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Abstract A nanocomposite is prepared by encapsulating silica
nano-spheres with polymerized ionic liquid in aqueous medi-
um without use of any organic solvents. Vinyl groups are
covalently introduced on to the surface of silica nano-spheres,
which are then encapsulated by copolymerization of 1-vinyl-3-
ethylimidazolium bromide (monomer) and 1,4-butanediyl-3,3'-
bis-I-vinylimidazolium dibromide (cross-linker) at room tem-
perature. The derived nanocomposite, PIL@Si0O,, provides a
green adsorbent for protein sorption. PIL@SiO, is selective
toward acidic proteins, and its selectivity can be controlled via
varying the amount of monomer used in the copolymerization
process. At pH 6.0, use of 5 mg PIL@SiO, nanocomposite
results in a sorption efficiency of up to 95 % for 200 mg L'
ovalbumin in 1 mL sample solution. Electrostatic and hydro-
phobic interactions between PIL@SiO, and protein species
dominate the adsorption process. The ovalbumin adsorption
behavior is consistent with the Langmuir model, giving a
sorption capacity of 333.3 mg g~ '. The retained ovalbumin is
recovered by elution with 0.2 % SDS solution. Circular dichro-
ism spectra reveal virtually no change to the o-helix content of
ovalbumin after elimination of SDS by use of dialysis. In
summary, high-purity ovalbumin is isolated from chicken
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egg-white by use of the PIL@SiO, nanocomposite as
adsorbent.

Keywords Polymeric ionic liquid - Silica nano-sphere -
Acidic protein - Isolation

Introduction

Room temperature ionic liquids (ILs) have been the focus of a
variety of investigations because of their distinctive properties
of wide liquid range, low volatility, good thermal stability,
electrolytic conductivity, and adjustable miscibility [1, 2].
Polymeric or polymerized ionic liquids, e.g. PILs carrying
an IL moiety in each of the repeating units of the polymer,
are an emerging class of material with promising applications.
PILs usually combine the above-mentioned properties of ILs
with macromolecular architecture, and have new properties
and functions including enhanced mechanical stability, im-
proved processability, durability and spatial controllability,
and great potential as green materials [3—5]. By polymeriza-
tion and/or copolymerization of ionic liquids in the presence
or absence of solid supports, different kinds of PIL have been
prepared and used for a variety of purposes, including ionic
conductive materials [6—8], stationary phases in chromatogra-
phy [9, 10], catalytic membranes [11, 12], adsorbents [13, 14],
fluorescent conjugate polymers [15, 16] and precursors for
nanostructures [17, 18].

Alongside the development of polymeric ionic liquids,
nanoparticles (NPs) with a variety of constituents and struc-
tures or configurations have attracted even more attention. The
functionalization and/or engineering of NPs have been widely
used in the design of novel functional materials with desirable
electronic, optical, and magnetic properties. By manipulation
of the surface modifier, NPs with a wide range of potential
applications can be created [19]. Recently, immobilization of
PILs on a variety of nanostructures, e.g. SWNT, graphene, and
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silica, has produced multi-functional nanocomposite materials
[20-22]. The NPs substantially increase the dynamic hardness
of the PIL-NPs composite, and their large surface area pro-
vides more functional groups. The incorporation of PILs
prevents the coagulation of NPs caused by electrostatic repul-
sion between the nanoparticles, and the characteristics of the
ionic liquid moieties provide the PIL-NPs composite with
favorable thermal stability and tunable hydrophilicity or hy-
drophobicity [23, 24]. In production of PIL-NPs composites,
the PILs are usually prepared by use of conventional free
radical polymerization of IL monomers [20, 25, 26]. There
are also a few reports on preparation of PILs via controlled or
“living” radical polymerization, which is expected to enable
precise design and control of the macromolecular architecture
[27]. However, these polymerization approaches require heat
sources and dispersive organic solvents, which might have an
adverse environmental impact and could lead to irreversible
deactivation of biomacromolecules. For this reason, it is high-
ly desirable to develop eco-friendly or green procedures to
produce nano-objects with fine-tuning particle size and
dispersibility.

In this paper, we report a novel hybrid nanocomposite
material for protein isolation, prepared by encapsulating silica
nano-spheres with polymeric ionic liquids—i.e. polymerization
of ionic liquids, with 1-vinyl-3-ethylimidazolium bromide as
monomer and 1,4-butanediyl-3,3'-bis-1-vinylimidazolium
dibromide as cross-linker—at room temperature, without use
of organic solvents. The aqueous medium facilitates homoge-
neous dispersion of silica NPs. The prepared nanocomposite
PIL@SiO, is of uniform size and has good selectivity for
adsorption of acidic proteins. Ovalbumin has been successfully
isolated from chicken egg white, as demonstrated by SDS-
PAGE. The circular dichroism (CD) spectra of the recovered
protein clearly reveal preservation of the natural structure of the
isolated protein species.

Experimental
Materials

Lysozyme from chicken egg white (Lys, L2879, isoelectric point
p! 11), cytochrome ¢ from horse heart (cyt-c, C7752, p/ 10.3),
bovine hemoglobin (Hb, H2500, p/ 6.9), immunoglobulin G
from human serum (IgG, 14506, p/ 5.8), and ovalbumin (Ova,
AS5503, pI 4.7) were purchased from Sigma (St Louis, MO,
USA) and used without further purification. N-Vinylimidazole,
bromoethane, 1,4-dibromobutane, tetracthoxysilane (TEOS), y-
methacryloxypropyltrimethoxysilane (y-MAPS), N,N,N',N'-
tetramethylethylenediamine (TEMED) and sodium
dodecylsulfate (SDS) were obtained from Sinopharm
Chemical Reagent (Shenyang, China) and used as received.
Dialysis membrane (21 MM, MW: 8,000-14,400) was the
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product of Biosharp (Hefei, China). Other chemicals used, e.g.
acetonitrile, ethyl acetate, diethyl ether, phosphoric acid, acetic
acid, and sodium hydroxide, were of at least analytical-reagent
grade. Deionized water of 18 M cm™" was used throughout the
experiments.

Instrumentation

UV-visible absorption spectra were recorded on an Hitachi
(Japan) U-3900 spectrophotometer at room temperature
(293 K). A 1.0-cm quartz cuvette was used for quantifying
proteins in aqueous medium, and an integrating sphere setup
was used for characterizing the solid composite. FT-IR spectra
in the range 4000-400 cm™' were obtained by use of a
Nicolet-6700 FT-IR spectrometer (Thermo, USA). '"H NMR
spectra were recorded on a Bruker ARX-600 spectrometer
operated at 600 MHz. Circular dichroism (CD) spectra in the
wavelength range 200-260 nm were obtained on a MOS-450
(Bio-Logic, France) automatic recording spectropolarimeter at
293 K. The spectra were recorded with nitrogen protection by
use of a 5 mm cell length with a scan rate of 200 nm min ™.
The morphology and structure of the nanocomposite were
examined by use of a scanning electronic microscope
(SEM, S-3400 N; Hitachi) and transmission electronic
microscope (TEM, H-7650; Hitachi). Zeta potential mea-
surement for surface charge analysis of the PIL@SiO, nano-
composite was performed by use of a Zetasizer Nano ZS90
(Malvern, UK).

Preparation of the PIL@SiO, nanocomposite
Monomer

1-Vinyl-3-ethylimidazolium bromide (VeimBr) was prepared
as follows. First, bromoethane (50 mL, 0.67 mol) was gradu-
ally added to N-vinylimidazole (40 mL, 0.44 mol) in a
250 mL round-bottomed flask at 70 °C. The mixture was then
stirred for 12 h. After phase separation, the product was
obtained as a viscous liquid and was dissolved in 20 mL
acetonitrile, then re-crystallized by adding three drops ethyl
acetate at —22 °C. After filtration and washing with ethyl
acetate, the monomer powder was dried in a vacuum.

Cross-linker

To prepare 1,4-butanediyl-3,3'-bis-1-vinylimidazolium bro-
mide (BVD), 1,4-dibromobutane (12 mL, 0.10 mol) was
added to N-vinylimidazole (18 mL, 0.19 mol) and methanol
(30 mL) in a 100 mL round-bottomed flask. The mixture was
stirred at 60 °C for 15 h, then cooled to room temperature and
added drop-by-drop to 1 L diethyl ether. The white precipitate
was filtered and then dried at room temperature until constant
weight was obtained.
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Modification of silica nano-spheres with vinyl groups

First, 6 mL tetraethoxysilane (TEOS) was added to a mixture
of 100 mL ethanol, 11 mL deionized water, and 6 mL ammo-
nia (25 %). The reaction mixture was then vigorously stirred
for 24 h at 30 °C. y-Methacryloxypropyltrimethoxysilane (y-
MAPS, 750 uL; used as the source of the vinyl group) diluted
with 10 mL ethanol was then added to the reaction system
over 30 min. The mixture was then stirred for a further 24 h to
facilitate coating of the silica nano-spheres with MAPS. The
MAPS-modified silica nano-spheres (SiO,—MAPS) were col-
lected by centrifugation and then re-suspended in ethanol
under ultra-sonication followed by centrifugation. Finally,
the product was dried to constant weight at room temperature
under vacuum conditions.

Encapsulation of silica nano-spheres with polymerized ionic
liquid

A series of suspensions was prepared by dispersing 0.200 g of
the previously obtained SiO,—MAPS in 40 mL phosphate
buffer (0.02 mol L', pH 6.2). Then 0.100, 0.200, 0.300,
0.400, 0.600, 0.800, and 1.000 g VeimBr monomer (corre-
sponding to 0.5, 1, 1.5, 2, 3, 4, and 5 mmol) and amounts of
cross-linker BVD corresponding to 5 % of the monomer mass
were added to the suspensions. These were then stirred for
30 min before addition of the ammonium persulfate (10 %,
m/v) initiator in volumes of 150, 300, 450, 600, 900, 1200, or
1500 pL, with higher volumes of initiator added to higher
masses of monomer. The reaction mixtures in the flasks were
homogenized under magnetic stirring and purged with nitro-
gen to remove residual oxygen. Polymerization was then
initiated by addition of 50, 100, 150, 200, 300, 400, or
500 pL catalyst (TEMED (5 %, m/v)). After reaction over-
night at room temperature, the product was centrifuged and
washed with deionized water. Finally the nano-spheres de-
rived from different masses of monomer, termed PIL@SiO,-
1, PIL@Si0,-2, PIL@Si0,-3, PIL@Si0,-4, PIL@SiO,-5,
PIL@Si0,-6, and PIL@SiO,-7, were freeze-dried to remove
any residual water.

Protein adsorption

PIL@SiO, nanocomposite (5.0 mg) in 1 mL of aqueous
solution (at pH 6.0, Britton—Robinson buffer) was used to
extract 200 ug mL ™" protein. The mixture was shaken vigor-
ously for 30 min to facilitate protein adsorption, followed by
phase separation by use of centrifugation for 5 min at
7000 rpm. Protein concentrations in the aqueous phase
(supernatant) before and after adsorption were determined
by measuring absorbance at the proteins’ characteristic ab-
sorption wavelengths: 408 nm for Hb and cyt-c, 280 nm for
the other proteins. Recovery of proteins retained on

PIL@Si0, nano-spheres was performed by use of SDS
(0.2 %, m/v) as stripping reagent. Potential conformational
changes of the proteins were elucidated by use of circular
dichroism spectra analysis. To avoid carry-over of proteins,
a new sample of PIL@SiO, nanocomposite was used for the
next adsorption operation.

As a model protein, ovalbumin was isolated from chicken
egg-white by use of PIL@SiO, nano-spheres as adsorbent.
The egg white was diluted 100-fold with Britton—Robinson
buffer at pH 6.0, and the mixture was gently stirred to form a
homogeneous suspension. The supernatant was then collected
by centrifugation at 8000 rpm for 20 min at 4 °C. To extract
ovalbumin from the supernatant, 20.0 mg PIL@SiO,-6 nano-
composite was shaken with 1 mL supernatant. After the
isolation process, the PIL@SiO,-6 was separated from the
reaction mixture and washed with deionized water to elimi-
nate any loosely retained components on the surface of the
nano-spheres. Finally, the retained Ova was recovered by
elution with 0.2 % SDS followed by assay with SDS-PAGE.

Results and discussion
Preparation and characterization of the PIL@SiO,

A schematic diagram of the on-surface polymerization of
ionic liquids and in-situ encapsulation on silica nano-spheres
used to derive the PIL@SiO, nanocomposite is depicted in
Fig. 1. First, colloidal silica nanoparticles (NPs) with highly
uniform size and good dispersibility were obtained via the
Stober method, using tetracthoxysilane (TEOS) as sole pre-
cursor [28]. Then vinyl groups were introduced on to the
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Fig. 1 Schematic representation of the preparation of polymerized ionic
liquid-encapsulated silica nano-spheres (PIL@SiO,)
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surface of silica nano-spheres via chemical modification, with
the objective of producing a homogeneous and stable coating.
Because silica NPs disperse better in an aqueous medium than
in an organic phase, polymerization of ILs on the surface of
silica nano-spheres was performed in aqueous solution.

The developed PIL@SiO, nanocomposite was character-
ized by use of "H NMR, FT-IR and UV-visible spectroscopy.
Details, and corresponding discussion, are provided in the
Electronic Supplementary Material (Figs. S1-S3).

The SEM images in Fig. 2a reveal that the silica nano-
spheres were perfectly spherical, of uniform size and mono-
dispersed, with an average diameter of 273 nm. After modifi-
cation with MAPS and covalent encapsulation with polymer-
ized ionic liquid, the average diameters of SiO,—MAPS
(Fig. 2b) and of PIL@SiO, nanocomposite (Fig. 2¢) changed
to 276 nm and 286 nm, respectively. In contrast with the TEM
images of pure silica nano-spheres and SiO,—MAPS in
Fig. 2d-e, the TEM image of PIL@SiO, in Fig. 2f
clearly reveals that a core—shell structure was formed,
with a silica nano-sphere as the core and thin polymer-
ized ionic-liquid layer as the shell. The thickness of the
shell was approximately 10 nm.

The PIL@SiO, nanocomposite was further characterized
by surface charge analysis (measurement of its Zeta potential)
in the range pH 3-9. As a result of the dissociation of surface
silanol groups, both pure silica and SiO,—~MAPS nano-spheres
were negatively charged across the whole pH range
(Fig. 3a, b) [29, 30]. After encapsulation with polymerized
ionic liquid via the vinyl group, protonation of surface
imidazolium groups meant that the surface of the PIL@SiO,
nanocomposite became positively charged at pH 3-9 (Fig. 3¢)
[31].

Fig. 2 SEM images of (a) silica
nano-spheres, (b) SiO,—MAPS,
and (¢) PIL@Si0,-6; and TEM
images of (d) silica nano-spheres,
(e) SiO,—MAPS, and

(f) PIL@Si0,-6
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Fig. 3 Surface charge analysis (or variation of zeta potential) as a
function of pH for (a) SiO,—MAPS, (b) SiO,, and (¢) PIL@SiO,-6

Adsorption of proteins with PIL@SiO, as sorbent

As previously described, preparation of PIL@SiO, nanocom-
posite was performed in an aqueous medium with no use of
organic solvent. In this respect, PIL@SiO, nanocomposite
can be regarded as a green interaction medium. Its potential
use as a sorbent for the isolation of biomacromolecules, spe-
cifically proteins, was therefore investigated.

Selective adsorption of acid proteins

The charge properties of protein species in an aqueous medi-
um can be readily manipulated by varying the pH of the
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solution. A protein is positively charged at a pH below its
isoelectric point (p/), becoming negatively charged when the
pH exceeds its p/. In this study, we tested the adsorption
behavior of the PIL@SiO, nanocomposite toward acid pro-
teins Ova and IgG, neutral protein Hb, and basic proteins cyt-c
and Lys. The protein (200 ug mL ™" in 1 mL aqueous solution)
was extracted by use of 5.0 mg PIL@SiO,-6 at pH 6.0; each
protein species was extracted separately. The adsorption effi-
ciencies achieved were 86 % for Ova, 65 % for IgG, 50 % for
Hb, 4 % for cyt-c, and 3 % for Lys. The PIL@SiO, nanocom-
posite had obvious selectivity for the acidic protein species,
but virtually no adsorption of basic protein species was ob-
served. This was attributed to the fact that acidic proteins are
negatively charged at pH 6.0: the electrostatic interaction
between the protein species and the cationic imidazolium
moiety in the polymerized ionic liquid has a vital function in
protein adsorption. However, the electrostatic repulsion be-
tween the cationic ionic liquid moiety and the positive protein
species is not favorable for protein adsorption.

Selectivity manipulation by varying the monomer
concentration

When preparing the PIL@SiO, nanocomposite, the concentra-
tion of the 1-vinyl-3-ethylimidazolium bromide (VeimBr)
monomer is a crucial variable, controlling the selectivity of
the nanocomposite to proteins. To investigate this, Ova and
Lys were chosen as models of acidic and basic proteins. The
amount of monomer was varied within the range 0.5-5 mmol,
with a monomer-to-cross-linker ratio of 20 (VeimBr/BVD,
m/m). Nanocomposite selectivity for Ova and Lys obtained
by use of a variety of monomer concentrations is depicted in
Fig. 4. The pure silica modified with vinyl groups, SiO,—
MAPS, clearly adsorbed both protein species, without selectiv-
ity. When the amount of monomer was increased within the
range 0.5-4 mmol, adsorption selectivity for Ova was signifi-
cantly improved. The sorption efficiency for acidic protein Ova
remained high at >86 %, whereas that for Lys was well con-
trolled, being below 5 % for PIL@SiO,-3, PIL@Si0,-4,
PIL@Si0,-5, PIL@Si0,-6, and PIL@SiO,-7 when >1.5 mmol
monomer was used. A sorption efficiency for Lys of <I % was
achieved by use of PIL@SiO,-6, and this was used for the
ensuing experiments. Further increases of the VeimBr amount
to above 5 mmol are not recommended, because polymeriza-
tion of monomer and cross-linker on the surface of the silica
nano-spheres at higher monomer concentrations causes aggre-
gation of the nano-spheres.

The dependence of Ova/Lys adsorption on pH and ionic
strength

The effect of pH on the efficiency of Ova and Lys adsorption
by PIL@SiO,-6 is illustrated in Fig. 5a. Variation of pH
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Fig. 4 The effect of the amount of monomer (VeimBr) on adsorption
selectivity for Ova and Lys. 200 ug mL ™' Ova or Lys in 1 mL Britton—
Robinson buffer (pH 6.0) is adsorbed by 5.0 mg PIL@SiO,-1 (0.5 mmol
VeimBr), PIL@SiO,-2 (1 mmol VeimBr), PIL@SiO,-3 (1.5 mmol
VeimBr), PIL@Si0,-4 (2 mmol VeimBr), PIL@Si0,-5 (3 mmol VeimBr),
PIL@Si0,-6 (4 mmol VeimBr), and PIL@SiO,-7 (5 mmol VeimBr)

changes the extraction efficiency for both protein species
within a small range. At pH 4.0 Ova is positively charged in
aqueous medium, and the surface of the PIL@Si0,-6 is also
positively charged. The adsorption efficiency of 99 % for Ova
was therefore obviously not caused by electrostatic interac-
tion, meaning there must be other interactions between the
protein species and the surface of the PIL@SiO,-6 nanocom-
posite. It is known that ionic strength is an important variable
for controlling the partitioning of a protein species. The de-
pendence of Ova and Lys adsorption on ionic strength was
therefore investigated. The ionic strength was altered by vary-
ing the NaCl concentration within the range 0.2-3 mol L.
The results are illustrated in Fig. 5b. Increased adsorption
efficiency for Lys with increased ionic strength was observed,
and approximately 45 % of the Lys was retained at an ionic
strength of 3 mol L' NaCl. Increased ionic strength causes
electrostatic hindrance, which weakens electrostatic interac-
tion and makes the hydrophobic interaction more evident [32].
Figure 5b also reveals that the adsorption efficiency of Ova
remained high, at >82 % within the range of 0.2-3 mol L™
NaCl, demonstrating that hydrophobic interaction is among
the mechanisms responsible for the adsorption of proteins by
the PIL@Si0O, nanocomposite.

Adsorption capacity of Ova by PIL@SiO, nanocomposite
Adsorption of Ova by the PIL@SiO,-6 nanocomposite was
performed at different initial concentrations of Ova, ranging

from 2005500 pg mL™'. The amount of Ova adsorbed on
PIL@Si0,-6 increased rapidly as Ova concentration was

@ Springer
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Fig. 5 Dependence of adsorption a
efficiency for Ova and Lys on (a) 100 |
pH and (b) ionic strength.

200 ug mL™" protein in 1 mL
aqueous solution at pH 6.0 is
extracted with 5.0 mg PIL@SiO,- .l
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increased from 200 to 4500 pg mL ™', after which a plateau
was reached and further increases of Ova concentration had no
effect. The adsorption behavior of Ova by the PIL@Si0,-6
nanocomposite fits the Langmuir adsorption model, charac-
terized by the equation:

a1
Qe Qmax b- Qmax

where C. is the equilibrium concentration of Ova, Q. is the
adsorption capacity for Ova by PIL@SiO, at equilibrium
concentration, Q .« is the theoretical maximum adsorption
capacity, and b is the adsorption equilibrium constant.

The Langmuir regression equation is 1/Q.=0.862/C.+
0.003 (#*=0.990), from which is derived an adsorption capacity
of 333.3 mg g ' for Ova by the PIL@SiO,-6 nanocomposite.
PIL@Si0O,-6 has a diameter of approximately 280 nm, with a
100 % grafting ratio of the ionic liquid moiety (an imidazolium
ring is included in each repeating unit). In a previous study of
the adsorption of hemoglobin, a sorption capacity of
26.5 mg g ', achieved by use of a methylimidazolium ionic-
liquid-coated poly(vinyl chloride) (PVC) hybrid, was reported.
The hybrid had a diameter of 150 um, with a 15.1 % grafting
ratio of the ionic liquid moiety [33]. The nanocomposite pro-
duced by encapsulating silica nano-spheres with polymerized
ionic liquid thus has a significantly improved adsorption capac-
ity, attributed partly to the nano-size of the composite and partly
to the interactions between the nanocomposite and the protein
species.

Recovery of Ova from PIL@SiO, nanocomposite

For some biological applications it is preferable to use an
aqueous solution of the protein species. Therefore, recovery
of the retained Ova from the surface of the PIL@SiO, nano-
composite is highly desirable. The fact that, as discussed in the
previous section, variations of pH and of ionic strength have
virtually no effect on adsorption of Ova by the PIL@SiO,
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nanocomposite, explains the observation that no Ova is re-
covered by use of citrate, phosphate, and carbonate buffers as
stripping reagent or eluent. Because the surfactant SDS has
favorable protein solubilization, it should be a suitable strip-
ping reagent for use in recovery of Ova. Experiment revealed
that >0.2 % SDS aqueous solution enables a 60 % recovery of
Ova (Fig. 6). Protein denaturation is frequently encountered
with SDS at a high level [34], and the concentration of SDS
solution should therefore be kept at a minimum: in this study,
0.2 % SDS aqueous solution was used to recover the adsorbed
Ova from the surface of the PIL@SiO, nanocomposite.

It was important to evaluate whether there was denaturation
ofthe Ova recovered from the PIL@SiO, nano-spheres by use
of SDS as stripping reagent. This was done by investigating
the conformational change of Ova by use of far-UV circular
dichroism (CD) spectra (Fig. 7). In deionized water (Fig. 7a)
and buffer solution (Fig. 7b), pure Ova has two clear negative
bands at 210 nm and 218 nm. These are characteristic of the
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Elution efficiency (%)
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Fig. 6 The effect of SDS concentration on recovery of retained Ova from
the PIL@SiO, nanocomposite. 5.0 mg PIL@SiO,-6 is used to adsorb
200 pg mL " Ova in 1 mL Britton—Robinson buffer at pH 6.0, and the
adsorbed Ova is then eluted by 1 mL SDS aqueous solution
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Fig. 7 Soret region CD spectra of Ova. (a) 200 ug mL™' Ova in
deionized water; (b) 200 pg mL™' Ova in Britton—Robinson buffer
without treatment by the PIL@SiO, nanocomposite; (¢) Ova stripped
into 0.2 % SDS aqueous solution as eluate; (d) Ova directly dissolved in
0.2 % SDS aqueous solution; (e) Ova in the eluate after removal of SDS
by use of dialysis

«-helical structure of proteins, and are attributed to n—7t*
transition of the «-helix peptide bond [35]. After treatment
with the PIL@SiO, nanocomposite, the Ova stripped into
0.2 % SDS had expanded bands at 207 nm and 225 nm
(Fig. 7¢). This indicates structural and/or conformational
change of the Ova in the SDS solution. It was not known
whether this change is caused by the PIL@SiO, nanocom-
posite during adsorption, or by the SDS itself in the elution
process; to determine this, the CD spectra of Ova stripped into
0.2 % SDS (Fig. 7c) and of pure Ova directly dissolved in
0.2 % SDS were recorded for comparison (Fig. 7d). The
spectra of both Ova solutions appear almost identical, indicat-
ing that the conformational change of Ova is most probably
caused by the SDS, and indirectly demonstrating that the
PIL@SiO, nanocomposite is biocompatible. To determine
whether the conformational change is reversible, the eluate
was subjected to dialysis to remove the SDS, and the corre-
sponding CD spectrum was recorded. Figure 7e illustrates that
after SDS elimination, the CD spectrum observed was the
same of that of pure Ova dissolved in deionized water without
treatment by the PIL@SiO, nanocomposite, with the same
two characteristic bands at 210 nm and 218 nm (Fig. 7a).

A quantitative estimate of the «-helix content of Ova was
made by analysis of the CD spectra. The CD results are
expressed in terms of mean residue ellipticity (MRE):

Observed CD

MRE = ——————
CpxnxIx10

where C, is the protein concentration, 7 is the number of
amino acid residues of the target protein (385 for Ova), and / is

the optical length. The «-helical contents of Ova are calculat-
ed from the MRE values at 208 nm by use of the equation:

—MRE»03—4000

where MRE208 is the observed MRE value, 4000 is the MRE
value of the 3-form and random coil conformation, and 33000
is the MRE value of a pure x-helix.

The «-helical contents of Ova in different media, i.e. de-
ionized water, buffer solution, Ova stripped into 0.2 % SDS,
Ova directly dissolved in 0.2 % SDS, and Ova after removal
of SDS from the eluate by use of dialysis, were 46.0 %,
47.2 %, 36.7 %, 35.1 % and 46.0 %, respectively. These
results clearly indicate that the PIL@SiO, nanocomposite
has good biocompatibility, and that the structural change of
Ova during the adsorption—desorption process is completely
reversible.

Real sample pretreatment

The practical applicability of the PIL@SiO, nano-spheres was
demonstrated by selective adsorption of Ova from chicken
egg-white. After 100-fold dilution, the sample was subjected
to the adsorption procedure as detailed in the Experimental
section. The adsorbed Ova in the PIL@SiO,-6 nanocomposite
was recovered by elution with 0.2 % SDS solution, and then
assayed by use of SDS-PAGE. The results in Fig. 8 indicate

200 a b c d e
116 .

972 __—=
-

-
20.1

EE—

14.3
6.5

Fig. 8 SDS-PAGE. (a) marker (kD); (b) 100-fold-diluted chicken egg-
white without treatment; (¢) the diluted chicken egg-white after extraction
with PIL@Si10,-6 nanocomposite; (d) Ova recovered from the
PIL@Si0,-6 nanocomposite after adsorption; (e) Ova standard solution
of 500 ug mL™'
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that Ova was effectively isolated from chicken egg-white that
contained other coexisting protein species and complex sam-
ple matrices. Recovery of Ova was approximately 45 %. This
clearly reveals the effectiveness of polymerized ionic-liquid-
encapsulated silica nano-spheres for pretreatment of complex
biological samples.

Conclusions

Encapsulation of silica nano-spheres with polymerized ionic
liquid produces a core—shell nanocomposite with a 10 nm thick
coating layer. The encapsulation process avoids the use of
organic solvents at room temperature, thus providing a green
adsorbent for protein sorption. The core—shell nanocomposite
has favorable selectivity for adsorption of acidic protein species,
with a high sorption capacity. The nanocomposite is also bio-
compatible. This approach provides an alternative way to devel-
op novel nanocomposites for selective retention of proteins.
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