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Abstract

Bare and PEGylated silica spheres have been synthesized and characterized in order to study their potential application as intravenous
drug-delivery vectors. Solubility under physiological conditions (in simulated body fluid) as well as standard protein adsorption experiments
(immobilization of bovine serum albumin, BSA) were carried out in order to analyze the stability and the potential avoidance of the reticuloen-
dothelial system (RES) achieved after PEGylation. The influences of the chain length of the PEG, as well as, of the temperature in the esterification

reaction were also analyzed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Different organic materials such as polymeric nanoparticles,
liposomes and micelles have been studied as drug-delivery vec-
tors. In contrast, inorganic materials have been less studied as
carriers of drugs and bio-active molecules (including gene deliv-
ery) in spite of important advantages such as mechanical stability
and low toxicity compared to some cationic carriers (lipids
and polymers) [1]. Among inorganic materials, silica offers an
attractive alternative to polymeric micro- and nanoparticles both
biodegradable (i.e., polyesters, poly(DL-lactide-co-glycolide)
and non-biodegradable (i.e., 3-hydroxypropyl methacrylate).
Thus, the use of silica has been advocated on account of its low
toxicity and biocompatibility, its high chemical and mechanical
stability, and its hydrophilic character and porous structure that
can, in principle, be tailored to control the diffusion rate of an
adsorbed or encapsulated drug. Silica does not swell nor change
its porosity with variations in pH, and it is not vulnerable to
microbiological attack [2].

For biomedical applications involving intravenous adminis-
tration of micro- and nanoparticles, biodegradability, size and
surface characteristics are the most important parameters regard-
ing the ultimate fate and distribution of the particles in the body.
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1.1. Biodegradability

Calcined silica is considered non-biodegradable, but sol-gel
derived silica xerogels (SiO;-nH;0) with pores ranging typi-
cally between 1 and 10nm in diameter have been reported to
biodegrade and eventually dissolve [3]. Therefore, they have
been used as carrier materials for implantable controlled drug-
delivery systems [4]. It has been reported that after subcutaneous
administration in mice, silica xerogels cause no adverse tis-
sue reactions and degrade in the body to Si(OH)4, which is
eliminated through the kidneys [5]. In spite of its very low
biodegradability, silica has been used for in vivo applications.
Thus, for instance, silica nanoparticles (~30 nm) have been used
as drug carriers in photodynamic therapy on tumour cells [6].
Also, injectable silica nanoparticles (<100nm) encapsulating
enzymes have been synthesized showing higher stability towards
temperature and pH compared to free enzyme molecules [7].
The chemical stability and porous structure of silica have been
widely used to prevent gene degradation in transfection appli-
cations using the silica particle as a carrier for gene delivery and
as a matrix for enzyme immobilization [8].

1.2. Size

For non-biodegradable nanoparticles, the maximum size for
intravenous administration is determined by the spleen cut-off.
Since the spleen filters the blood removing foreign particles
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larger than 200 nm [9] particles above this size have a short life in
the bloodstream and therefore a low efficiency as drug carriers.

In addition, for biodegradable particles, the glomerular excre-
tion by the kidneys can be avoided by using nanoparticles
with a larger size than its threshold value (42-50kDa for
water-soluble polymers, reaching values as high as 100 kDa for
dendrimers [10]); therefore, the size can be tailored to obtain
long-circulation nanoparticles (i.e., liposomes) which avoid fast
clearance [11]. In passive targeting, the size of the nanoparticles
is designed to extravasate from the circulatory system into the
interstitial fluid to reach the target cells based on the enhanced
permeation and retention (EPR) effect [12]. The majority of solid
tumours exhibit a vascular pore cut-off size between 380 and
780 nm, although vasculature organization may differ depending
on the tumour type, its growth rate and, microenvironment [13].
Hence, there is an optimal size of the biodegradable particles
to obtain maximum accumulation at the target using the natural
permeability of the capillary, while for non-biodegradable par-
ticles the size is going to be limited by the glomerular filtration
rate. Particles larger than that threshold will be accumulated in
the different organs of the RES, principally the liver, spleen and
bone marrow.

Silica particles are generally prepared following the sol-gel
procedure proposed by Stober et al. [14]. Other methods such
as reverse microemulsion or water in oil emulsion have been
also used in order to control the size of the particles obtained.
The obtained silica using the sol-gel procedure is dense and/or
microporous with moderate surface area values [15]. In order
to obtain mesoporous (2 nm < pore size <50 nm) silica of high
surface area, different amphiphilic molecules (surfactants) are
added to the solution. Ionic (cationic and anionic) surfactants
direct the mesophase formation based on the electrostatic inter-
actions and neutral surfactants direct the synthesis probably
by hydrogen-bonding interactions. Cetyl trimethylammonium
bromide (CTABr) is the most commonly used cationic sur-
factant in the synthesis of mesoporous silica. Depending on
the concentration of the surfactant added and the synthesis
temperature, hydrolyzed silicon alkoxides reorganize to form
micelles (above the critical micelle concentration), hexagonal
ordered arrays (MCM-41), cubic ordered arrays (MCM-48)
or lamellar structures (MCM-50). Both the method to produce
dense/microporous (without surfactant added) silica particles
and the method to produce mesoporous (with surfactant added)
silica particles can be controlled to prepare nanoparticles with
sizes as low as 50nm [16] (for the surfactant-free synthesis)
and 15nm (with CTABr as surfactant) [17]. Several review
papers have been published, dealing with different aspects and
chemical strategies to synthesize and design nanostructured
materials [18].

1.3. Surface characteristics

Neutral charge and hydrophilicity are desired surface
characteristic of the nanoparticles in order to avoid the rapid
uptake by monocytes and consequently by organ-resident
phagocytic cells (i.e., Kupffer cells in the liver). Most of the
strategies to reach those requirements use hydrophilic polymers

(i.e., poly(ethylene glycol), PEG) that, in addition, show steric
effects which help to stabilize the nanoparticles preventing
agglomeration. PEG has been bound to silica through direct
surface esterification of its surface hydroxyl groups and the
silica surface silanols or through a urethane linkage in order
to stabilize colloidal silica in water [18]. In some cases,
poly(ethylene glycol) is attached to the external surface of the
silica particles by means of hydrogen bonding, in other cases
the synthesis of the silica particles takes place directly in the
presence of PEG rendering ester linkages (Si—O-C).

Hydrogen bonding between the silica surface hydroxyl
groups and nearby silica particles produces agglomeration [19].
Agglomeration may also occur through the condensation of
silanol groups on the surface of individual particles [20]. There
are three kinds of silanols on the silica surface: terminal (iso-
lated) silanols (one hydroxyl group attached to a Si atom on the
surface), geminal silanols (two hydroxyl groups attached) and
ethereal silanols (forming a siloxane bond Si—O-Si) [21]. Dehy-
dration by calcination eliminates silanol groups so that particle
aggregation becomes less likely [22]; however, hydrogen bond-
ing still occurs, and calcination may also have undesired effects
such as a reduction in the hydrophilic character of the silica and
in the amount of surface hydroxyl groups which are susceptible
to be functionalizated.

In this work, we have investigated the effect of different syn-
thesis variables on the final size of silica particles prepared by
a sol—gel procedure. Some of these silica particles have been
PEGylated with PEG of different molecular sizes to study the
effect of PEG on the stability of the suspension. In order to try
to improve the hydrophilicity and biodegradability of the sil-
ica particles, the removal of the template was carried out by
extraction with alcoholic solutions of ammonium nitrate as an
alternative to the standard calcination procedures. The electro-
static stabilization of the silica dispersion was also studied at
different pH levels for both bare and PEGylated silica particles.
Finally, protein adsorption experiments were carried out to gain
some insight on the potential stealthing effect of PEG grafting
on silica particles.

2. Experimental

2.1. Sol-gel synthesis of mesoporous and PEGylated silica
particles

Two different synthesis procedures have been followed in
order to obtain mesoporous silica particles: (i) the work of Zeng
et al. [23] which describes the synthesis of MCM-41 microparti-
cles (named A hereafter) using a precursor gel with the following
molar composition: 1 TEOS:0.035 CTABr:0.0175 NaOH:692.5
H;O and by stirring at 353 K for 3 h, and (ii) the work of Lebedev
et al. [24] which shows the synthesis of mesoporous spherical
silica microparticles with two structures: cubic MCM-48 in the
central part and hexagonal MCM-41 in the outer part (particles
named B hereafter) by using a precursor gel with the following
molar composition: 1 TEOS:0.03 CTABr:11 NH3:58 EtOH:144
H>O and by stirring for 2 h at room temperature. For the latter,
we have studied the influence of different synthesis parameters
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in the final size of the obtained particles. The removal of the sur-
factant was carried out either by calcination (according to the
reference [24]) or by extraction, dispersing the silica particles
(~1wt.%) in a 0.03 M ammonium nitrate solution in ethanol
and stirring the mixture at 60 °C for 1h. After extraction, the
powders were recovered by filtration and washed with ethanol
and deionized water. This treatment was repeated twice.

Sigma—Aldrich (St. Louis, MO, USA) supplied the chemical
reagents used in the three synthesis described which include
tetraethyl orthosilicate (TEOS, 98 wt.%), tetramethyl orthosil-
icate (TMOS, 98 wt.%), cetyltrimethyl-ammonium bromide
(CTABr, 99.3wt.%), aqueous ammonia (28-30wt.%) and
ethanol.

The synthesis of PEGylated dense silica particles (named
C hereafter) was carried out following the synthesis procedure
described by Xu et al. [25]. The method can be summa-
rized as follows: the different molecular weigh polymers tested
are dissolved in a mixed solution of ammonium hydroxide
and methanol in a first step. TMOS (the silica source) is
added dropwise and after stirring for 4 h, the samples are col-
lected and washed with ethanol. It is important to point out
that the synthesis is surfactant-free. Sigma—Aldrich supplied
poly(ethylene glycol) of different molecular weights (3000,
6000 and 35,000 g/mol).

2.2. Characterization of the silica particles

Physicochemical characterization of the samples was car-
ried out by means of scanning electron microscopy with energy
dispersive X-ray analysis (SEM-EDX), photon correlation
spectroscopy (PCS), N, adsorption isotherms, Fourier trans-
form infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA) and X-ray powder diffraction at low diffraction angles
(XRD). BET surface areas, N, adsorption/desorption isotherms
and pore-size distributions were obtained on a Micromeritics
ASAP 2020 V1 device at 77 K. The pore-size distribution of the
silica particles was calculated using the desorption branch of
the N> adsorption/desorption isotherm with the Barret-Joyner-
Halenda (BJH) method. The micropore volume of the samples
was calculated from the #-plot method. The particle-size dis-
tribution and zeta potential of the dispersed materials were
obtained by photon correlation spectroscopy (PCS) measure-
ments (Malvern Zetasizer 3000 HS). X-ray powder diffraction
at low diffraction angles was performed on a Bruker D-advance
diffractometer equipped with a GADDS area detector using fil-
tered Cu Ko radiation. The samples were also examined by
scanning electron microscopy (SEM) in a JEOL JSM-6400
instrument operating at 3—20 kV, where energy dispersive X-ray
spectroscopy (EDS) analysis was also carried out. Thermogravi-
metric analysis (TGA) was performed using a Mettler-Toledo
equipment (TGA/DTA 851e SF/1100 °C). The mass loss during
the treatment was measured with N> as purge gas, from 25 to
600 °C with 0.1 °C/min heating and cooling rates. Pure air was
used to burn out the PEG in order to evaluate the amount of
polymer on the silica particles under the same heating/cooling
conditions. The sample holder was a ceramic alumina crucible
of 70 pL of volume.

2.3. Dissolution tests

Simulated body fluid (SBF, pH 7.4) was prepared by mix-
ing in distilled and deionized water reagent grade NaCl,
NaHCO3, KCI, K;HPO4-3H,0, MgCl,-6H,0, HCI, CaCly,
Na;SO4 and NH,C(CH,OH)3 (all the chemicals were supplied
by Sigma—Aldrich) according to procedures described in the
literature [26]. The solution was kept at 37 °C and the pH was
maintained at 7.3-7.4. A 75 mg silica powder were pressed into a
disc and soaked in 250 mL of the previously prepared SBF while
continuously stirring the dispersion in order to minimize exter-
nal diffusion limitations. The dissolution of silica to the fluid was
measured by UV-vis spectrophotometry analyzing the silicon
released by photometric determination as silico-molybdenum
blue using Standard Test NANOCOLOR® Silica (Macherey-
Nagel GmbH & Co., Germany). It is important to point out that
this test only measures ionic silicon and not solid silica. FTIR
data were obtained using a Mattson Research Series spectrome-
ter in air at room temperature. The solids were homogeneously
dispersed in KBr (2 wt.% approximately) and pressed into discs.
The spectra were recorded with a resolution of 4cm™! and 80
scans per spectrum.

2.4. Standard BSA adsorption assay

Adsorption of bovine serum albumin (BSA), purchased from
Sigma—Aldrich, was carried out by mixing 10 mg of the particles
to be tested with 1 mL of BSA solution of a certain concentra-
tion. The mixtures were gently agitated at 37 °C in an orbital
shaker. Periodically, samples of supernatants were taken and
protein concentration analyzed according to the bicinchoninic
acid (purchased from Pierce, Rockford, IL, USA) (BCA) assay
[27]. The amount of bound BSA was calculated by mass balance
as the difference between the amount of protein added and the
amount of unbound protein, measured spectrophotometrically.
Each adsorption experiment was performed at least three times.

The effect of pH on adsorption was evaluated using
a 70 pg/mL BSA solution prepared in 10mM sodium
acetate/acetic acid buffer at pH 4.7 or in 10 mM sodium phos-
phate buffer at pH 7.4.

To evaluate the maximum protein-binding capacity of the
different synthesized particles, different BSA solutions prepared
in sodium buffered saline solution at pH 7.4 (PBS) with a protein
concentration in the range of 15-700 p.g/ml were used.

The influence of the temperature and the molecular weight
of PEG used in the synthesis of Type C nanoparticles were eval-
uated using a BSA solution of 70 pg/mL prepared in PBS at pH
7.4.

3. Results and discussion
3.1. Particles structural characterization

The results of the structural characterization of the three kinds
of silica particles synthesized in this work are shown in Table 1.

For the Type A silica particles, the XRD results showed the
characteristic diffraction caused by the ordering in the meso-
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Table 1
Characterization of the silica particles synthesized in this work
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Silica BET surface  BJH pore = BJH pore Structure Average particle ~ Hydrodynamic particle ~ Hydrodynamic particle size
particles area (mz/g) size (nm) volume (cm3/g) size (nm)?* size in water (nm)® in PBS at pH 7.4 (nm)®
A 1305 + 44 3.0 0.89 MCM-41 130 £ 20 254 + 120 371 + 65
B 927 £ 1 2.7 0.76 MCM-48 540 £ 200 1858 + 429 1360 + 109
C PEG 3000 g/mol 77+ 1 - 0.32¢ Amorphous 155 % 20 261 + 27 151 £ 23
C PEG 6000 g/mol - - - Amorphous 200 % 20 216 £+ 66 271 £ 25
C PEG 35,000 g/mol - - - Amorphous 210 % 20 236 + 78 253 + 22
 Statistical analysis using SEM photographs.
b Dynamic light scattering results.
¢ Pore volume due to intra-particle spaces.
Type C
El El
£ £
7 2 4 6 8

20

20

20

Fig. 1. X-ray powder diffraction patterns for the three kinds of silica particles synthesized in this work. Types A, B and C synthesized according to the experimental

procedures described in references [23-25], respectively.

porous MCM-41 (P6mm symmetry group). The as-synthesized
samples exhibit a marked (1 00) peak with weaker reflections
corresponding to the (110) and (200) diffractions (Fig. 1),
characteristic of MCM-41 materials [24]. The hydrodynamic
diameter measured using dynamic light scattering revealed inter-
particle agglomeration in all cases, probably due to hydrogen
bonding between the hydroxyl surface groups of the silica.
For the Type B silica particles, the characteristic diffraction
peaks of the MCM-48 cubic structure (la3d symmetry) were
obtained, in agreement with the results showed by Lebedev et
al. [24]. Both A and B types of silica particles showed type
IV adsorption isotherms characteristic of mesoporous materials
(Fig. 2). For the A and B types, the micropore volume (calcu-
lated from the #-plot method) was nearly zero. The high surface

Amount adsorbed (cm®/g) STP

0,4 0,6 0,8 1

Relative pressure (P/P)

0 0,2

Fig. 2. . N; adsorption/desorption isotherms for the three kinds of silica particles
synthesized in this work. Type C silica particles were synthesized using PEG of
3000 g/mol.

areas obtained for the mesoporous silica particles make them
attractive for drug-delivery applications. Type C silica particles
showed the characteristic XRD pattern of amorphous samples
(Fig. 1). While some agglomeration still exists in this case, the
results of Table 1 clearly show that the poly(ethylene glycol)
coating strongly reduces the silica agglomeration compared to
the Types A and B silica particles, especially in PBS solution,
where agglomeration is practically eliminated. Those Type C
particles showed a Type II adsorption isotherm characteristic of
dense solids where only macropores are present, corresponding
to intraparticle spaces (with a Gaussian particle size distribution
centred at42 nm). For that sample, the PEG coating was removed
by calcination from the PEGylated silica particles before the N»
adsorption experiment. A H4 hysteresis loop was observed for
that sample in a P/Pg range of 0.9-1 which is associated with
the filling and emptying of the macroporous voids between silica
particles by capillary condensation.

3.2. Controlling the silica particle size

For biodegradable particles many references in the litera-
ture describe microparticles with sizes of several hundreds of
nanometres used for intravenous applications based mainly on
polyesters (i.e., PLA or PLGA). For non-biodegradable nanopar-
ticles, their sizes should be at least smaller than the spleen
filtration cut-off (200nm) [9], and to avoid bioaccumulation,
the particle must have a molecular weight sufficiently low to
allow renal elimination [28].

In order to control the particle size of the silica particles
prepared in this work, we studied the influence of different
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(A

500nm

500nm

Fig. 3. (A) SEM photographs describing the morphological structure of the silica particles prepared in this work. (B) The smallest type A silica nanoparticles with
sizes as small as 70 £ 10 nm. (C) PEGylated silica nanoparticles (Type C) with a diameter of 80 £ 20 nm.

parameters in the synthesis of the Type B silica particles. We
assume that similar effects would be obtained for A and C type
silicas, since comparable sol—gel procedures were used. Fig. 3
shows the morphological characteristics of the three kinds of
silica particles. EDS analysis did not reveal the presence of any
other atoms besides Si and O.

For the Type B particles, the following variables were stud-
ied: amount of TEOS and ammonia (catalyst) added, type of
alcohol (methanol and ethanol were used with different polar-
ity and molecular weight), length of the aliphatic chain of
the surfactant (cetyltrimethylammonium bromide (CTABr) and

dodecyltrimethylammonium bromide (DTABr), with 16 and 12
carbon atoms, respectively, were used), stirring speed, and pH
(in the range 10.5-12.7). While a full study has not been carried
out, the results obtained are sufficient, in some cases, to illustrate
trends. Each of the synthesis was repeated three times in order
to assure the reproducibility of the results. The average particle
sizes were obtained from statistical analysis (N = 50) carried out
on the SEM photographs taken on calcined samples.

The results indicate that the stirring speed, the pH (within
the range studied), and the size of the surfactant molecule do
not seem have an important effect regarding the size of the
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Table 2

Ratio of the areas under the curve for the FTIR peaks obtained at 1700 cm~! (corresponding to the Si—-OH stretching bond) and at 1100 cm™! (corresponding to the

Si—O-Si bonds)

Area ratio Type A before Type A surfactant Type A surfactant Type B surfactant Type C? surfactant-free
Si—OHgtretching/Si—-O—-Si surfactant removal removed by calcination removed by extraction removed by calcination synthesis
Li700em=1y/T1100em=1) 0.306 0.204 0.259 0.128 0.247

2 PEG 3000 g/mol.

particles synthesized. The particles obtained at low stirring
speed (300 rpm) had an average particle size of 480 &+ 150 nm,
versus 540 +200nm at high speed (1500rpm); in addition,
following the original preparation procedure [24], and by syn-
thesizing under sonication the obtained average particle size was
500 + 140 nm. This suggests that, even at the lowest agitation
tested, the rate of supply of nutrients from the solution to the
growing particles is sufficiently high and therefore the process
is not mass-transfer limited. Similarly, within the range stud-
ied (10.5-12.7) the pH did not appear to have any statistically
significant influence on the obtained particle sizes (results not
shown).

Regarding the size of the surfactant molecules, using a sur-
factant with an aliphatic chain of 12 atoms of carbon, resulted in
particle sizes of 430 £ 150 nm somewhat smaller but with a size
distribution strongly overlapping with the original 540 &= 200 nm
obtained with CTABr (C16) as surfactant. In contrast, the sur-
factant size did have a strong effect on the particle pore size, with
smaller surfactants giving rise to lower diameter mesopores, as
could be expected. Thus, with CTABr and DTABTr as surfactants
the obtained particle-pore sizes showed an average distribution
of 2.7 and 2.0 nm, respectively.

Other changes that led to a decrease in the mean par-
ticle size were: (i) an increase in the amount of catalyst
(adding a 100 wt.% increase in its concentration reduced par-
ticle sizes from 5404200 to 360 £ 100 nm compared to the
original recipe); (ii) replacement of ethanol by methanol (with a
higher polarity and a smaller size) as the solvent alcohol (from
540 200 nm with ethanol to 380 & 110 nm with methanol);
(iii) decreasing the amount of TEOS (a 50 wt.% decrease in the
amount added to the reaction vessel reduced particle size from
540 £ 200 to 340 &= 70 nm).

In conclusion, the most important parameters regarding con-
trol of the particle size of silica particles prepared by the sol-gel
process seem to be the concentration of the silica source (or
the ratio silica source/water), the polarity of the alcohol, and
the amount of the catalyst added. Those results are in gen-
eral agreement with several works published in the literature
[25,29,30].

The smallest Type A silica nanoparticles in this work were
obtained using a diluted solution of CTAB 2.7 mM in water and
a mixed solution of TMOS 0.56 M in methanol, at 60 °C, and
adding a few drops of NH3 (approximately 1 mL, 30 wt.%). This
yielded silica particles as small as 70 &= 10 nm (see Fig. 3B).

For the surfactant-free synthesis, PEGylated silica nanoparti-
cles (Type C) with a diameter of 80 = 20 nm could be obtained by
reducing the concentration of TMOS used during the synthesis,
and with 100 wt.% in excess methanol as co-solvent (Fig. 3C).

3.3. Surface characterization

After synthesis, it is necessary to remove the surfactant and
release the mesoporous structure, a process normally carried
out by calcination. However, calcination at high temperatures
strongly reduces the amount of surface hydroxyl groups on sil-
ica particles because of the condensation of the silanol groups
[22]. In this work, we have carried out the removal of the surfac-
tant by calcination and by extraction, and we have compared the
populations of surface groups after these processes using FTIR.
The complete removal of the surfactant was assessed by observ-
ing the complete extinction of the characteristic FTIR peaks at
2850 and 2930 cm™! corresponding to the distinctive bonds of
the surfactant (CTABr). The removal of the surfactant was also
corroborated by thermogravimetric analysis (results not shown).

Table 2 shows the FTIR integrated area intensity ratio of the
Si—OH stretching bond with respect to the Si—O-Si bond for
different samples and treatments. All the samples were dried in
a vacuum oven before each measurement. Clearly, the amount
of OH groups remaining after extraction is considerably higher,
showing the efficiency of extraction in reducing the loss of sur-
face hydroxyl groups during surfactant removal. On the other
hand, it can also be observed that poly(ethylene glycol) coated
silica particles display a highly hydrophilic surface compared to
the bare silica after calcination. The amount of PEG on the result-
ing PEGylated silica particles was 5.8, 3.0 and 5.6 wt.% for the
3000, 6000 and 35,000 g/mol PEG, respectively, as calculated
from thermogravimetric analysis.

3.4. Solubility in SBF

To evaluate the influence of the different synthesis proce-
dures, and of the amount of surface hydroxyl groups on particle
solubility, the samples were immersed in SBF and the amount of
silicon dissolved was analyzed by means of UV—vis spectropho-
tometry. The results (Fig. 4) show that the three kinds of silica
particles synthesized in this work present a similar dissolution
pattern, with a faster initial period where the most readily solu-
ble fractions are incorporated into the SBF, followed by a slower
dissolution process. The silica dissolution can be attributed to
the hydrolysis of the siloxane bonds to render silicic acid, and the
low rate of dissolution observed stems from the high chemical
stability of Si—~O-Si bonds. In our case, after 200 h the maximum
concentration of dissolved silica was 45 ppm, far from satura-
tion which would be reached ataround 116 ppm [31]. In addition,
Fig. 4 allows to compare the evolution of the dissolution patterns
for Type A silica particles where different procedures (extraction
and calcination) were used to remove the surfactant. It can be
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Fig. 4. Temporal evaluation of the amount of silicon released to SBF at 37°C
for the three kinds of silica synthesized in this work.

seen that the behaviour is rather similar, suggesting that the con-
centration of surface hydroxyl groups does not play an important
role in accelerating the dissolution of silica.

3.5. Standard BSA adsorption assay

3.5.1. Non-specific protein-binding tests

The removal of particle from circulation by the mononu-
clear phagocyte system (MPS) begins with the adsorption of
plasma proteins (i.e., opsonins including complement proteins
and immunoglobulins) on the particle surface [32,33]. There-
fore, we evaluated the non-specific binding capacity of the
synthesized nanoparticles using serum albumin (the most abun-
dant blood protein) as a model.

The total amount of bovine serum albumin (BSA) adsorbed
onto bare silica nanoparticles is shown in Fig. 5. As it could
be observed, with increasing pH, the amount of adsorbed BSA
decreased significantly. The maximum adsorption occurred at

200
B Type A extracted

OType C

1504

1004

ug BSA adsorbed/m? particles

pH 4.7

pH 7.4
pH

Fig.5. Total amount of BSA adsorbed at different pH on bare (Type A extracted),
and PEG(3000)-coated (Type C) silica nanoparticles. As Type C corresponds to
dense silica particles the external area accessible to BSA adsorption corresponds
to the total area measured by BET. In the case of Type A nanoparticles as they are
mesoporous, the external area corresponds to the ~3% of the total area measured
by nitrogen physisorption of surfactant-containing samples.

20,004
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-=-Type A calcined
10,004 -0-Type A extracted
E\ —a—Type C
0,00 . - . - . . \
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E -10,00/
8
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-40,00
-50,00-

pH

Fig. 6. Zeta potential of the different silica particles prepared in this work.

pH 4.7, which corresponds to the isoelectric point (p/) of BSA
[34]. A possible explanation of the pH effect on adsorption may
be related to the surface charge of silica particles and BSA. The
measured zeta potentials of all the particles synthesized in this
work at different pH are shown in Fig. 6. As can be observed,
in all cases the isoelectric point of the silica was reached at a
pH around 2. Therefore, all the silica particles have a positive
charge below pH 2.0 and a negative charge above this pH value
(which increases in magnitude as the pH value is raised). The net
charge of BSA also varies with pH, being positive or negative
if pH is below or above pH 4.7, respectively. Thus, at pH 7.4
both BSA and silica particles have a net negative charge, which
results in the decrease of BSA adsorption due to electrostatic
repulsion. At pH 4.7, BSA shows zero net surface charge and
the negative charge on the silica particles is smaller. Therefore, at
this pH value the electrostatic effect is less pronounced resulting
in a higher adsorption of BSA. Moreover, it was already reported
that BSA has several isomeric forms at different pH media. Atits
isoelectric point, the protein has the maximum of a-helix content
which results in a more compact state of BSA molecules which
could also promote adsorption [34,35].

14001
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¥ o] ;
o 10004
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o 8004 8 se]
£ 1 £ 56 N
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% 600 254 .
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Fig. 7. Adsorbed BSA vs. BSA in solution (normalized per unit of surface area

of the particles) to show the BSA adsorption capacity of bare (Type A extracted)
and PEG(3000)-coated (Type C) silica nanoparticles.
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3.5.2. Influence of PEGylation on the BSA adsorption

It is known that the presence of polymeric hydrophilic coat-
ings increases the nanoparticle plasma half-life by minimizing
the protein adsorption on their surfaces [36-38]. In Fig. 5, the
adsorption of BSA on PEG(3000)-silica nanoparticles (Type C)
at two different pH values (pH 4.7 that corresponds to pl of
BSA and pH 7.4 which is the physiological pH value of blood)
is also shown. From these results, it is clear that the presence
of poly(ethylene glycol) on the surface of the silica nanopar-
ticles significantly reduces BSA adsorption at both pH values.
This could be attributed to the increased water-retaining capac-
ity, charge neutrality and steric repulsion effects caused by PEG
[39].

Fig. 7 shows the evolution of the amount of BSA adsorbed
on bare and PEGylated nanoparticles as the load of BSA in the
surrounding solution is increased. As can be seen, the maximum
adsorbable amount of BSA under the conditions used can be
calculated: 1300 g of protein/m? (external surface) in the case
of bare nanoparticles, an amount that is around 250 times lower
for the case of PEG(3000)-modified silica.

It has been reported that the length and shape of the PEG
chains could modify steric effects around the particles, induc-
ing significant changes on protein adsorption [40—42]. The work
of Xu et al. [25] showed that an increase in the PEG molecu-
lar weight from PEG 650 g/mol to PEG 6000 g/mol produced a
decrease in the amount of protein adsorbed; however, the ten-
dency shows asymptotic behaviour. Therefore, we evaluated the
use of PEGs of different molecular weights in the synthesis of
PEGylated silica nanoparticles. The use of PEG chains with a
molecular weight higher than 3000 g/mol had little influence on
BSA adsorption on the silica particles synthesized in this work
(from 5.2 pg of protein/rn2 for the PEG(3000)-modified silica to
5.0 pgof protein/m2 for the PEG(35,000)-modified silica). An
optimal molecular weight of the PEG chain at 2000-5000 g/mol
has also been described in the literature [43].

Protein adsorption could also be reduced by increasing the
surface density of PEG chains grafted on the silica particles. To
this end, the synthesis temperature was increased with the aim of
accelerating the esterification reaction between the —OR groups
of the TEOS and the PEG hydroxyl groups [25]. However, for
the particles where the synthesis was carried out at the higher
temperature (60 °C), the amount of BSA adsorbed (42 wt.% of
the total BSA added was adsorbed) was much higher than for the
PEG-modified particles synthesized at room temperature during
the same contact time (11 wt.% of the total BSA adsorbed). This
suggests that the higher synthesis temperature does not result in
a higher surface density of PEG, possibly due to the accelera-
tion of competing reactions. However, this issue is still under
investigation in our laboratory.

Finally, some attempts were also carried out to coat PEG
on previously synthesized Type A silica particles following the
experimental procedure described by Alcantar et al. [44] which
described the grafting of silica surfaces with polyethylenglycol
using an ester bond. Our results (not shown) indicate that, while
hydrogen bonding between PEG and silanol groups occurs, the
stability of the bonding is poor both in a non-ionic detergent
(Tween-20) and in a medium with high ionic force. In addition,

this route seems less desirable, since particles with covalently
bound PEG chains achieve longer blood circulation half-lives
than similar particles with only surface adsorbed PEG [10].

4. Conclusions

Different synthesis parameters, including the concentration
of the silica source (or the ratio silica source/water), the polarity
and size of the alcohol, and the amount of the catalyst added, can
be tuned in order to reduce the particle sizes of silica nanopar-
ticles prepared by the sol-gel procedure. For the mesoporous
silica particles, removal of the surfactant by extraction instead
of calcination yields a higher concentration of surface hydroxyl
groups; however, the procedure of surfactant removal does not
seem to affect the solubility of silica particles which is very
low in any case, even for the silica particles synthesized using
surfactant-free procedures. Finally, the addition of PEG is effec-
tive as a stealthing procedure, as PEGylated silica particles show
a considerably decreased protein adsorption compared to bare
silica. The reduction of protein adsorption is fairly constant after
increasing the PEG chain length to above 3000 g/mol.
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