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 i g  h  l  i  g  h  t  s

Colloidal  composites  based  on fumed
silica and  polymethacrylate  are  pre-
pared.
Nanocomposites  are  obtained  by
radiation-induced  polymerization
under  non-stirring.
Currant-bun-like  nanoparticles  can
be  size-tuned  according  to the  initial
reagents.
Reversible  protein  adsorptive  prop-
erties  are  studied  onto  sulfonic
nanocomposites.
Potential  applications  as  protein-
capture  materials  are  envisioned.

g  r  a  p  h  i  c  a  l  a  b  s  t  r  a  c  t

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 18 July 2014
eceived in revised form 9 September 2014
ccepted 11 September 2014
vailable online 19 September 2014

a  b  s  t  r  a  c  t

Fumed  silica  (FS)  is one  of  the  few  nanomaterials  used  in  large  scale  in  the production  of  several  industrial
products.  In  addition,  the  very  low  toxicity  of  these  nano-sized  particles  led  them  to  become  excellent
raw  materials  to  develop  novel  applications  in the  field  of downstream  processing  of  bioproducts.  In  this
work,  we  prepared  and  characterized  a colloidal  composite  based  on fumed  silica  with  protein  adsorption
eywords:
anosilica
lycidyl methacrylate
amma  rays
rotein adsorption

properties.  This  nanocomposite  was  prepared  by  radiation-induced  polymerization  of  glycidyl  methacry-
late (GMA)  dissolved  in  an  aqueous  suspension  of  FS  without  stirring.  According  to  the  initial  GMA/FS
ratio,  mono-disperse  nanoparticles  from  60 to  195  nm  were  obtained.  Sulfonic  nanoparticles  allowed
reversible  lysozyme  adsorption  up to 270  mg/g.  The  nanomaterials  prepared  have  potential  application
as  protein-capture  materials  in the field of  downstream  processing  of  proteins.

© 2014  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Fumed silica (FS) is one of the few nanomaterials used in large

scale in the production of several industrial products. This nanoma-
terial is used as a universal thickening agent and anticaking agent
in powders and also as a desiccant. In addition, it has many applica-
tions in massive products such as cosmetics, for its light-diffusing
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Table 1
Composition of samples for preparation of the composites previously to the poly-
merization induced by gamma ray irradiation.

Sample FS (mg) FS-stock
suspension
(mL)

GMA  (mg) H2O (mL)

FS2/pGMA 22.5 0.45 0.5 145.1
FS9/pGMA 90 1.8 0.5 131.6
L.J. Mart́ınez et al. / Colloids and Surfaces A

roperties, and toothpaste, for its light abrasive capability. FS is
lso used as filler in silicone elastomer and as a viscosity adjuster in
aints, coatings, printing inks, adhesives and unsaturated polyester
esins. However, our main interest in this material is its low toxic-
ty. This feature allows it to be used as food additive to improve the
rganoleptic properties of massive food products.

Among the numerous inorganic/organic composite materials,
ilica/polymer composites are the most commonly reported [1,2].
ilica particles are used mainly in polymer composites to improve
heir mechanical properties and in neat polymers to protect their
ptical clarity [3].

Colloidal silica/polymer composites are a new category of
anocomposites, which can be divided in polymer core and silica
hell or vice versa [4]. In this work, we were interested in nanopar-
icles (NPs) with a functional polymer shell available to interact
ith the medium. These nanocomposites can be prepared in dif-

erent morphologies, such as raspberry-like, currant-bun-like or
ore–shell arrangements depending on the surface chemistry and
he size of the inorganic particles [5]. The chemical functionaliza-
ion of these colloidal composites is technologically interesting due
o their potential to be used as protein-capture materials in the
iotechnology field.

The modern biotech industry depends heavily on the availabil-
ty of efficient processes that can generate competitive products
r services in terms of quality and cost. The significant advances
n fermentation technologies in the last 20 years have not been
orresponded by those in the downstream processing (DSP) of bio-
roducts [6]. The DSP, which can account for up to 80% of the
roduction costs, is currently the main bottleneck in bioproduct
eneration. The application of NPs to the DSP attracts the atten-
ion of the research community because of the high surface area
f these materials, which may  allow overcoming the restriction of
he low-capacity adsorption of the micron-size adsorption materi-
ls. For example, magnetic microparticles, which have maximum
rotein adsorption capacities between 1 and 10 mg/mL, are cur-
ently used in bioresearch laboratories to isolate small amounts
f proteins. In contrast, functional magnetic NPs have shown
igher specific protein adsorption capacity (one order of magnitude
igher) than commercial magnetic microparticles [7,8]. Also, the
limination of mass-transport limitations due to diffusion within
he beads reduces the capture time to a few minutes. Recently, a
ovel technical-scale continuous protein recovery process, based
n magnetic NPs, has been used to isolate biologically active com-
ounds directly from crude culture media [9]. However, the high
ost of these magnetic carriers and adsorbents has been pointed
ut as one of the main restrictions for their application in indus-
rial processes [10]. Therefore, simple and inexpensive materials
hould be developed to allow NP applications in the field of DSP of
ioproducts.

Other difficulties coming with the reduction of the particle size
re the suspect of toxicity of nanomaterials [11] and, from the bio-
rocessing point of view, the need to find out efficient methods
o isolate them after the adsorption step. Typically, the adsorptive

icrobeads of polymers applied in the DSP have a density near
hat of water, which combined with a nanometer-sized diameter,
mpairs the use of centrifugation as a solid–liquid operation unit.
norganic cores of core–shell composite NPs could be an alterna-
ive to increase NP separation feasibility by magnetic or centrifugal
orces. In this way, ferric oxide colloidal composites have been
uccessfully applied to laboratory-scale protein purification, using
agnetic separation [7,8,10]. However, concerns about the toxicity

f metal pieces, at the nanoscale range, are an issue in the devel-

pment of protein-adsorption materials for DSP and application in
he biomedical field [11,12].

Silica material has a bulk density of 2.2 g/mL and the toxicity
f silica nano-sized particles is very low [13,14]. In addition, they
FS27/pGMA 270 5.4 0.5 95.6
FS54/pGMA 540 10.8 0.5 41.6

are considered as GRAS food additive by the FDA. Also, amorphous
silica matrices have been shown to be non-toxic and biologically
inert for mammalian cells in aqueous environments [15].

Silica particles have usually been associated with poly-
acrylates, particularly poly(methylmethacrylate) [1,4,16].
Poly(glycidylmethacrylate) (pGMA) shares similar physical
properties with poly(methylmethacrylate), such as film forming,
and good mechanical properties [17,18]. However, from the
chemical point of view, pGMA has a significant advantage because
of the chemical reactivity of its pendant oxirane rings, which can
be used to introduce different functionalities [19]. Composite NPs
containing pGMA may  be able to functionalize with ligands by
simple methods, reaching stable chemistry and using low-cost
reagents [20,21].

The objective of this work was to prepare and characterize
a novel colloidal FS/pGMA nanocomposite, with specific protein
adsorption properties for potential application in the field of DSP
of bioproducts.

2. Materials and methods

Fumed silica (FS), with an average particle diameter of
14 nm (information provided by the supplier), glycidyl methacry-
late ≥ 97.0% (GMA), and tetrahydrofuran (THF) for synthesis were
from Sigma Chemical Co. (USA), and were used without further
purification. Lysozyme (Hansozyme) was kindly donated by Chris-
tian Hansen Argentina. Deionized and filtered water (0.22 �m
filter) was used through all the processes. All other chemicals used
were of analytical grade.

The colloidal FS/pGMA nanocomposite was prepared by the
graft polymerization technique induced by ionizing radiation, using
a 60Co gamma source. A stock suspension of FS (50 mg/mL in water)
was previously prepared by stirring with vortex. The composition
of the different samples before radiation is described in Table 1.
Glass vials (20 mL)  containing GMA  monomer and the respective
FS suspension were flushed with nitrogen and sealed hermetically.
To disperse reagents, samples were first treated with a vortex mixer
(Thermolyne Type 37600 Mixer) for 30 s and then placed in an ultra-
sonic bath for 30 min  (TESLAB model TB02 – TACA, 80 W power,
40 kHz). It is noteworthy that, under these experimental conditions,
GMA  is completely soluble in the mixture.

Samples were irradiated at room temperature in a semi-
industrial 60Co source (PISI, CNEA-Ezeiza, Argentina). Samples
received an average dose of 10 kGy at a rate of 1 kGy/h. After
irradiation, composite suspensions were treated with THF for
homopolymer extraction. For this purpose, the supernatant was
completely removed, and 10 mL  of THF was added to the glass vial.
The extraction procedure was  allowed shaking overnight at room
temperature. Finally, vials were allowed to settle for 60 min. Precip-
itates were discarded and the residual THF was removed from the
suspension in a SpeedVac concentrator (Savant SpeedVac AES2010

Centrifugal Evaporator-220). Each sample was fractionated into
low volume and concentrated for 3 h without heating, until the
sample was  reduced to 0.500 mL.  Then, each tube was filled back
to 2 mL  with water. To assure complete THF evaporation, the cycle
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Fig. 1. Particle size distribution of colloidal composite NP according DLS 

as repeated twice. Finally, the suspension was allowed to settle
or 60 min  and homopolymer traces were removed as precipitate.

The relative composition of polymethacrylate of the colloidal
S/pGMA nanocomposite was determined by thermal gravimetric
nalysis (TGA), based on the percentage of weight loss from 150 to
00 ◦C, corresponding to the decomposition of organic matter, in
his case from pGMA.

The materials were analyzed by spectroscopic and functional
echniques. Shimadzu FTIR IRAffinity equipped with GladiATR
PIKE Technologies, Inc.) module was used to determine the pres-
nce of the polymer in the polymer nanocomposites. The FTIR
pectra, which averaged 64 scans, were analyzed using the IRso-
ution software. The average diameter of the nanocomposites was
etermined by dynamic light scattering (DLS) in a 90 Plus – Particle
ize Analyzer (Brookhaven Instruments Corporation). The mea-
urements were performed at 25 ◦C on samples diluted in deionized
nd filtered water. Each result was the average of three consecutive
easurements of 30 s each.
Thermal analysis of the samples was carried out by using ther-

al  gravimetric analysis (TGA) (TA Instruments Q500) under a
itrogen atmosphere with a heating rate of 10 ◦C/min, from 25 to
00 ◦C.

The structure of the NPs was visualized by a Field Emission Scan-

ing Electron Microscope (FSEM) Carl Zeiss NTS-40 using 3.0 kV
UPRA energy. The zeta potential of the colloidal NPs was mea-
ured with a Brookhaven 90 Plus/Bi-MAS, operating at � = 635 nm,
5 mW,  with a solid state laser, a measurement angle of 90◦ and
rements. (a) FS2/pGMA; (b) FS9/pGMA; (c) FS27/pGMA; (d) FS54/pGMA.

at 25 ± 0.1 ◦C. The suspensions were diluted in KCl 0.03 M as sup-
porting electrolyte and equilibrated at various pH values by adding
HCl or KOH. Prior to measurement, the samples were sonicated for
15 min.

Cation-exchange NPs were prepared from colloidal FS/pGMA by
ring-opening reaction with sodium sulfite, as previously described
[22], with the addition of a stabilizer. Briefly, one part of the
FS/pGMA NP suspension and three parts of sulfite mixture (sodium
sulfite/isopropyl alcohol/water 10/15/75, w/w/w) were incubated
overnight at 40 ◦C under shaking (100 rpm). Five percent of 1 N
sodium hexametaphosphate was  added as surfactant agent to the
reaction mixture.

Sulfonic colloidal NP composites (S-FS/pGMA NPs) were washed
by three centrifugation/resuspension cycles with water in a Hermle
Z200 M/H  centrifuge, at 12,000 × g for 3 min. The final washing step
was performed with 50 mM phosphate buffer pH 7.

S-FS/pGMA NPs were used as adsorbent material. Adsorp-
tion/desorption experiments were carried out in triplicate with
different concentrations of lysozyme, according to the capacity
of the adsorbent material. The adsorption study was performed
by the following sequential steps: equilibration, loading, washing
and elution steps. The lysozyme concentration was determined
by absorbance at 280 nm and using the extinction coefficient

2.4 mL/(g cm−1). Assays were performed in Eppendorf tubes with
approximately 250 mg  of S-FS/pGMA NPs. The tubes were pre-
weighed to calculate the amount of NPs by dry weight. The
adsorption process began with S-FS/pGMA NP equilibration with
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Table  2
Particle diameter determined by DLS of FS/pGMA colloidal composite prepared by
radiation-induced polymerization.

Sample Particle diameter (nm)

FS2/pGMA 195 ± 13
FS9/pGMA 120 ± 7
FS27/pGMA 90 ± 8
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Fig. 2. Infrared analysis of dry samples of (a) FS2/pGMA; (b) fumed silica and (c)
pGMA.

Fig. 3. Thermogravimetric analysis of samples. Weight retention percentage as
FS54/pGMA 60 ± 8

0 mM phosphate buffer, pH 7. After 15 min, the suspension
as centrifuged and the supernatant discarded. The pellet of

he S-FS/pGMA NPs was disrupted and incubated with an aque-
us solution of lysozyme (15 mg/mL  maximum) for 45 min. After
entrifugation, protein concentration was measured by a UV–vis
pectrophotometer at 280 nm in the supernatant (non-adsorbed
rotein). After three washing cycles (centrifugation/resuspension)
ith 50 mM phosphate buffer, pH 7, the elution step was car-

ied out with 50 mM phosphate buffer pH 7, 1 M NaCl. Finally,
he S-FS/pGMA NPs were dried at 60 ◦C to constant weight. Maxi-

um  adsorption capacity (Adsmax) was calculated as the amount of
ysozyme removed from the initial protein solution per dry weight
f NPs, whereas the maximum binding capacity (Qmax) was  calcu-
ated as the amount of lysozyme recovered in the elution step per
ry weight of NPs.

. Results and discussion

The most frequent method to prepare colloidal NP com-
osites is the in situ heterophase polymerization, where the
olymer encapsulates silica NPs. It is recognized that surface-

nitiated polymerization methods are able to prepare structurally
ell-defined polymer/silica nanocomposites [23]. Whichever
reparative method is used, synthetic procedures commonly
equire a significant affinity between silica surfaces and polymers.
he general approach involves two successive steps: (i) synthesis
f the core material with the desired surface group and chemi-
al reactivity and (ii) coating of the template core with an organic
r inorganic shell to establish a physicochemical or chemical link
etween the constituents [24]. However, under defined conditions,
he first step can be a simple physical adsorption of the monomer or
nitiator to silica NPs. In this way, aqueous surfactant-free synthesis
f vinyl polymer/silica colloidal nanocomposites has been reported
y copolymerization of 4-vinylpyridine with either n-butyl acrylate
r n-butyl methacrylate in the presence of an ultrafine aqueous sil-
ca solution [25]. This polymerization method is carried out under
tirring in a nitrogen atmosphere, and ammonium persulfate initia-
or at 60 ◦C. In this work, similar sample preparations were set up
o prepare surfactant-free colloidal FS/pGMA NPs. GMA  was added
o the aqueous suspension of FS and sealed under a nitrogen atmo-
phere in a glass vial. The polymerization reaction was  initiated by
rradiation in a 60Co source without stirring at room temperature.

GMA  has low water solubility (5 g/L a 20 ◦C). Therefore, pre-
iminary experiments were done to select the proper GMA
oncentration, in order to maintain the monomer soluble and to
each a stable suspension after irradiation. FS was set at 50 mg/mL
nd different amounts of GMA  (0 mM,  2 mM,  5 mM,  10 mM,  20 mM,
0 mM and 100 mM)  were added to the FS suspension. Samples
ith 20 mM or lower GMA  concentrations had a particle-like aspect

fter irradiation. Higher GMA  concentrations yielded unwanted
el-like products. In addition, samples prepared using 20 mM GMA
ed to homogeneous suspensions at naked eye, before irradiation.

herefore, this GMA  concentration was used for further experi-
ents and FS concentration was varied in a wide range (see Table 1).

he amount of FS required for each condition was  achieved from a

function of temperature, heating rate of 10 ◦C/min (upper plot). Derivative of weight
retention percentage as function of temperature plot (lower plot). Samples: (a)
FS2/pGMA; (b) FS9/pGMA; (c) FS27/pGMA; (d) FS54/pGMA and (e) pGMA.
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oncentrated aqueous suspension (50 mg/mL), where each condi-
ion was named by the initial amount of FS.

Free-radical polymerizations of (meth)acrylates are usually
nitiated by heat and UV light to prepare poly(meth)acrylates. How-
ver, radiation-induced polymerization is an alternative method
ith some advantages: it is a temperature-independent process,

t creates a much larger amount of free radicals in a highly homo-
eneous and quantitatively manner [26] and it has the ability to
enerate radicals onto very stable materials, such as polyethylene,
hich allows grafting polymerization [27]. The radiolytic approach
ay  offer some advantages in the fine control over the rate of gen-

ration of the growing species afforded by the control over the dose
ate delivered to the sample [28].

Gamma-irradiation of silica NP suspensions (up to 20 nm in
iameter) has been previously studied by Meisel [29]. These
uthors found that the addition of silica NPs to water up to 50% did
ot change the radiolytic yields of radicals and interfacial exchange
f charge carriers between the solid particle and the aqueous phase.
n contrast, the presence of the solid phase often enhanced products
rom the fragmentation of water molecules. They concluded that
he production of radicals at the interface may  be used for a variety
f processes such as polymerization at the surface or grafting onto
he solid [29]. They also observed that the mobility of hot holes in
ilica is much slower than that of electrons, and that, thus, the latter
scape into the aqueous phase, yielding additional radicals [29].
In this work, the irradiation dose was set at 10 kGy and the
ose rate at 1 kGy/h, which generate enough electrons to convert
ll GMA  in polymethacrylate in this solvent [30]. After irradiation,
amples were treated with THF, a moderately polar heterocyclic

ig. 5. FSEM microphotography of pGMA (up left; 100,000×); Bare fumed silica (up rig
ight;  300,000×).
Fig. 4. Correlation between the particle diameters, determined by DLS, and the
weight FS/pGMA ratio determined by TGA.

solvent capable of dissolving a wide range of organic compounds, to
remove the homopolymer. Finally, THF was changed by water using
the SpeedVac, avoiding the complete sample dryness, to reduce NP
aggregation.

The average diameter and size-distribution of water suspension

of the colloidal NPs were determined by DLS. The average diameters
for the different preparation conditions changed from 195 nm to
60 nm with approximately 10% of standard error (Table 2). Fig. 1

ht; 60,000×); FS–pGMA composite (down left; 200,000×) and FS54/pGMA (down
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Fig. 7. Correlation between the protein adsorption capacity and the percentage of
polymeric matrix in the colloidal composites. Maximum lysozyme adsorption (�)
and  maximum lysozyme capacity (©) as a function of amount of polymeric matrix
ig. 6. Analysis of the Z-potential in the whole pH range for (a) FS and (b) S-
S9/pGMA.

hows the corresponding size-distribution histograms of the four
amples prepared. According to the DLS data, the increase in the
S amount in the NP preparation yielded proportionally lower NP
ize, with a highly monodisperse size distribution.

Dry samples were characterized by FTIR spectroscopy using the
TR accessory. Fig. 2 shows the spectra corresponding to bare FS,

he pGMA homopolymer and colloidal FS2/pGMA NP. The large
eak at 1100–1000 cm−1 and the peak at 800 cm−1 in FS spectrum
ere assigned to the symmetric and asymmetric stretching vibra-

ions of siloxane groups (Si O Si). Spectra corresponding to pGMA
nd FS/pGMA NPs show the characteristic stretching vibration of
he carbonyl group at 1720 cm−1, in addition to other small sig-
als corresponding to the glycidylmethacrylate moieties such as
H, CH3 and epoxy groups at 2950, 1445 and 900 cm−1 respectively
31].

The percentage of methacrylate polymer in the NPs was deter-
ined by TGA. Fig. 3 shows TGA plots of FSx/pGMA NPs after

orrections of the water content. The region of weight loss (between
90 and 500 ◦C) shows two regions in most of the samples (see
erivative plots in Fig. 3b), corresponding to the thermal oxida-
ion and pyrolysis. Samples containing high FS/GMA ratios show
rogressive lower amounts of organic matter up to near 1% (w/w)
ontent. In addition, the temperature required for the organic

ecomposition shows a shift to higher temperatures when the
roportion of polymer in the sample decreases. The decomposi-
ion temperature corresponding to the FS2/pGMA sample begins
t 230 ◦C. This transition range, about 100 ◦C lower than that of
percentage in NP composition.

the other samples, has a profile similar to that of the free pGMA
decomposition. In FS9/pGMA, FS27/pGMA and FS54/pGMA, the
degradation process begins at 310–330 ◦C, indicating an increase
in thermal stability, which is attributable mostly to an interaction
with FS. This trend is also visible in the derivative plot of the degra-
dation curves (Fig. 3b), which shows the corresponding degradation
rates. In all cases, the decomposition process involves two well-
defined stages: one (the more important) corresponding to the
polymethacrylate depolymerization, and the other corresponding
to the decomposition of the ester groups [32]. TGA also allowed
estimating the composite composition, which varied from 44.1% to
0.9% of pGMA for FS2/pGMA to FS54/pGMA respectively.

Fig. 4 shows the NP data corresponding to DLS and TGA. The
increase in the polymer ratio in the final NP composition yields
a higher NP diameter. However, this correlation is not linear and
approaches a plateau as the polymer mass increases.

Fig. 5 shows scanning electron microscopy micrographs of the
pGMA homopolymer, bare FS NP and colloidal FS/pGMA NP corre-
sponding to FS54/pGMA. Micrographs with different magnification
are shown in order to visualize their characteristics and the unifor-
mity over the whole field studied. However, no individual NPs were
captured after the pre-drying process required to analyze the sam-
ples. FS/pGMA NP micrographs illustrate the homogeneity of the NP
size, with an average NP diameter in the order of 30 nm,  which is
lower than the average particle size obtained by DLS (about 60 nm).
This difference could be assigned to a swelling effect in the hydrated
state.

Sulfonic groups were further introduced in the FS/pGMA NPs
(S-FS/pGMA NPs) through a well-described reaction of sulfite onto
the epoxy-pendant groups of pGMA. The negative surface change
composition of the NPs was examined by zeta potential versus
pH. Curves were recorded onto FS and FS9/pGMA and its sulfonate
derivative (Fig. 6). Fig. 6a shows the FS curve decreasing with the
pH with an isoelectric point at pH 3.5. The composite NP shows
a flat curve between −5 mV  and −20 mV  in all the pH range. Its
sulfonate derivative shows the same shape at more negative zeta
potentials (between −20 mV  and −30 mV), which can be assigned
to the presence of sulfonic moieties in the polymeric matrix.

Based on the results achieved with the different techniques, we

schematized a plausible sequence for the preparation of S-FS/pGMA
NPs, considering the extreme conditions of FS/pGMA ratios, where
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Fig. 8. Proposed scheme according to the experimental measurements determined onto the colloidal composites samples prepared from FS and GMA. From left to right:
Bare  FS dispersed in GMA  solution; FS/pGMA composite after irradiation; FS/pGMA NP a
and  sulfonic FS/pGMA NP after chemical derivatization).

Table 3
Determination of protein adsorption properties of the sulfonic FSx/pGMA NPs.
Maximum lysozyme adsorption (Adsmax) and maximum protein capacity (Qmax),
determined as mg  of lysozyme per gram of material.

Sample Particle
diameter
(nm)

Adsmax (mg/g) Qmax (mg/g)

S-FS2/pGMA 190 666 ± 15 230 ± 13
S-FS9/pGMA 120 455 ± 33 268 ± 23
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S-FS27/pGMA 90 165 ± 16 78 ± 9
S-FS54/pGMA 60 146 ± 13 30 ± 5

ower relative amounts of FS allow reaching larger NP size dispersed
n the hydrogel polymeric matrix (Fig. 7).

The anionic colloidal nanoparticles of different sizes, S-
Sx/pGMA NPs, were used to capture a cationic protein, lysozyme,
t neutral pH. It has been previously demonstrated that the interac-
ion between negatively charged microgel particles and lysozyme
ccurs at low salt concentrations, in a fashion similar to that of
icro-scale particles [33]. Here, we studied lysozyme adsorption to

olloidal NPs using a protocol of four steps: equilibration, adsorp-
ion, washing and elution, where centrifugation is used for NP
ecovery. Table 3 shows the total adsorption (Adsmax) and max-
mum adsorption capacity (Qmax) of lysozyme from S-FSx/pGMA
Ps. The adsorption capacity increased proportionally to the diam-
ter of NPs. Therefore, a surface adsorption process was discarded
nd it can be assumed that S-FS/pGMA NPs have a hydrated
el structure with adsorption properties. This observation is also
onsistent with the variation in particle sizes obtained by DLS
nd FSEM. It has been reported that a sulfite add-on reaction
nto surface-grafted pGMA materials leads to highly hydrated
nd hydrophilic matrixes [22]. Consequently, S-FS/pGMA NPs
hould have an adsorption behavior similar to that of polystyrene-
olyacrylate core–shell microgels [34].

Fig. 8 shows the adsorption parameters (Adsmax and Qmax)
ersus the percentage of polymer in the NP composition. Up to
round 20%, the adsorption capacity and the amount of polymer
how a direct correlation. NPs with higher polymer proportions did
ot improve the maximum adsorption capacity, suggesting a differ-
nt composite arrangement. A maximum of 270 mg/g of reversible
dsorption of lysozyme per gram was achieved using NPs of 120 nm
iameter and 44.1% of pGMA.

. Conclusion

Preparation of novel colloidal FS/pGMA nanocomposite was
chieved by a radiation-induced polymerization method. The
amma-ray irradiation of an aqueous solution of GMA, at low

onomer concentration, with the presence of FS nanoparticles,

llowed obtaining a monodisperse nanocomposite. These compos-
te NPs, which ranged from 60 to 200 nm in diameter, contained
pproximately 55–99% of silica by mass. Particle size was inversely
fter extraction step (left: low initial amount of FS; right: high initial amount of FS

proportional to the initial FSi/GMA ratio, reaching a maximum of
44% pGMA in the colloidal composite.

Advantages of this preparation method include that it is a simple
one-pot protocol based on readily available starting materials, that
no addition of surfactant is necessary during the preparation, and
that it is a non-stirring reaction. Also, no surface pretreatment of
the FS is required, and the reactivity of GMA  can be used for a wide-
range of NP functionalization.

Sulfonic FS/pGMA NPs were able to absorb lysozyme reversibly
up to 270 mg/g from an aqueous protein solution. This protein
adsorption property, in addition to the simple recovery method
of NPs, centrifugation, and non-toxic preparation materials, makes
this colloidal nanocomposite an interesting adsorbent to be applied
in the field of DSP of bioproducts.
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