axis. Samples were taken accord-
ing the following procedure: 50 pL of solution are
diluted 1/100 with deionized water. The dissolution
experiments were monitored by determination of the
amount of dissolved silica in solution. For determi-
nation, the silico-molybdenum blue method [36] was
performed. After a reaction time of 10 min, the sam-
ple was measured with the UV-VIS.

Temperature experiments

Temperature experiments were performed in round
glass bottom flasks heated in a silicon oil bath at the
desired temperatures. To minimize evaporation, the
experiments were performed under reflux. Contami-
nation by dissolution of silica from the glass flasks
was excluded as the blank silica concentration did not
increase over one week at 80 °C and was negligible.

pH experiments

pH Dbuffer solutions are
lows: pH 3

produced as fol-
(potassium  hydrogen phthalate
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[Sigma-Aldrich]—hydrochloric acid [Honeywell
Fluka]), pH 4 (potassium hydrogen phthalate—hydro-
chloric acid), pH 5 (potassium hydrogen phthalate—
sodium hydroxide [Merck Emsure]), pH 6 (sodium
citrate tribasic dihydrate [Sigma Aldrich]—citric acid
[Sigma-Aldrich]) pH 7 (Tris [Carl Roth,>99.9%]—
hydrochloric acid), pH 8 (Tris—hydrochloric acid), pH
9 (glycine [VWR life science, proteomics grade]—
sodium hydroxide), pH 10 (glycine—sodium hydrox-
ide), pH 11 (bicarbonate [Sigma-Aldrich]—sodium
hydroxide). Experiments were performed at room
temperature using centrifuge tubes to avoid silica
contamination from glass vessels especially at high
pH values.

Salinity experiments

Calcium chloride (VWR technical), sodium chlo-
ride (VWR GPR Rectapur), and potassium chloride
(VWR GPR Rectapur) were used as purchased. The
particles were suspended in the salt solutions. The
experiments were performed at room temperature
using centrifuge tubes.

Phosphate-buffered saline experiments

For the experiments using a simulated physiologi-
cal solution, PBS (VWR life science, biotechnol-
ogy grade) was used. PBS is a buffer solution com-
posed of 137 mM NaCl, 2.7 mM KCl, and 12 mM
phosphate. The pH is fixed at 7.4. Different amounts
of nanoparticles (nonporous, fluorescent~44 nm),
mesoporous nanoparticles (MSN, Sigma-Aldrich Sil-
ica mesoporous, 0.5 um particle size, pore size 2 nm),
and mesoporous microparticles (SBA-15, Sigma-
Aldrich, Silica mesoporous SBA-15<150 pym parti-
cle size, pore size 6 nm, hexagonal pore morphology)
are added to the PBS solution and heated in a water
bath to 37 °C.

Availability of silica experiments

The solutions with variable amount of initial silica
were prepared following the procedure of Spitzmiil-
ler et al. [81]. Silica (Merck, extra pure) and deion-
ized water were mixed in a HDPE vessel and the pH
was adjusted by addition of sodium hydroxide to pH
12. The solution was stirred overnight at 70 °C in an
oven. Afterwards, the solution was cooled down to

room temperature and the pH was readjusted to pH
7 by addition of hydrochloric acid. The solutions
were used immediately after pH adjustment to avoid
polymerization and aging especially in oversaturated
solutions.

Analytical devices
Spectrophotometric analysis

For the determination of the dissolved silica con-
centration (mainly Q° subordinate Q' and Q?), the
molybdenum blue method is used. The Q° species
reacts with the Silicate (silicic acid) Test from Merck
Supelco forming the blue silicomolybdic acid. For
measurement of the silica concentration by photom-
etry, an UV-VIS Perkin-Elmer Lambda 9 spectrom-
eter is used (A=810 nm). Samples are diluted using
deionized water to assure being in linear range of the
Lambert—Beer-Law. Then, 1 mg mL~! SiO, standard
(Carl Roth) was diluted 1/100 and measured repeat-
edly as reference for the calibration line. The devia-
tions represent the error of the measurements and are
depicted as error bars in the figures in “Results and
discussion” section. Reactions of the method with the
colloidal species (Q") can be excluded as a test series
with particles in solution, filtered (0.2 um acetate fil-
ter) and supernatant (centrifugation 6000 rpm/4400 g,
30 min) did not exhibit a significant difference of the
silica concentration measured.

SEM

For the SEM images, a Zeiss Leo 1530 was used. The
aperture size was set to 30 pym. The EHT was with
1 kV to 2 kV relatively low. These low voltages are
necessary due to the sample preparation. The nano-
particles were diluted with ethanol and one drop was
put on a p-doted silicon wafer. The wafer was placed
on top of an adhesive carbon-tab. With this proce-
dure, the coating with carbon or gold was avoided.
However, as the conductivity was low, only low volt-
ages are used to not charge the samples. The working
distance was usually around 1.5 to 2.5 mm.

FT-IR-ATR

For the FT-IR-ATR analysis, the Nicolet iS50 was
used. The wavenumbers were between 400 and
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4000 cm™!. Twenty repetitions were performed. The
samples were measured in dry conditions after vac-
uum drying or calcination.

Results and discussion

For the following experiments, nonporous, fluo-
rescent silica nanoparticles were synthesized using
the reversed microemulsion method. Fluorescent
particles were chosen to represent the nanoparti-
cles used for most of the environmental applica-
tions and for bioimaging, which require such a trac-
ing function. The particles exhibit a spherical shape,
with sizes of 44+3 nm and an average (-potential
of —37.2+2.3 mV. For the stability experiments per-
formed in this study, 1 mg mL™! silica nanoparticle
concentration and deionized water (18 M£) was used
unless otherwise noted. In the course of the experi-
ments, the pH values of the non-buffered solutions
ranged between pH 7 and pH 6.2, which is due to the
formation of silicic acid. The pH value decreases with
increasing amount of dissolved silica. However, this
pH range is not expected to additionally affect effec-
tively the dissolution process of silica nanoparticles.
For further details to the experimental procedure and
the methods used, see the “Materials and methods”
section.

Effect of temperature

To monitor the impact of temperature on particle dis-
solution, the evolution of silica concentration in solu-
tion over a 28-h period at 20 °C (room temperature,
RT), 40 °C, 60 °C, and 80 °C was measured (Fig. 1).
Highlighted in colored areas in Fig. 1 are the silica
saturation concentration (SSC) ranges at the respective
temperatures derived from literature data and depend-
ing on the type of silica [39—43]. SEM-images of the
silica nanoparticles after immersion for 24 h at RT and
80 °C (Fig. S 1) show significant particle disintegra-
tion and dissolution at elevated temperatures. Since the
initial particle concentration was 1 mg mL ™" and there-
fore above the SSC (i.e., c(Si)particles > c(Si1)SSC, also
defined as excess silica concentration—ESC) for all
temperatures, the particles do not need to be completely
dissolved to form an equilibrated solution, i.e., to reach
the SSC. However, if the amount of silica nanoparticles
is too high, all particles would exhibit only minimal
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Fig.1 Time and temperature dependent dissolution of
1 mg mL™! silica nanoparticles in deionized water over a 28-h
time period at various temperatures. Highlighted in colored
areas the saturation concentration ranges at the respective
temperatures (black 20 °C/RT, red 40 °C, green 60 °C, blue
80 °C). Higher temperatures increase both, the silica saturation
concentration (SSC) and the dissolution rate. The error bars
are determined by the deviations of standard solutions to the
calibration line

dissolution and therefore only minimal size changes. In
this case, monitoring the change of the particle size as
an indicator of (thermal) stability using DLS or SEM
can lead to less reliable results, as the changes may be
below detection limit. This might explain the contra-
dicting statements on thermal (in)stability in [32, 33],
although the tests of contradicting results were con-
ducted using the exact same silica nanoparticles.

Kinetic and thermodynamic dissolution

Figure 1 shows furthermore the kinetic and thermo-
dynamic properties of the silica nanoparticle dissolu-
tion. Higher temperatures increase both the SSC and
the dissolution rate. At RT, the saturation concentra-
tion is reached within 28 h, whereas at 80 °C, the dis-
solution rate increases and the SSC is reached within
2 h (Fig. 1). With the experimental data, the following
formula could be established to describe mathemati-
cally the dissolution behavior of silica nanoparticles in
dependence of temperature:

c=88C % (1 —e™*) ()
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with ¢ the silica concentration in mg L', SSC the
(thermodynamic) silica saturation concentration in
mg L1, k the (kinetic) temperature-dependent disso-
lution constant in h™', and 7 the time in hours. The
relation between temperature and dissolution constant
can be determined by a linear regression (Fig. 2b) and
can be expressed as:

In(k) = 2.32 % In(T) — 9.58 3)

with T in °C. Equation 3 can be then reformulated
to:

k= €:(2.32>|<ln(T)—9.58) (4)
The SSC shows a linear temperature dependence
up to 80 °C and can be expressed as:

SSC =2.89 % T +99.62 5)

For predicting the dissolution behavior of silica
nanoparticles at a given temperature between 20 and
80 °C in deionized water, Eqs. (4) and (5) are used
to determine the temperature-dependent factors k and
SSC. Subsequently, the dissolution behavior can be
modeled applying Eq. (2). This was done for 20 °C,
40 °C, 60 °C, and 80 °C and the resulting curves are
displayed in Fig. 2a (lines) in direct comparison with
the experimental data (symbols).

The dissolution rate is further obtained by deriva-
tion of Eq. (1):

a
' m 20°C--- Dissolution model 20°C
® 40°C- - - Dissolution model 40°C
~ 400 60°C Dissolution model 60°C
T | v 80°C- - - Dissolution model 80°C
| Ty
=300 ./ ' f % % . ? .
p 4
g |y Y
T200{ w - e g T - -
o b Bdl I & 7
3 e ) .
(7] ’ _ = S «i
L1004 1 * I * 1
, a-
- /-.i ]
[ ll..
0 i
0 10 20 30

Duration (h)

de/dt = SSC s k s e (6)

and depends on the SSC, the dissolution constant
k, and the time ¢. The SSC is a critical value, as it
represents the solubility limit of silica and does not
only depend on the temperature but also on the crys-
tallinity of the silica nanoparticles, the pH value,
and the salinity of the solution. We further expect
the dissolution constant k to be dependent on these
factors and in addition, on the surface area of the
nanoparticles and the initial silica concentration in
solution. Figure 2a exhibits the quantification of the
kinetics and solubility dependence on temperature
by applying Egs. (2), (4), and (5). The exponential
dependence of the dissolution kinetic of the silica
nanoparticles is in agreement with kinetic data of
amorphous silica obtained by Rimstidt and Barnes
[42]. The temperature-dependent formulations of
the dissolution behavior found here only serve as an
exemplary conduct and are not generally applicable
for all types of silica nanoparticles, as the factors
SSC and k depend also on other factors such as the
particle surface area and need to be individually
determined for each case where predictions of silica
nanoparticle dissolution are desired. We therefore
waive further modeling of the data in this study as it
would not lead to a general applicable equation.

b 1 T T
»
O - /// -
‘m
X Y,
=
] In(k) = 2.32*In(T) - 9.58 |
R?=0.989
e
'3 T T
3 4 5

Temperature (In(T)) (°C)

Fig. 2 a Theoretical dissolution models deduced from of the data points by applying Egs. (5), (4), and (2) at the respective tempera-
tures. b Correlation of the dissolution constant k and the temperature plotted on a double logarithmic scale
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Effect of pH

Apart from the temperature, the pH value of the
aqueous solution strongly affects the silica nanopar-
ticle dissolution. Natural waters vary considerably
in pH values and range mostly from pH 3 to pH 10
[83-85], which also covers almost the range of pH-
values in human bodies [86]° Additionally, it should
be pointed out that while tissues exhibit under phys-
iological conditions a fixed pH of 7.4, the pH in
the environment of tumors and infectious bacterial
often drops to acidic pH ranges [87, 88]. Hence, the
relevance of pH value on the dissolution and deg-
radation processes is a pivotal aspect for biomedi-
cal applications. Figure 3 shows the dissolved silica
concentration in different pH buffer solutions after
24 h (Fig. 3a) and over a time interval of 107 days
(Fig. 3b).

Acidic pH

Under acidic conditions, the concentration of the dis-
solved silica is low after 24 h (Fig. 3a) and increases
constantly with time (Fig. 3b). This slow dissolution
kinetic can help explain the different saturation con-
centrations reported in literature for acidic pH condi-
tions [36, 40, 82, 89]. While the lowest silica solu-
bility is expected at neutral pH values [36], Fig. 3a
shows that the lowest silica concentration after 24 h
is observed under acidic conditions as the dissolution
rate is slowed down. Furthermore, the polymerization
and depolymerization rate is proportional to the avail-
ability of H* species at pH values between 3 and 7
[36, 37, 90].

Neutral pH

The pH 6 sample shows the transition from acidic and
neutral pH values. The dissolved silica concentration
after 24 h in pH 6 buffer solution (Fig. 3a) is lower
than at neutral pH after the similar time period, but
increasing faster over time than the dissolved silica
concentration in acidic pH samples (Fig. 3b). In con-
trast, neutral to slightly alkaline buffer solutions (pH
7 to pH 9) stay constant over time and show a SSC
of about 150 mg L~!. The dissolution is fast and the
equilibrium is reached in less than 24 h.
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Fig. 3 Impact of pH value on SSC and silica dissolution
at room temperature. pH buffer solutions serve to maintain
the pH and are not affected by dissolution of silica nanopar-
ticles. a Dissolved silica after 24 h. The gray area represents
the SSC at the respective pH values and is derived from litera-
ture data [36, 37, 40, 82]. After 24 h, the SSC was not reached
under acidic conditions. The SSC does not significantly differ
between acidic and neutral conditions but show a drastically
increase with increasing alkalinity. b Equilibrium was not
reached with 24 h under acidic conditions, since acidic condi-
tions slow down the dissolution kinetics drastically. The disso-
lution was therefore monitored over 107 days and is compared
to the constant behavior under neutral pH values. The error
bars are determined by the deviations of standard solutions to
the calibration line

Alkaline pH

Alkaline pH values show the highest dissolved sil-
ica concentration after 24 h (Fig. 3a) and a sharp
increase of the SSC (gray area in Fig. 3a) in contrast
to the acidic and neutral pH value SSC. This can be
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explained by the silica species distribution. At acidic
and neutral pH levels, the H,SiO, species is the pre-
dominant silica species whereas at alkaline pH above
pH 9.8, the H;Si0,~ becomes predominant and leads
to an increase of the silica equilibrium concentration
[36]. Furthermore, alkaline pH values catalyze the
formation of deprotonated silica species through the
availability of OH™ ions and enhance silica solubility
[40, 41, 43, 82,90, 91].

Stability in complex solutions

The salinity of natural waters and biological media
can vary considerably [92, 93]. Natural waters can
have a broad range of salinity, from freshwater to sea-
water with about 35 g L~! salt [94, 95]. Geothermal
fluids can range up to 150 g L™' salt concentration
and in extreme cases to even higher than the Dead
Sea’s 330 g L~! salt concentration [95, 96]. First, the
impact of sodium, potassium, and calcium is studied
independently to identify the influence of each cation.
Then, the effects were combined by testing the stabil-
ity of silica nanoparticles in biological relevant media
at 37 °C mimicking human body environment.

Ion valence

Figure 4a displays the dissolved silica concentra-
tion in NaCl-, KCl-, and CaCl,-solutions over a 24-h
time period at room temperature. Low salinities up
to 0.5 mol L™! exhibit only a negligible effect on the
overall solubility of silica, whereas salinities above
1 mol L™! decrease the solubility drastically (—58%
for Nat,—26% for K*,—96% for Ca®"). This behav-
ior can be explained with the “salting-out” effect
[97]. The impact on the solubility can be ordered as
follows K* <Na® < <Ca®* for salt concentrations
above 1 mol L™!. The impact of monovalent ions is
further ordered by the reverse order of the ionic radii
and follows the Hofmeister series [98]. This order
can be explained by the hydration number of the
cation. An increase of the hydration number leads to
a decreasing silica solubility [97, 99]. Highly saline
solutions, especially those containing high concentra-
tions of divalent cations, seem to stabilize the silica
nanoparticles against dissolution by reducing the
water’s activity coefficient and consequently lower-
ing the silica solubility. Further studies on {-potential
evolution at different salinities should be performed.
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Fig. 4 Dissolution of silica in complex solutions. a Dissolved
silica in electrolyte solutions at room temperature after 24 h.
Higher salinities lower the SSC. Divalent ions have greater
effect than monovalent. b Evolution of dissolved silica concen-
tration over time in phosphate-buffered saline (PBS) at 37 °C.
The nanoparticle concentrations are varied to be comparable
with biological applications. Unless otherwise noted, non-
porous nanoparticles are used. For details regarding the silica
particles used, see Materials and methods. The error bars are
determined by the deviations of standard solutions to the cali-
bration line

Literature data indicate the formation of a shielding
layer of cations at the diffusive double layer affecting
the C-potential [98, 100-103], thus affecting the dis-
solution process.

Physiological buffer

Although the salinity in biological systems is much
lower than in natural waters, salinity effects can
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still be present when using, e.g., phosphate-buff-
ered saline (PBS, cations Na and K) or simulated
body fluids (SBF, cations mainly Na, subordi-
nate K, Ca, and Mg) [73, 92, 104, 105]. Figure 4b
shows the dissolution behavior of silica in simpli-
fied physiological media using PBS at 37 °C. The
nonporous silica nanoparticle concentration was
varied to be comparable with the experiments
reported in Fig. 1 (1 mg mL™") and in biological
applications (0.2 mg mL~"). Furthermore, the sta-
bility of mesoporous silica SBA-15 (<150 pm,
pore size 6 nm, purchased from Sigma-Aldrich,
assay 99.9%), and MSN (500 nm, pore size 2 nm,
purchased from Sigma-Aldrich, assay 99.9%) was
tested as well. The SSC observed in the experi-
ments is about 150-200 mg L~! and corresponds
to the toxic silica nanoparticle concentration of
above 200 mg L' identified in literature [55, 56,
60, 106]. If the SSC is reached, further silica nan-
oparticle dissolution is prevented as long as no
silica is removed from the system, e.g., by excre-
tion or digestion. The dose-dependent toxicity of
silica nanoparticles may be greatly affected by the
availability of silica and the SSC. Solutions hav-
ing an excess silica concentration (ESC) can be
assumed to be more toxic, as the particles cannot
be completely dissolved due to the saturation limit
of silica in solution. Therefore, for, e.g., design of
toxicity studies, detailed knowledge of the SSC of
the particles used as well as the dissolution kinet-
ics are crucial factors. The faster dissolution of the
MSN (pink downward pointing triangle) in com-
parison to the nonporous silica nanoparticles of
the same concentration (red dot) is in accordance
with Lindén and co-workers [104]. They concluded
that mesoporous particles are less stable due to
large pore volumes, low wall thickness, and crys-
tallization defects in the silica structure. However,
although our silica nanoparticles are nonporous
and about 3500 times smaller than the SBA-15 par-
ticles, the dissolution rate of 0.2 mg mL™' silica
nanoparticles (red dot) and SBA-15 (blue triangle)
is similar. Surprisingly, the silica nanoparticles
with a concentration of 1 mg mL~! (black square)
show the highest dissolution rate and the highest
dissolved silica concentration, raising the question
of the impact of the availability of silica.

@ Springer

Auvailability of silica

The availability of silica can be either defined as sil-
ica dissolved from the nanoparticles or as silica ini-
tially present in form of silica in solution. While silica
available from particle dissolution is represented in
several studies in a simplified form as different parti-
cle concentrations or dosages [67, 70, 77, 105, 107],
the dissolved silica in solution is disregarded. How-
ever, especially for multiple exposure studies in bio-
medical applications, the dissolved silica concentra-
tion should be considered when the time interval is
too short for clearance and complete excretion of the
silica nanoparticles and their degradation products
[72, 108]. Furthermore, silica is ubiquitous in natural
waters from weathering of and/or lixiviation from Si-
bearing minerals [36]. The availability of silica is an
important factor, as the dissolution kinetic is affected
by the distance to the saturation level (see Eq. (2)).

Particle concentration/dosage

To order systematically the effects of particle con-
centration/dosage, three different cases must be dis-
tinguished. In case 1, the particle concentration is
below the SSC, which means full dissolution of the
particles would result in an undersaturated solution
(i.e., c(SDparsicles <C(Si)ggc)- In case 2, the particle
concentration is equal to the SSC, which means that
dissolving all particles would result in an equilib-
rium solution (i.e., ¢(SDpypicies & ¢(S)sgc)- Finally, in
case 3, the particle concentration is higher than the
SSC, which means that equilibrium between particles
and solution occurs with remaining particles (i.e.,
C(SDpartictes > €(Si)ggc). All three different cases are
shown in Fig. 5a. The gray area represents the SSC.
For case 1 (i.e., ¢(S1)puicles <C(Si)ssc), particle con-
centrations of 0.05 mg mL~! and 0.1 mg mL™! are
tested (red dot, black square in Fig. 5a). Both experi-
ments show the lowest dissolution rates, as expected
due to lowest surface area available for dissolution
[16, 77, 109]. The solutions do not reach SSC and
consequently are not in equilibrium. For case 2 (i.e.,
C(SDparictes & ¢(Si)ggc), silica nanoparticle concen-
tration of 0.15 mg mL~! (green triangle, Fig. 5a) is
used. As expected, the solution reaches the SSC range
and leads to an apparent equilibrium state. For case
3 (i.e., e(SDparicies > €(Si)gsc), the dissolution behav-
ior of silica nanoparticles is tested at concentrations
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Fig. 5 Effect of silica availability on dissolution of silica nan-
oparticles in deionized water at room temperature over time. a
Impact of silica nanoparticle concentration on the dissolution.
Gray area represents the SSC. Undersaturated solutions can-
not reach the SSC due to limited availability of silica. Dissolu-
tion speed depends on the particle concentration. b Effect of
initial silica concentration in solution. The silica nanoparticle
concentration was 1 mg mL™" and consequently oversaturated
for all trials. The higher the initial silica concentration in solu-
tion, the lower the dissolution speed. In initially oversaturated
solutions (250 mg LY, silica starts precipitating and therefore
the concentration decreases over time. The error bars are deter-
mined by the deviations of standard solutions to the calibration
line

of 0.5 mg mL~! and 1 mg mL~! (pink diamond, blue
triangle pointing down, Fig. 5a). Solutions with silica
nanoparticles concentrations above the SSC have an
ESC and exhibit the highest dissolution rates which is
what can be expected due to large surface area avail-
able for dissolution [105]. The equilibrium at the SSC
is reached within 24 h. Further, 0.5 mg mL~! and

1 mg mL~! show similar behavior, leading to the ten-
tative conclusion that the ESC may not be the driving
factor for dissolution rates, but the amount of surface
area available for dissolution. In accordance, Rimer
et al. [110] and Diedrich et al. [111] found that the
dissolution rate neither depends on number density
nor directly on particle radius of nanoparticles. The
ESC is therefore not expected to affect the dissolution
rate but since a higher surface area is available for
dissolution, consequently, the SSC is reached faster.

Initial silica concentration

Another important yet overlooked factor for particle
stability is the initial silica concentration in solution
(Fig. 5b). As expected, the dissolution rate is high-
est if starting far from equilibrium (0 mg L™"). The
higher the initial silica concentration in solution, the
slower the dissolution of the particles takes place,
which is what can be expected. In supersaturated
solutions, the mechanism is reversed. Thus, instead
of dissolving the particles, the particles act as nuclei
and remove dissolved silica from water. This process
seems to be rather slow, since equilibrium was not
reached within the period of the experiments. How-
ever, data from Fleming [112]indicate the presence
of a so-called pseudo-equilibrium point, which is at
about 200 mg L~! at room temperature. At this point,
the monomeric silica concentration in solution seems
to be pseudo-equilibrated and further polymeriza-
tion and consequently precipitation rate is drastically
decreased. Probably, this may explain the resulting
high dissolved silica concentration in solution for the
experiment with supersaturated solution (blue down-
ward pointing triangle, Fig. 5). In SEM images, for-
mation of new ~ 8 nm size particles as well as regrown
particles are visible (Fig. S 2). This phenomenon is
known from geothermal systems where high silica
concentrations are characteristic and oversaturation
is a common technical problem. Silica removal from
geothermal fluids using silica particles as seeding
material has been identified previously as element-
selective and reduces the fouling potential [81, 113,
114]. The formation of silica nanoparticles under
geothermal conditions, i.e., in hot, supersaturated
solutions, is studied by Tobler and Benning [115] and
under in situ conditions by Tamura et al. [116]. They
conclude that particle growth is induced by tempera-
ture or pH drop during geothermal production. The
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finale size of the particles observed was about 5 nm.
However, the silica removal displayed in Fig. 4b was
induced solely by addition of silica nanoparticles as
the similar reference fluid does not exhibit a signifi-
cant decrease of silica concentration over a 20-day
time period; the added silica nanoparticles act there-
fore unequivocally as nuclei to the aqueous silica.

Surface treatment
Chemical coating

For chemical surface modifications, grafting of
(alkoxy)silanes and paraffin as well as a coating
with the metal oxide titania were chosen to repre-
sent the broad spectrum of modification methods.
For paraffin coating, dotriacontan was grafted on
the octadecytrimethoxysilane-coated particles; for
silanization, two different silanes were used: the
dipodal 1,2-Bis(trimethoxysilyl)decane and octade-
cytrimethoxysilane. Of these chemical surface pro-
tection methods, octadecyltrimethoxysilane is the
most effective protection layer, leading to a dissolved
silica concentration of about 30 mg L~ after 28 days
(dotriacontan: 40 mg L™, titania coating: 47 mg L™},
1,2-Bis(trimethoxysilyl)decane: 97 mg L™!). In com-
parison, untreated particles have a saturation concen-
tration of about 150 mg L=,

Calcination

As expected, calcination of the particles turned out
to be the most effective protective procedure (Fig. 6).
However, calcination may hinder the synthesis of flu-
orescent silica nanoparticles, as elevated temperatures
can negatively affect the functionality of guest mol-
ecules such as organic dyes. Therefore, calcination
was performed on non-porous, non-fluorescent silica
nanoparticles (Stober-type) and are compared to the
same type of non-calcined particles. The particles
in the experiments were calcined at 300 °C, 500 °C,
and 700 °C for 24 h. The concentrations after 28 days
are 14 mg L~! (calcined 300 °C), 6 mg L~! (calcined
500 °C), and 2 mg L~! (calcined 700 °C) and are
below the expected SSC for untreated particles by
a factor of 11, 25, and 75, respectively. An explana-
tion for the effective stabilizing behavior of calcina-
tion can be given by the FT-IR ATR spectra of cal-
cined and none-calcined silica particles (Fig. 7). The
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Fig. 6 Stability enhancement treatments and their effect on
dissolution of silica nanoparticles (1 mg mL™") at room tem-
perature. Untreated particles exhibit fast dissolution, whereas
the surface modified particles remain more stable over at least
4 weeks. The most effective stabilizing method is calcination
at 300 °C, 500 °C, and 700 °C. Coating of the particles with
titania, dotriacontane, and octadecyltrimethoxysilane also
decreases the silica solubility effectively but not as effective as
calcination. 1,2-Bis(trimethoxysilyl)decane shows the lowest
impact on the stability of the nanoparticles, but the dissolved
silica concentration is still lower than that of untreated nano-
particles after 4 weeks
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the silanol bonds disappear
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comparison of the non-calcined silica particles and
calcined ones at 300 °C, 500 °C, and 700 °C clearly
shows the disappearance of Si—~OH bonds (band at
950 cm™! and a broad shoulder at 3700-3200 cm™!
[117]) with increasing temperatures. The silanol
groups on the surface of silica are the point of attack
for dissolution of silica nanoparticles [36, 118, 119],
and the calcination condensates these silanol groups
into more stable siloxane bonds. Rehydroxylation
of the surface is expected especially if the silica is
exposed to aqueous media [120, 121]. However, the
rehydroxylation rate appears to be low as no signifi-
cant increase of the solubility of the calcined particles
was observed over 28 days. In contradiction to previ-
ous studies where for effective silanol removal tem-
peratures of at least 500-550 °C are required [122],
our data indicate stabilization already from 300 °C.

Conclusion

Many research areas regard silica nanoparticles as
stable and inert in a simplistic way, but the stability
of silica nanoparticles is in fact highly dependent on
the system parameters and the time scale. Especially
long-term stability is a crucial characteristic for, e.g.,
environmental or slow-drug release applications. The
main factors affecting the silica saturation concentra-
tion (SSC) and dissolution kinetics are temperature,
pH-value, and salinity. In addition, other factors may
also play a role such as the shape, size, porosity, and
morphology of the nanoparticles.

For biomedical applications, the impact of pH on
degradation and dissolution kinetic should be care-
fully examined since the pH in human environment
change considerably (e.g., gastric juice, vicinity of
tumors). Furthermore, drug release from surface-
modified mesoporous silica nanoparticles exhibits
areas of plain silica surfaces to the aqueous envi-
ronment, thus promoting the particle dissolution.
Especially for biological applications, the impact
of surface modifications, protein corona and ligand
instability on the dissolution behavior, the SSC and
the residence time could help gaining more control
over the biodegradation process of silica nanopar-
ticles in vivo. For some applications like hydrologi-
cal applications or long-term drug release, improved
stability of silica may be desired. Enhancing the sta-
bility could be reached by surface modifications or

calcination of the particles. Especially calcination
increases the stability drastically due to condensa-
tion of silanol bonds into more stable siloxane bonds.
However, calcinating may not be suitable for all
applications (e.g., bioimaging, environmental tracing
techniques), especially those where guest molecules
are embedded in the nanoparticles during the silica
condensation stage of the particle synthesis.

The stability of silica nanoparticles is a major issue
for applications in all aqueous environments. Neither
the stability nor the degradability of silica nanoparti-
cles should be taken for granted. Instead, silica nano-
particles should be adapted, i.e., via surface treatment
such as silanization or calcination where long-term
stability is desired or low dosages for lowered risk of
toxic side effects. By identifying the parameters in the
system reducing the stability or accelerating the dis-
solution and factors lowering the dissolution rates, the
behavior of silica nanoparticles in aqueous environ-
ments can be characterized and tuned to fit the spe-
cific requirements.
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