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ABSTRACT: We present an efficient approach to develop cellulose nanocrystal
(CNC) hybrids with magnetically responsive Fe;O, nanoparticles that were
synthesized using the (Fe>'/Fe’*) coprecipitation. After 2,2,6,6-tetramethylpiper-
idine-1-oxyl radical (TEMPO)-catalyzed oxidation of CNC, carbodiimide (EDC/
NHS) was used for coupling amine-containing iron oxide nanoparticles that were
achieved by dopamine ligand exchange (NH,—Fe;O, NPs). The as-prepared
hybrids (Fe;O,@CNC) were further complexed with Cu(Il) ions to produce .,
specific protein binding sites. The performance of magnetically responsive Cu—

Fe;0,@CNC hybrids was assessed by selectively separating lysozyme from
aqueous media. The hybrid system displayed a remarkable binding capacity with

lysozyme of 860.6 + 14.6 mg/g while near full protein recovery (~98%) was J
achieved by simple elution. Moreover, the regeneration of Fe;0,@CNC hybrids e

| Organic phase
(toluene)

Aqueous phase

M (emulg)

and efficient reutilization for protein separation was demonstrated. Finally, e
lysozyme separation from matrices containing egg white was achieved, thus
revealing the specificity and potential of the presented method.
Bl INTRODUCTION density, the suitability for surface functionalization, ability to

self-assemble, and so forth, make CNC useful in developing
new biobased nanomaterials, such as those comprising polymer
nanocomposites, mechanically adaptive systems, hydro/aero-
gels, and thin films, among others."™'® Moreover, magnetically
responsive nanocellulose materials have been investigated in
medical applications,'” transparent films,'® electrospun poly-
vinyl alcohol (PVA)-CNC composite fibers,"” and aerogels.”

Magnetic nanoparticles such as MFe,O, (M = Co, Fe, Ni),

Proteins play an important role in materials science and
biotechnological/biopharmaceutical industries."”” Therefore,
considerable efforts have been devoted to obtain highly purified
proteins which may have properties such as antimicrobiality
(antivirality), photoactivity, elasticity, and redox potential.’~’
Conventional methods to separate proteins include chromatog-
raphy, precipitation, crystallization, centrifugation, and mem-
brane-based techniques. However, a low adsorption capacity

(related to the available surface area) and an insufficient CoFe, FePt, and SmCos can be synthesized via coprecipitation,

separation efficiency are some of the major drawbacks of these thermal (i?composition and/or reduction, and hydrothermal

methods. Therefore, substrates possessing large specific surface synthesis.” They have been used in catalytic, biomedical, drug

area (SSA) such as cellulose nanocrystals (CNC) are promising delivezrzy, 5 6and magnetic resonance imaging (MRI) applica-

candidates for enhanced protein separation/purification; in tions.” """ Moreover, the separation of biomolecules using

particular, the combination of large SSA and magnetic magnetic nanoparticles has been demonstrated.””** For

responsiveness can be of great impact in the field. example, Xu et al. employed nickel-nitrilotriacetic acid
CNC can be isolated from various botanical sources such as complex-conjugated magnetic nanoparticles that showed

wood, straw, and cotton by using top-down methods.” Rod-

shaped CNC particles possess high aspect ratio (typically 20— Received: November 30, 2016

50), high surface area (419 m?/g), and high mechanical Revised:  February 10, 2017

strength.g’10 These features, as well as their abundance, low Published: February 15, 2017
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Figure 1. Schematic illustration of the preparation of copper-complexed Fe;O,@CNC hybrids. Amino-functionalized Fe;O, NPs were synthesized
using the (Fe>'/Fe*) coprecipitation method and followed by dopamine ligand exchange. TEMPO-CNC were prepared via TEMPO-mediated
oxidation. Magnetically responsive Fe;O,@CNC hybrids are prepared by EDC/NHS-assisted coupling of TEMPO-CNC and NH,—Fe;O, NPs.
Copper ions were complexed onto Fe;O,@CNC hybrids to provide specific binding sites for the protein, for example, lysozyme.

excellent separation performance for histidine-tagged pro-
teins.”” Moreover, an investigation from Lee et al. indicated
that the imidazole-stabilized Ni/NiO core/shell nanoparticles
could be used for the separation of histidine-tagged proteins.*
Attempts to utilize cellulose-containing magnetic substrates for
protein seParation and enzyme immobilization have also been
reported.’’ ~** However, the selective separation of proteins
from a complex natural substrate by using cellulose-based
magnetic nanoparticles has remained a challenge.

In this work, an efficient and scalable approach for selective
protein separation from a complex mixture via magnetically
responsive Fe;O,@CNC hybrids is presented. First, the
primary hydroxyl groups on the surface of the CNC were
selectively oxidized to corresponding carboxyl groups via
2,2,6,6-tetramethyl-1-piperidinyloxyradical (TEMPO)-medi-
ated oxidation. Concurrently, amino-functionalized Fe;O,
nanoparticles (NPs) were synthesized using the (Fe®'/Fe?*)
coprecipitation method. Next, N-(3-(dimethylamino)propyl)-
N’-ethylcarbodiimide hydrochloride/N-hydroxysuccinimide
(EDC/NHS)-assisted coupling of TEMPO-oxidized cellulose
nanocrystals (TEMPO-CNC) and NH,—Fe;O, NPs was
employed to produce the magnetically responsive Fe;O,@
CNC hybrids. The properties of TEMPO-CNC, NH,—Fe;0,
NPs, and Fe;O,@CNC hybrids were characterized by atomic
force microscopy (AFM), transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FT-IR) and
X-ray photoelectron spectroscopy (XPS), respectively. Fur-
thermore, Fe;O,@CNC hybrids were complexed with copper
ions to provide specific binding sites for proteins (Figure 1).
The performance of magnetically responsive Fe;O,@CNC
hybrids was assessed by separating lysozyme from a standard
solution. Finally, the same methodology was employed for the
separation of lysozyme from the egg white. The results indicate
that the copper-complexed Fe;O,@CNC hybrids can be
efficiently used for the protein separation.

B EXPERIMENTAL SECTION

Chemicals. All chemicals and materials used in this work were of
analytical grade without further purification. 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), EDC, NHS, TEMPO, sodium
hypochlorite (13% NaClO), iron(Ill) chloride hexahydrate (FeCly-
6H,0), iron(II) chloride tetrahydrate (FeCl,-4H,0), sodium bromide,
lysozyme, oleic acid (OA), and dopamine (DA) were purchased from
Sigma-Aldrich, Finland. Hardened ashless filter paper was acquired
from Whatman GmbH, Germany. Spectra/por dialysis membrane
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(MWCO 6000—8000) was purchased from Spectrum Laboratories
Inc, US.A. Milli-Q (MQ) water (18.2 MQ-cm) was used for all
aqueous solutions preparation.

Preparation of Cellulose Nanocrystals (CNC) and Subse-
quent TEMPO-Mediated Oxidation (TEMPO-CNC). CNC used in
this study were prepared via hydrocholoric acid hydrolysis of ashless
filter paper (Whatman Hardened, grade 541) for 3 h and 45 min
according to the method detailed by Araki et al** In order to
introduce carboxyl groups on CNC surface, TEMPO-mediated
oxidation was carried out according to a previously reported
method.™*® After one-week dialysis against distilled water, the dry
content of TEMPO-CNC suspension was determined to be about S g/
L. The transparent suspension was stored at 4 °C until further use.

Synthesis of Amino Functionalized Superparamagnetic Iron
Oxide Nanoparticles (NH,—Fe;0, NPs). The superparamagnetic
amino-functionalized iron oxide nanoparticles (NH,—Fe;O, NPs)
were synthesized through the coprecipitation method following the
procedure outlined by Yao et al.”’” Briefly, 1.5 g of FeCl,-4H,0 and 4.1
g of FeCl;-6H,O were dissolved into 100 mL of Milli-Q water in a
three-necked flask under N, atmosphere. Then, 25 mL of 25% NHj:
H,O was quickly added under vigorous stir after 15 min stabilization.
The solution color changed from orange to black, which indicate for
the formation of Fe;O, NPs. Next, the dispersion was heated to 80 °C
and 1 mL of oleic acid was slowly added within 1 h. After that, the as-
synthesized Fe;O, NPs were extracted from water with 30 mL of
toluene. The oleic acid coated Fe;O, NPs (OA—Fe;O, NPs) were
stored at 4 °C for further use. The dry content of OA—Fe;O, NPs in a
suspension was determined to be about 6% w/w (in toluene).
(Caution: all glassware involved in the synthesis should be washed
with aqua regia prior to the experiments). In order to obtain amino-
functionalized Fe;O, NPs, 0.2 g of dopamine (dissolved in 1 mL of
methanol) was added into 10 mL of OA—Fe;0, NPs and the resulting
mixture was sonicated for 2 h in an ice bath. Then, the mixture was
extensively washed with methanol and water. The dry content of
NH,—Fe;0, NPs in aqueous suspension was measured to be about 7.7
g/L. NH,—Fe;O, NPs were stored at 4 °C for further use.

Fabrication of Magnetically Responsive Nanocellulose-
Based Hybrids (Fe3;0,@CNC Hybrids). The magnetically respon-
sive Fe;0,@CNC hybrids were prepared via well-established EDC/
NHS-assisted coupling reaction. Briefly, EDC (0.30 g) and NHS (0.23
g) were added to a suspension (30 mL in MES buffer, pH 4.5) of
TEMPO-oxidized CNCs (5.1 g/L) under vigorous stirring for 15 min.
Next, NH,—Fe;0, NPs (3 mL of 7.7 g/L suspension) was added. The
reaction was carried out overnight at room temperature. The resulting
Fe;0,@CNC hybrids were separated magnetically and washed with
deionized water. The dry content of Fe;O,—CNC hybrids was
measured to be about 3.2 g/L.

Complexation of Copper lons with Fe;0,@CNC Hybrids.
Complexation of copper ions with the Fe;O,@CNC hybrids was
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Figure 2. (a) AFM image showing the size of rod-shaped TEMPO-CNC. Scale bar: 300 nm. (b) Photography showing the stability of Fe;O,
nanoparticles in toluene (top phase) and water (bottom phase). The left container includes OA— Fe;O, NPs dispersed in toluene and the right one
NH,—Fe;O, NPs dispersed in water. The magnetic responsiveness of NH,—Fe;O, NPs is shown in the picture on the far right after 3 min. (c¢) TEM

image reveals the size of synthesized Fe;O, NPs (scale bar: 50 nm). (d) FT-IR spectra of NH,—Fe;O, NPs (upper, blue profile) and pure dopamine
compound (bottom, pink curve) revealing the introduction of amino groups onto Fe;O, NPs.
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carried out by mixing 4.8 mL of Fe;O,@CNC hybrids (3.2 g/L) with
10.2 mL of CuSO, solution (25 mM, pH = S) for 2 h at room
temperature as described by Zhu et al.*® Then, the suspension was
washed with distilled water under assistance of the external magnetic
field until no copper ions could be detected in washing solutions. The
Cu?* complexation capacity of Fe;0,@CNC hybrids was measured by
using Shimadzu UV-2550 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). (See Supporting Information.)

Characterization Methods. FT-IR characterization of TEMPO-
CNC, dopamine, NH,—Fe;O, NPs and Fe;O,@CNC hybrids was
carried out with a Thermo Scientific Nicolet Avatar 360 FTIR
spectrometer in transmittance mode using the KBr pellet technique.
Zeta potential of NH,—Fe;O, NPs (about 1 g/L) was measured with
Malvern nano ZS90 (Finland). TEMPO-CNC was characterized in air
at room temperature (23 °C) via Multimode AFM with a Nanoscope
V controller operated at tapping mode (Bruker Corparation, U.S.A.).
Bright-field TEM images of NH,—Fe;O, NPs and Fe;0,@CNC
hybrids were acquired using a FEI Tecnai 12 TEM operating at 120
kV. The surface chemical composition of synthesized TEMPO-CNC,
NH,—Fe;0,, and magnetically responsive Fe;O,@CNC hybrids was
investigated using a Kratos Analytical AXIS ultraelectron spectrometer
equipped with a monochromatic Al Ka X-ray source at 100 W and a
neutralizer. The XPS experiments were performed on the dry thin-
films supported by a cleaned silica wafer. In order to obtain consistent
results, at least three different areas of each sample were scanned. The
thermogravimetric analysis (TGA) of TEMPO-CNC, NH,—Fe;0,,
and Fe;O,@CNC hybrids was performed via a PerkinElmer TGA7
instrument (Waltham, MA). Prior to heating to 700 °C with a heating
rate of 10 °C min~', approximately 7 mg of sample was dried at 105
°C for 20 min to remove the residual moisture. Nitrogen served as
purge gas for TGA measurement. Magnetic properties of the samples
(NH,—Fe;0, and Fe;0,@CNC hybrids) were measured using a
vibrating sample magnetometer (Quantum Design PPMS Dynacool,
Finland). Approximately S—10 mg of liquid sample was pipetted in
standard polypropylene sample holder and sealed with vacuum grease
and Parafilm. Hysteresis loops were measured by vibrating the samples
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with 1 mm peak amplitude and 40 Hz frequency between —9 and +9 T
in room temperature.

Protein Binding and Separation from a Predefined Standard
Solution. Commercial lysozyme protein was used for assessing the
capability of Fe;0,@CNC hybrids to bind and separate proteins from
a solution. In a typical binding and separation test, 4.8 mL of Fe;O,@
CNC hybrids was mixed with 6 mL of predefined 1 g/L of lysozyme
solution (pH 7) for 2 h at room temperature. Next, Fe;0,@CNC
hybrids were collected and extensively washed with a buffer solution.
The lysozyme binding efficiency was determined by the difference
between the initial and final amount of lysozyme in solution, and the
concentrations of lysozyme solutions were determined with Shimadzu
UV-2550 spectrophotometer (see Supporting Information). The
adsorbed protein with the histidine binding unit can be eluted by
using high concentrations of salt and imidazole.” In order to elute the
bound lysozyme, the Fe;O,@CNC hybrids were mixed with 8 mL of
HEPES (50 mM, pH 8.0) containing 0.3 M imidazole and 0.25 M
NaCl for 2 h. Subsequently, the lysozyme concentration in eluent was
analyzed. The Fe;O,@CNC hybrids were remixed with fresh copper
ions as described above for recycling.

Lysozyme Separation from Fresh Egg White. The separation
of lysozyme from the fresh chicken egg white was conducted as
suggested by Zhu et al.** Briefly, egg white collected from the fresh
chicken eggs was diluted 3 times with HEPES (50 mM, pH 7.0) and
homogenized in an ice bath for 3 h (Polytron PT 2100, Kinematica
AG homogenizer). The resulting solution was centrifuged (15000
rpm) at 4 °C for 30 min, and the supernatant was collected and used
as the lysozyme source. Then, 9.6 mL of Fe;O,@CNC hybrids were
mixed with 20 mL of copper(1I) sulfate (25 mM, pH 5.0) for 2 h and
washed extensively to remove the excess of copper. The Cu*
complexed Fe;0,@CNC hybrids were mixed with 13 mL of egg
white solution for 2 h at room temperature. After washing, the elution
of lysozyme bound onto Fe;O,@CNC hybrids was performed in the
HEPES buffer (50 mM, pH 8.0) containing 0.3 M imidazole and 0.25
M NaCl. Finally, Fe;O,@CNC hybrids were remixed with copper ions
for recycling. The purity of eluted lysozyme was confirmed via sodium
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Figure 3. (a) FT-IR spectra of TEMPO-CNC and Fe;0,@CNC hybrids. The significant reduction of carboxyl peak contribution at 1730 cm™
reveals that NH,—Fe;0, NPs cross-linked with TEMPO-CNC. (b) TEM image of Fe;O,@CNC hybrids to reveal the morphology after EDC/NHS
coupling reaction (scale bar: 200 nm). Both NH,- Fe;O, NPs and TEMPO-CNC can be found. Red arrows indicate some of the rodlike TEMPO-
CNC that are not covered by the NH,—Fe;O, NPs. Inset shows schematically the conjugation of NH,—Fe;O, NPs with TEMPO-CNC. (c) TGA
curves of TEMPO-CNC, Fe;0,@CNC hybrids, and NH,—Fe;O, NPs showing the mass reduction as a function of temperature. (d) Hysteresis
loops of Fe;0,@CNC hybrids and NH,—Fe;O, NPs at 300 K with diamagnetic contribution removed showing the magnetic response of Fe;O0,@
CNC hybrids. In panel a, ¢, and d, TEMPO-CNC, NH,—Fe;O, NPs, and Fe;O,@CNC hybrids are indicated in color as black, blue, and red profiles,

respectively.

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, see
Supporting Information).

B RESULTS AND DISCUSSION

TEMPO-CNC. Typically, CNC produced by sulfuric acid
hydrolysis contain about 1% sulfur (originated from the half-
sulfate ester group on the surface).*” These negatively charged
groups have a positive impact on the stability of the resulting
CNC aqueous dispersions (electrostatic repulsion). However,
the presence of sulfate groups has a detrimental effect to the
thermal stability of CNCs. Moreover, they can also contribute
to the unwanted side reactions such as nucleophilic substitution
and elimination. Therefore, we employed hydrochloric acid
hydrolysis to produce sulfur-free CNC that were subsequently
modified via TEMPO-mediated oxidation reaction to provide
surface charges (COOH groups). The introduced carboxyl
groups not only provide binding sites for the copper ions (in
order to form the coordination complexes capable to selectively
capture the protein lysozyme) but also serve as anchors for
installing the magnetic NH,—Fe;O, nanoparticles via EDC/
NHS-assisted coupling.’>*' The morphology of TEMPO-CNC
was characterized with AFM. The AFM image in Figure 2a
reveals the rod-shaped TEMPO-CNC with approximate
diameter of 5—10 nm and length of 100—200 nm. As expected,
a new absorption band at 1730 cm™' assigned to C=O
stretching of carboxyl groups was observed and the TEMPO-
CNC with degree of oxidation (DO) approximately 0.2 was
confirmed using FT-IR. (Figure 3a, Supporting Information).

Amino-Functionalized Superparamagnetic Iron Oxide
Nanoparticles (NH,—Fe;0, NPs). Several methods have
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been introduced for the preparation of magnetic iron oxide
nanoparticles (Fe;O, NPs).*” Among them, the coprecipitation
method is one of the most employed due to its scalability and
feasibility.*’ In this work, superparamagnetic Fe;O, NPs were
synthesized via the chemical coprecipitation of iron salts (Fe**
and Fe"). The dispensability and stability of the synthesized
iron oxide nanoparticles are strongly dependent on their surface
chemistry.** First, the OA—Fe;0, NPs were synthesized via the
chemical coprecipitation of iron salts (Fe** and Fe*"). The
hydrophobic OA—Fe;O, NPs can be fully dispersed in
nonpolar solvent such as toluene (Figure 2b). Subsequently,
the NH,—Fe;O, NPs were prepared via ligand exchange.
Dopamine presents a much stronger interaction with Fe atoms
than oleic acid.** TEM image revealed spherical NH,—Fe;0,
NPs with the mean size of 9.63 + 1.73 nm (Figure 2c and
Figure S2). It is worth noting that both OA—Fe;O, NPs and
NH,—Fe;0, NPs possess a good colloidal stability (over one
month) in toluene and water (Figures S2 and S3) and an
excellent magnetic response. The FT-IR spectra of dopamine-
coated Fe;0, NPs (NH,—Fe;0,) and dopamine are presented
in Figure 2d. The spectrum of dopamine exhibits a broad OH
stretch in the range of 3300—3400 cm™'. The bond of 3440
cm™ in the NH,—Fe;0, NPs spectrum is attributed to an OH
stretch due to surface absorbed water that through
intermolecular bonding forms an iron hydroxide hydration
shell.*® The main vibration modes of dopamine such as the C—
H vibration at 2925 cm™}, C—O stretching of the phenolic OH
at 1270 cm™!, C=C ring stretching band at 1485 cm™}, and the
NH bending vibration of primary amine at 1620 cm™" present
in NH,—Fe;O, NPs spectrum as well*’ In addition, the
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electrokinetic potentials (zeta potential) of colloidal Fe;O, NP
dispersions were measured (see Supporting Information Figure
SS). After undergoing a ligand exchange, the zeta potential
shifted to +34.5 mV due to the installation of positively charged
NH;" groups.

Fe;0,@CNC hybrids. Collection and concentration of
nanosized materials from the well-dispersed suspensions are
often challenging. One way to overcome this issue is to activate
the substrates with magnetic nanoparticles and collect them
under the external magnetic field.** Our previous investigations
have demonstrated the effective covalent conjugation of
proteins, dyes, and nanoparticles with carboxylated nano-
fibrillated cellulose/cellulose nanocrystals through the well-
established EDH/NHS-assisted coupling reaction.”” ™! In this
work, we follow similar protocol to combine the amine-bearing
magnetically responsive NH,—Fe;O, NPs and TEMPO-CNC
to form the Fe;0,@CNC hybrids (Figure 1). FT-IR character-
ization exhibited a significant decrease (compared to that of
TEMPO-CNC) in C=0 stretching band at 1730 cm™’; this is
indicative of the amide formation between the amine groups of
NH,—Fe;0, NPs and carboxyl groups of TEMPO-CNC
(Figure 3a). The TEM image in Figure 3b displays both
Fe;0, NPs and TEMPO-CNC (indicated by red arrows). The
magnetic properties of NH,—Fe;O0, NPs and Fe;O,@CNC
hybrids were measured using VSM technique at 300 K, as
illustrated in Figure 3d, showing solid mass magnetization as a
function of external field. The curves represent characteristic
superparamagnetic behavior, that is, negligible magnetic
hysteresis, high initial susceptibility and well-defined magnetic
saturation in high external fields. The values of saturation
magnetization (M) were 130 emu/g for NH,—Fe;O, NPs and
12.5 emu/g for Fe;O,@CNC hybrids, respectively. Obtained
saturation magnetization values of NH,—Fe,;O, NPs are
comparable to those reported in the literature.** The content
of Fe;04 NPs was confirmed with thermogravimetric analysis
(TGA) technique (Figure 3c). The weight loss (about 13%) of
Fe;O, NPs (blue curve) above 400 °C is due to the degradation
of ligand molecules, that is, the loss of dopamine and coupled
water. TEMPO-CNC presents rapid degradation above 280 °C,
which is in agreement with the previously reported results.*®
The content of NH,—Fe;0, NPs in Fe;O,@CNC hybrids can
be calculated to be ~18% (Content % = #0ve 500 °c/Minitial)-

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the surface chemical composition of TEMPO-CNC,
NH,—Fe;O0, NPs, and Fe;0,@CNC hybrids. Wide range scans
of TEMPO-CNC, NH,—Fe;O, NPs, and Fe;O,@CNC hybrids
together with the high-resolution scans of Fe 2p and C 1s are
shown in Figure 4. Cellulosic features, that is, oxygen and
carbon peaks with the main carbon components at 286.7 and
288.1 eV in characteristic ratio, dominate the spectra of neat
nanocrystal film and the hybrid material. The Fe 2p high-
resolution image shows strong Fe 2p 3/2 and 2p1/2 bands at
711.0 and 724.6 eV binding energies for NH,—Fe;O, NPs. The
high intensity values (18.8% Fe content, Table 1) suggests that
the thin dopamine layer did not give rise to a loss of NH,—
Fe;0, NPs magnetic properties. The nitrogen N s at 400 eV
corresponds to —NH, groups of dopamine. These findings are
in good agreement with the literature.”> After the EDC/NHS
coupling reaction, the bands of Fe 2p 3/2 and 2p1/2 at 711.0
and 724.6 eV binding energies decreased dramatically; this can
be explained by the reduced amount of iron per gram of
sample, that is, the amount of iron per total mass of the sample
is less in Fe;O,@CNC hybrids. It should be mentioned that
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Figure 4. XPS wide spectra of NH,—Fe;O, NPs (black profile),
Fe;0,—CNC hybrids (red profile), and TEMPO-CNC (blue profile).

The insets represent the normalized high-resolution regions for C 1s
and Fe 2p.

Table 1. Surface Elemental Compositions of Samples
Presented in Figure 4

atomic concentration (%)

Cls O 1s Fe 2p N Is
TEMPO-CNC 609 + 04  36.0 + 0.8 0 0
NH,—Fe;O, NPs 350 + 14 438 + 1.2 18.8 + 12 19 £ 0.1
Fe;0,@CNC 606+ 05 371+05 05+01 15+0.1
hybrid

these findings in combination with those presented in Figure 3
strongly indicate the conjugation of NH,—Fe;O, NPs with
TEMPO-CNC.

Complexation of Copper lons with Fe;0,@CNC
Hybrids. It is widely reported that cellulose can coordinate
to metal ions such as Cr**, Cu?*.>® This unique property has
been utilized for the separation of heavy metal ions. It is
expected that the chelated copper ions are forming synergistic
coordination complexes with carboxyl groups on TEMPO-
CNC and amino groups from NH,—Fe;O, NPs, which in turn
coordinately interact with imidazole rings from histidine
residues exposed on protein surfaces.”* This has been
recently demonstrated by Zhu et al.*® In this work, copper
ions were com;)lexed onto the Fe;O,@CNC hybrids at
optimized pH 5°° and the surface density of the immobilized
copper ions was evaluated by UV—vis spectroscopy. The
immobilized amount of copper ions was 41.1 + 2 mg/g of
hybrids as shown in Figure Sb (for comparison the maximum
adsorption amount of copper ions is 110 mg/g of TEMPO-
CNC), which is comparable with the reported literature.>®

Lysozyme Separation from Aqueous Solution. Lyso-
zyme can be obtained from animals, plants, and hen egg white
and, as a unique enzyme, lysozyme possesses antimicrobial
ability.56 The role of the histidine residue in the active sites
have been investigated.”” In the present work, lysozyme was
selected as a model protein because of its ability to selectively
bind with copper. Zhu et al. reported that the adsorption
capacity increased 4-fold after immobilizing copper ions on
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Figure S. (a) Schematic illustration of adsorption/desorption process and regeneration of the Fe;O,@CNC hybrids. (b) Lysozyme adsorption and
desorption. Red and blue color bars correspond to fresh and regenerated Fe;O,@CNC hybrids, respectively. Adsorption capacity of fresh hybrids
(860.6 + 14.8 mg/g) and regenerated Fe;O,@CNC hybrids (630.0 & 8.7 mg/g). Desorption capacity of fresh hybrids (841.6 + 13.5 mg/g) and
regenerated Fe;0,@CNC hybrids (597.5 + 12.8 mg/g). Inset: Immobilization capacity of copper ions. Fresh hybrids (41.05 + 2 mg/g) and
regenerated Fe;O,@CNC hybrids (39.6 + 3.7 mg/g). (c) SDS-page analysis of molecular weight markers (Lane 1), egg white solution (Lane 2),
commercial lysozyme after adsorption/desorption separation (Lane 3), and eluted lysozyme from egg white (Lane 4). The gel was stained with
Coomassie Brilliant Blue (CBB). The intensity profiles of Lane 4 band shown in (c). Inset: photography of lyophilized lysozyme from egg white. (d)
Snapshots showing the magnetic response of Fe;0,@CNC hybrids after mixing with lysozyme solution.

poly(vinyl alcohol-co-ethylene (PVA-co-PE) membrane.*® The
adsorption and desorption of lysozyme on the copper-
complexed Fe;O,@CNC hybrids was performed in aqueous
solution as illustrated in Figure Sa. The Fe;0,@CNC hybrids
present an excellent lysozyme adsorption capacity reaching the
maximum value of 860.6 + 14.6 Mg/g(dry Fe304@CNC hybrids)
(Figure Sb). For purposes of comparison, the lysozyme
adsorption capacity of copper-free Fe;O,@CNC hybrids was
found to be about 393 mg/g (owing to the electrostatic
interactions between the negatively charged chelating groups
and the positively charged lysozyme molecules). Therefore, the
high lysozyme adsorption capacity on the copper-complexed
Fe;0,@CNC hybrids is attributed to the specific affinity
between the immobilized copper ions and lysozyme molecules.
It should also be noted that the observed lysozyme adsorption
capacity is 3-fold higher than those reported in the literature.’
This notable improvement in the lysozyme adsorption could be
due to the large surface area of CNC, which in turn provides an
increased amount of binding sites for lysozyme capture.
Moreover, it should be mentioned that the Fe;O,@CNC
hybrids experienced a rapid response to the external magnetic
field (Figure Sd and Supporting Video).

Efficient elution and facile regenerability are essential features
for sustainable separation techniques. To evaluate the elution
efficiency, the lysozyme containing Fe;O,@CNC hybrids were
dispersed in elution media containing 0.3 M NaCl and 025 M
imidazole for 2 h. It was found that up to 841.6 + 13.5 mg/
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(dry hybrids) Of adsorbed lysozyme can be eluted, which
corresponds to 97.8% elution efficiency (Figure Sb). Moreover,
the recyclability was investigated by regenerating the used
Fe;0,@CNC hybrids via extensive washing and recomplex-
ation with 25 mM copper ions. The adsorption capacity of the
regenerated Fe;O,@CNC hybrids is found to be 630 + 8.7
ME/G(dry hybrids) and up to 95% of the adsorbed lysozyme could
still be eluted (Figure Sb). Finally, the purity of separated
lysozyme was determined with SDS-PAGE analysis, which
revealed a narrow band approximately at 14.3 kDa (Figure Sc,
Lane 3). The adsorption capacity may be further improved by
altering the lysozyme concentration, the pH of the medium,
adsorption temperature, and/or the ionic strength of the
lysozyme solution.*®

Lysozyme Separation from the Egg White. To evaluate
the performance of copper-complexed Fe;O,@CNC hybrids in
practical environments, lysozyme separation was carried out in
the presence of chicken egg white. As shown in Figure Sc (lane
2), the major protein components in chicken egg white are
ovotransferrin, ovalbumin, ovomucoid, and lysozyme with
molecular weights of 78, 45, 28, and 14 kDa, respectively.ss’58
After performing the lysozyme separation by using the
synthesized Fe;0,@CNC hybrids (see details in Experimental
Section and Supporting Information), the SDS PAGE analysis
revealed only one strong protein band at 14.3 kDa. (Figure Sc,
Lane 4). This indicates that the lysozyme was selectively
isolated from the complex mixture of proteins. Moreover, the
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purity of isolated lysozyme was found to be higher than 90%, as
determined from the intensity profiles of the band (Lane 4) by
measuring the height and the width of the signals and
subtracting the noise from the background signals (Figure
5c). Finally, the isolated lysozyme protein was lyophilized.
(Figure 5¢)

B CONCLUSIONS

We present an efficient approach to synthesize magnetically
responsive Fe;O,@CNC hybrids with immobilized metal,
which displays a significant affinity for selective protein
separation. Magnetic Fe;O0,@CNC hybrids were prepared by
EDC/NHS-assisted coupling of TEMPO-CNC and NH,—
Fe;O, NPs. The Fe;O,@CNC hybrids complexed with copper
ions provided specific binding sites for proteins, for example,
lysozyme. The performance of magnetic Fe;O,@CNC hybrids
was assessed by separating lysozyme from an aqueous matrix.
The lysozyme binding capacity of Fe;O,@CNC hybrids was
found to be 860.6 + 14.6 mg/g and 97.8% of the adsorbed
protein was recovered by elution. The regenerated Fe;0,@
CNC hybrids were efficiently reutilized for protein isolation.
The remarkable results obtained in this work demonstrate the
potential of Fe;O,@CNC hybrids carrying copper ions for

selective protein separation from complex systems.
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