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 Nanofillers of Fe3O4 were embedded in Chitin for lysozyme purification 

 The increase of Fe3O4 modified the cell parameters and porosity of 
chitin 

 Nanofillers influenced chitin structure enhancing lysozyme purification 
 This nanocomposite allows one step purification of Hen Egg White 

Lysozyme 
 A 75% global yield and 99% lysozyme purity was obtained from 

undiluted egg white 

Highlights
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Abstract

In this study, we have investigated the impact of superparamagnetic magnetite

nanoparticle (Fe3O4) inclusion on the chitin polysaccharide structure, together

with its surface chemistry influence on the adsorption of lysozyme (LYZ). Mag-

netic nanoparticles (MNPs) as fillers not only endow the chitin host struc-

ture with their physic and chemical properties but also is a straightforward

tool to modify or template its porous structure. Indeed, scanning electron

microscopy (SEM) and Brunauer−Emmett−Teller (BET) surface area measure-

ments confirm the template effect of the MNPs on chitin. Their incorporation

reduced the thickness of the pore wall and increased the surface area from chitin

(34.5 m2/g) to the Chitin@Fe3O4 composites (210.8 m2/g). MNPs provide the

composite system an intrinsic magnetic moment that enables the magnetic re-

covery of the adsorbent after LYZ uptake. To characterize the magnetic com-

posite’s interaction with LYZ, the effect of pH on the absorptive capacities and
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kinetic parameters was examined. The results indicated that the nanocomposite

presents an adsorption capacity of 488 mg/g of lysozyme at pH 9, being able to

recover LYZ without diluting or pretreating the hen egg-white, leading to a 75

% global yield and a purity degree >99 % in only one chromatographic step.

Keywords: Chitin, Magnetite, Nanofiller, Protein purification, Lysozyme

1. Introduction

The development of new nanomaterials or immobilization of well-known

nanoparticles in biopolymeric matrices has been an intensely growing research

field in the last decades. Among all the physic and chemical characteristics that

allow to understand the functioning of biocomposites, the biointerface between

the biopolymer and the nanoparticle fillers included within them is one of the

most important ones to consider [1, 2]. The chemical information encoded at

the interface of the bio-polymer and nano-fillers is especially relevant when ap-

plying bio-polymer based composites to biomolecules purification. Indeed, the

interaction between the adsorbate and the adsorbent plays a crucial role in a

biomolecule separation process.

In this sense, metal ions and small molecules interaction with nanobiocom-

posites have been widely studied. Due to the synergistic effect of both nanoparti-

cles and biopolymer matrix components, the bio-composites have been revealed

as highly effective adsorbents for water and air remediation, or as bio-devices

for controlled drug delivery applications [3, 4]. Nevertheless, until recently, the

scientific community has paid less attention to the large molecules – adsorbent

interaction, and hence to the exploration of these bio-composites as adsorp-

tion/purification systems for proteins.

Hydrogels based on bio-composites polymers have been intensively studied

for protein purification [5]. Compared with the widely studied hydrogels based

2
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on synthetic polymers, such as acrylic acid, acrylamide and poly(ethylene glycol),

the hydrogels based on biopolymers, such as alginate [6], carboxymethyl cellulose

[7], silk [8], chitosan [9]and chitin derived polymers [10], have recently captured

researchers interest due to their biocompatibility, nontoxicity and biodegradability.

Moreover, according to their chemical nature, they can perform through different

chromatographic interactions.

Chitin has been selected in this work as a biopolymer matrix to immobilize

inorganic magnetite bio-compatible fillers. Chitin is a biopolymer with repeat-

ing units of N-acetyl glucosamine. It is found in crustacean exoskeletons, fungi,

insects, and it is the second biopolymer with the highest availability on earth

after cellulose. One of the main advantages of chitin is that is biocompatible,

nontoxic and biodegradable, and it is easy to extract by means of low-cost pro-

cesses [11]. Depending on the processing condition, chitin can be obtained as a

polymeric matrix having macro to mesopores within its structure. The intercon-

nected macro-mesoporous structure of the chitin matrix is highly advantageous

when considered as a filtering or purification system for proteins [12]. In addi-

tion, chitin is an interesting material to be used in the development of absorptive

processes because of its chemical and mechanical stability in water and most of

the organic solvents.

Besides the affinity of chitin for metal ions and small molecular weight

molecules as organic pollutants, the chitin is known to exhibit interesting in-

teractions with proteins. In nature, chitin-protein interactions occur with the

family of the glycoside hydrolases, which catalyze the hydrolysis of glycosidic

bonds and are key enzymes in carbohydrate metabolism [13]. More concretely,

chitin affinity over lysozyme (LYZ) is also known since long time ago. In this

regard, the purification of lysozyme in bio-composites is highly relevant for the

development of antimicrobial materials on the medical and food industry [14].

One of the reasons is that lysozyme is able to catalyze the hydrolysis of a key

component of gram-positive bacterial cell walls.

The advantage of using chitin in the isolation or adsorption of LYZ is that

this biopolymer works both as chromatographic support and as ligand [15].

3
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Until recently, most works reported use chitosan, which after its synthesis is

acetylated to gain chitin COCH3 groups for LYZ isolation [16]. Despite chitin

processing and handling is more challenging, its high acetylation degree and sur-

face chemistry improve the LYZ−Chitin interaction, adsorption, and migration;

which suppose an evident advantage in comparison to chitosan bio-composites.

To further gain LYZ−chitin matrix affinity, as well as to found parallel ap-

proaches to template the chitin porous structure, we decided to explore the

impact of magnetite nanoparticles fillers inclusion within the chitin porous ma-

trix. The recent advances in the development of polymeric nanocomposites

demonstrate that the nanofillers influences the structure of the hosting poly-

mer. Several studies reported that nanoparticles can induce structural changes

in a polysaccharide network when a composite is formed [17, 18]. In example,

changes in crystallinity and hardness have been reported by introducing MNPs

in chitin/cashew gum composites [19]. Other reports demonstrated that MNPs

can improve the magnetic and thermal properties of organic polymers [20, 21].

Thus, it would be expected that the use of nanoparticles in a polysaccharide-

based nanocomposite could control their structural properties, influencing its

performance for LYZ separation. In addition, if magnetic nanoparticles (MNPs)

are used as active fillers within the chitin porous matrix, the chromatographic

affinity of chitin can be further enhanced with magnetic separation technologies

[22].

Magnetite nanoparticles combine the ideal characteristics for this end be-

cause of their unique magnetic properties, biocompatibility, and biodegradabil-

ity. Indeed, they had been approved for human use by the U.S. Food and

Drug Administration (FDA) [23]. After the adsorption of LYZ, magnetite con-

taining bio-composites allow easy and rapid isolation of analytes by means of

an external magnetic field, which increases the efficiency of solid-phase sepa-

ration in comparison with raw bio-polymer supports. In this regard, the effi-

ciency of biopolymer-MNPs composites in the purification of LYZ has recently

been demonstrated with Hen Egg White Lysozyme (HEWL) samples using

MNPs-Poly(N-isopropylacrylamid), where it was shown that both the amount

4
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of nanoparticles and the morphology of the gel affect the adsorption of HEWL

[24]. In addition, molecularly imprinted acrylamide/ Fe3O4/ SiO2 MNPs were

applied to magnetically separate lysozyme from human urine with great yields

[25]. Other studies have employed molecularly imprinted MNPs for the specific

recognition of proteins [26, 27].

In this study, the impact of magnetite (Fe3O4) as fillers on chitin hydrogels

structure and its influence in LYZ separative behavior has been evaluated. In

comparison to previously reported biopolymer-MNPs composites; the specific

characteristic of the porous chitin matrix make this composites LYZ purification

capacity over performing the previously reported systems. Finally, the LYZ

purification from undiluted egg white was assessed.

2. Experimental Section

2.1. Materials

Iron sulfate (FeSO4 ·7 H2O) and iron chloride (FeCl3 ·6 H2O) were obtained

from Mallinckrodt (USA). NH4OH (30 w/v %) was acquired from Biopack (Ar-

gentina). Chitin powder (CP, from shrimp shells), LYZ standard and Micrococ-

cus lysodeikticus were from Sigma-Aldrich (USA). Calcium chloride dihydrate

(CaCl2 ·2 H2O was purchased from Cicarelli (Argentina) and methanol was from

Sintorgan (Argentina). Biuret reagent (Proti 2) was kindly donated by Wiener

lab (Argentina). The water used was milli-Q quality. All other reagents were

analytical grade.

2.2. Synthesis of magnetic nanoparticles

Nanoparticles of Fe3O4 were obtained by a modified coprecipitation method

[28]. FeSO4 ·7 H2O (250 mmol) and FeCl3 ·6 H2O (500 mmol) (molar ratio 1:2)

were added to a flask, and the mixture was mechanically stirred for 30 min at

60 ◦C. Then, 20 mL ammonium hydroxide (7 %) was dropped into the mixture

at a rate of 5 ml/min under vigorous stirring. The resulting black mixture

was transferred to a batch sonicator (Elmasonic TI-H-5 Elma, Germany) for 60

5
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min at 35 kHz and 60 ◦C. The products were collected by magnetic separation

and washed with distilled water up to neutral pH. Then MNPs were dried into

powder at 60 ◦C overnight.

The shape of the MNPs was observed using a transmission electron micro-

scope (TEM, Zeiss EM109T). The hydrodynamic particle size (Z-average), size

distribution (poly-dispersity index, PDI) and ζ-potential were measured by Dy-

namic Light Scattering (173◦) using a Horiba Nano-SZ 100 analyzer (Horiba,

Japan) at 37 ◦C. The ζ-potential was determined using a technique of Laser

Doppler Electrophoresis technique. Average and standard deviation values of

Z-average and ζ-potential were obtained from at least 10 determinations for

each sample. The MNPs presented a main population of 14 nm with a negative

surface charge of -40 mV (Fig. SI-1). The mean hydrodynamic diameter was

137 nm in water, with a distribution ranging from 105 to 315 nm, showing that

the MNPs tended to aggregate in liquid media [29].

Figure 1: Preparation scheme of Chitin@Fe3O4 nanocomposites

2.3. Synthesis of magnetic chitin nanocomposites

The magnetic nanocomposites of Chitin@Fe3O4 were prepared by wet-spinning

method (Figure 1). CaCl2 ·2 H2O (42.5 g) was suspended in 50 mL of methanol

and refluxed for 30 min at 82 ◦C to a state of near-dissolution. Chitin (1 g) was

added to this solution and refluxed for 2 h at 90 ◦C with stirring [17]. Subse-

quently, 5, 20, and 50 mg of MNPs were added to a chitin solution to obtain the

6
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nanocomposites, named MC5, MC20, and MC50, respectively. The chitin gel

without MNPs was named CHI. The mixtures were spun in cold methanol until

gelled and washed several times with distilled water. Finally, the gel strand was

dried in a stove at 60 ◦C until constant weight, ground, and sieved between

250-500 µm.

2.4. Structural characterization of nanocomposites

The morphology of the nanocomposites was examined using scanning elec-

tron microscopy (SEM, FEI, Quanta 250 FEG).The fillers dispersion in the

nanopomposite was observed by energy dispersive X-ray spectroscopy mapping

(EDX, Phillips). To obtain the surface areas, CO2 adsorption isotherms at

77 K were measured by multipoint Brunauer−Emmett−Teller (BET) appara-

tus (Quantachrome Autosorb−iQ−MP analyzer, USA). All samples were dried

under vacuum at 80 ◦C for 6 h to eliminate solvent guest materials prior to

measurements. Samples were hydrated in water for 24 h and lyophilized as pre-

treatment for SEM and BET. The FTIR spectra were registered in the range

500-4000 cm−1 with 4 cm−1 spectral resolution by performing 64 scans with an

ATR-FTIR Thermo Nicolet iS50 spectrometer (Thermo Scientific, MA, USA).

The X-ray diffraction powder (XRD) patterns were obtained by a Panalytical

X’pert PRO diffractometer (Cu Kα 1,2 radiation), 2θ range = 5-70◦, step size

= 0.015◦, exposure time = 10 s per step at room temperature. The patterns

were fitted by Le Bail method [30], using Fullprof software [31]. The magnetic

properties were measured at room temperature using a vibrating sample mag-

netometer (VSM; LakeShore Model 7410, USA) with a maximum magnetic field

of 10 kG. Thermogravimetric analysis was performed under synthetic air with

a DSC-TGA instrument (Netzsch STA 449F3, Selb, Germany). The samples (7

mg) were heated at 10 ◦C/min in the temperature range 30 − 700 ◦C.

2.5. Lysozyme adsorption studies

Adsorption experiments were carried out in batch systems with controlled

temperature (25 ◦C for 16 h) and mechanical agitation. Response surface

7
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methodology (RSM) according to a Box-Behnken factorial design was applied

in order to evaluate the optimum condition for adsorption and elution efficiency

of LYZ. Factorial design of 24 was established to obtain theoretical models

that define the most favorable conditions for LYZ adsorption. The independent

variables selected were: adsorption medium pH (pH: 5, 7, 8 and 9), and MNPs

concentration on nanocomposites (Fe: 0, 0.5, 2 and 5 mg/g); whereas the

dependent variables were the Recovery Rate (Y1), Adsorption (Y2), and Elution

(Y3). The 16 experiments established by the factorial design were made by

triplicate according to multilevel factorial design, obtained a total of 48 experiments

that were carried out in 1 mL LYZ solution (3 mg/ml) and 10 mg of nanocomposite,

with pH and MNPs according to the RSM. The correlation between independent

variables and the dependent variable was expressed on the terms of a regression

adjusted from the experimental data. The regression coefficient parameters of

the polynomials equations were estimated using the Statgraphics software.

The interaction times, and adsorption isotherms was determined for LYZ by

quantification before and after incubation with the matrices tested. To this end,

the pH of LYZ solutions was adjusted using acetate citrate (20 mM, pH 5.2),

phosphate buffer (20 mM, pH 7 and 8), or carbonate buffer (20 mM, pH 9.4). For

the isotherm analysis, a weighted mass of gel nanocomposite (corresponding to

10 mg dry weight) was added to an aqueous LYZ solution (1 mL) ranging from

0.0313 to 15 mg/ml. LYZ concentration in supernatants at equilibrium was

then measured spectrophotometrically at 280 nm using a Shimadzu UV-1800

spectrometer (Shimadzu Inc., Kyoto, Japan). The parameters of the kinetic

and isotherm models were estimated using a nonlinear optimization (detailed

equations is given in Supplementary Information).

2.6. Lysozyme purification from hen egg white

Purification processes were studied using 100, 50, or 25 mg of an equilibrated

matrix in the adsorption buffer (20 mM carbonate, pH 9.0) incubated with 1

mL egg white for 4 h at room temperature, with gentle agitation. Adsorbed

lysozyme was calculated as the difference between the amount of lysozyme in the

8
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egg white and that in the supernatant after adsorption. After three washing

steps with adsorption buffer, the enzyme was eluted with 1 mL 0.1 M acetic

acid. After regeneration with 0.05 M of NaOH, the matrix was re-utilized for

three new purification cycles. Total protein content was calculated by the Biuret

method.

2.7. Analytical assays

The enzymatic activity of LYZ was measured by its lytic action on Micro-

coccus lysodeikticus. To this end, 25 µL of the sample were added to 975 µL

of a M. lysodeikticus suspension (0.5 mg/mL) in 20 mM potassium phosphate

buffer (pH 7.0). Absorbance at 450 nm was measured every 10 s for 2 min,

defining one unit of LYZ activity as a decrease in 0.001 absorbance units per

minute. The process isolation and purity degree of HEWL were tested at 280

nm by RP-HPLC chromatography (HPLC Shimadzu LC-20AT System, Ky-

oto, Japan) with a C18 ACE HPLC column (4.6 mm x 25 cm, 300 Å, 5 µm,

Advanced Chromatography Technologies, Aberdeen, Scotland) using conditions

report previously [9]. Mobile phase A was 0.065% trifluoroacetic acid (TFA) in

water, and mobile phase B was 0.050% TFA in acetonitrile, at a flow rate of 1

mL/min. The samples collected were previously filtered with nylon membranes

of 0.22 µm (GVS life science, USA). A 20 µL injection volume was used to

analyze all samples from the purification process. The chromatogram gradient

was performed as 0-5 min from 0% to 25% B, 6-25 min from 25% to 80% B,

and 25-30 min holding 100%. The peak areas were determined to calculate the

purity degree (%).

3. Results and Discussion

3.1. Structural characterization of the nanocomposites

The diffusion of a protein within an adsorbent is associated to the inter-

connected porous structure of the matrix. In a first attempt, this was studied

by means of scanning electron microscopy (SEM) images and EDX elemental

9
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Figure 2: SEM micrographs. (A,B) CHI 500x and 10,000x; (C,D) MC5 - 500x and 10.000x;

(E,F) MC20 - 500x and 10.000x; (G,H) MC50 - 500x and 10.000x.

mapping and showed in the Figure 2 and Figure SI-2. The chitin magnetite

composites had a well-developed pore structure, with a homogeneous dispersion

of Fe3O4 MNPs within the chitin matrix. Chitin structure can be described

as macro-pores defined by chitin walls; which also have an internal stranded

mesostructured morphology. Magnetite filler incorporation to chitin influenced

both the macro-pore size together with the thickness and internal mesostructure

of the chitin walls.

SEM images showed macropore sizes ranging between 50 and 150 µm for

chitin. The macropore size decreased with increasing MNPs content in the

nanocomposite. In parallel, the wall diameter was reduced considerably from 6

µm in CHI to 4, 2.5 and 0.5 µm for MC5, MC20 and MC50, respectively. With

the increase in MNPs content, these strands became compressed, indicating that

the MNPs induced a conformational change in the chitin polymeric arrangement.

BET analysis supports the porous structure change induced by the magnetic

nanoparticles, since the surface area increase from 34.5 m2/g for CHI and 210.8

m2/g for MC50. The conformational change in chitin structure that led to the

pore wall compression in the nanocomposite probably led to a higher surface

area.
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The apparent density of the nanocomposites was tested by mass and geometric

volume, the obtained values are shown in Figure SI-3. The apparent density

increased proportionally with increasing nanofiller content up to MC20 and

followed a non-lineal response for MC50. Due to the relation between apparent

density and the nanofiller loading, in order not to surpass the percolation

threshold of the hydrogel, MC50 was chosen as the higher concentration to

study [32]. The nanofillers incorporated would be determinant of the extent of

physical connection between the polymers chains. Such a result was positively

correlated with the variations in the pore morphology observed by SEM.

The internal structure of the matrix plays significant role in the performance

of an adsorbent. The pore surface is the physical place where the ligand-protein

interaction occurs. The 3D structure defines the internal surface area and poros-

ity. Moreover, when the target molecule is a protein with a diameter of several

nanometers, macroporous (>50 nm) or gigaporous matrices would be desired

in order to let the adsorbate reach every adsorption site available without the

need for extremely long equilibrium times or elevated pressures.

3.2. Spectroscopic and magnetic characterization

The ATR-FTIR spectra of MNPs and the nanocomposites are discussed in

the Supplementary section, Figure SI-4. For the nanocomposites, it was not

possible to detect any new vibrational modes, displacements, or disappearance

of any pre-existing bands in comparison to the FTIR spectra of each individual

chitin and magnetite components. This points out the lack of strong chemical

bonds between chitin and MNPs. Thus, the changes observed in chitin porous

structure were mainly due to the influence of MNPs in chitin structuring during

the gelling stage. At the crystal structural level, Figure 3 shows the XRD

patterns of the MNPs, MC50, and chitin. As expected, the XRD patterns of

MNPs present diffraction maxima at 30.42 (220), 35.80 (311), 43.51 (400), 53.89

(422), 57.43 (511), and 63.07 (440) in 2θ(º), fully consistent with the calculated

pattern obtained from Fe3O4 magnetite structural model [33]. The Scherrer’s

equation (1) was used to calculate an average crystalline size of crystallite size

11
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of 12.6 ± 0.5 nm; which is close to the value obtained from the TEM image

analysis mentioned before

D = Kλ
β cos θ

(1)

where = D : average crystallite size; K : Scherrer constant, λ: the wavelength

of XRD; β: peak width; θ: scattering angle

Figure 3: Structural characterization of material. (A) X-ray diffraction (XRD); (B) Vibrating-

sample magnetometer (VSM); (C), DSC; (D), TGA. Data for CP (brown), CHI (blue), Fe3O4

(black), MC5 (green), MC20 (yellow) and MC50 (red).

For CHI and Chitin@Fe3O4 composites, an initial visual inspection of the

X-ray diffraction patterns clearly indicates the presence of α-Chitin phase. Af-

terwards, the diffraction patterns were initially adjusted with a Le-Bail profile

matching, starting from the cell parameters and orthorhombic symmetry re-

ported for the α-Chitin by Tanner [34]. Cell parameters and profile variables

were refined until convergence. For the Chitin@Fe3O4 composite, a two-phase

12
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Le-Bail refinement was carried out including the magnetite cell parameters and

symmetry within the model. Final fits for the three samples (Figure SI-5) con-

firm the presence of cubic Magnetite nanoparticles within the Chitin polymer

matrix.

In addition to a peak broadening of the CHI and MC50 composite in compar-

ison with untreated chitin powder (CP), all the Le-Bail analyses show specific

(hkl) broadening that induce a meaningful mismatch between the experimental

and the modeled profiles. This evidence points toward anisotropic crystallo-

graphic stress of specific structural units, more probably ascribed to the degree

of order of the chitin chains along with different crystallographic directions.

Despite this experimental mismatch, the final fittings have enough accuracy to

determine the cell parameters and peak positions for the α-Chitin and magnetite

phases in the composites (Table 1). Indeed, a cell parameter increase from the

CHI to CP and Chitin@Fe3O4 samples were observed. This means that the

processing of CP into gels (CHI), or the incorporation of Fe3O4 nanoparticles

within the CHI, not only altered the macroscopic structure of chitin polymer

but also induces a slight reorganization of the polysaccharide chains. In fact, the

increase in the b parameter, being more affected by the process, suggests that

the main structural re-arrangements occurred along the polysaccharide chains

stacking along the [010] crystallographic direction.

The observed changes in the lattice parameters would be a response of the

interaction forces arose from the interfacial contact between MNPs and chitin.

The polymer chains at the proximity of the nanofillers can be stretched, thus

leading to a decrease of their conformational entropy. The presence of a rigid

interface could drive the segregation of lower molecular weight chains during

the hydrogel formation upon the wet-spinning process [35]. These phenomena

are due to modification of the polymer segmental mobility and that of purely

geometric factors [36]

A comparison of the crystalline index (CI %) was performed according to the

following equation [37]: CI 110=[(I 110-I am)/I 110]x100, where I 110 is the max-

imum intensity at approximately 2θ 19◦. The intensity of the [012] reflection
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associated with the amorphous diffraction part of the polymer, I am, was ob-

tained at approximately 12◦. Final values for the crystallinity index and cell

parameters are summarized in Table 1.

Table 1: Crystallinity index and cell parameters

Sample CP CHI MC50

CI110 80 72 69

a (Å) 4.69 (1) 4.64 (15) 4.74 (7)

b (Å) 18.76 (5) 18.80 (2) 19.10 (4)

c (Å) 10.20 (3) 10.03 (12) 10.27 (2)

The magnetic properties of the materials were analyzed by means of VSM.

Figure 3 exhibits the hysteresis loops of the MNPs and the nanocomposites,

fitted with the Langevin model. The saturation magnetization, Ms, remanent

magnetization, Mr, and the coercive field, Hc, are shown in Table 2. As dispers-

ing agents can influence the magnetic properties of nanocomposites [38], the sat-

uration magnetization of the Chitin@Fe3O4 was evaluated. The MNPs showed

283 a magnetic saturation of 70 emu/g and an S-type hysteresis loop. As can be

seen, Mr values increased from MC5 to MC50, proportionally to the quantity

of MNPs added to the nanocomposites. This implies that the synthesis process

or the chitin matrix did not affect the magnetic properties of the particles. The

coercive force Hc decreases tending to zero due to the superparamagnetic re-

laxation effects typical for nanoparticles with a diameter approximate to 10 nm

[39]. At room temperature, the remanence-to-saturation ratio, R = Mr/Ms,

for all samples was smaller than 0.5, as expected for non-interacting randomly

oriented particles with uniaxial symmetry. Moreover, these R values revealed

the existence of weak interparticle interactions of antiferromagnetic nature [39].

As shown in Figure 3C-D, the thermal analyses demonstrate that the in-

clusion of MNPs in the polymer network influence chitin thermal transitions.

The exothermic peak observed in CHI at 228 ◦C increased its characteristic

temperature to 234 ◦C in MC50. This peak has been assigned to the loss of

14
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Table 2: Magnetic properties of Fe3O4 and nanocomposites.

Sample
Ms

(emu/g)

Mr

(emu/g)
Hc (Oe) Mr/Ms

Fe3O4 70.0 1.49 14.58 0.02

MC50 2.85 0.02 5.97 0.01

MC20 1.03 0.01 5.58 0.01

MC5 0.26 0.02 5.72 0.07

hydroxyl groups in chitin [40], and this temperature increase could be related

to the tightening of the polymer network and the subsequent increase in the

chain interaction, an effect that could also explain the porous and crystallo-

graphic changes observed by SEM images and described in the XRD results.

The exothermic acetamide group decarboxylation observed for CHI at 316 ◦C,

was increased by the presence of the MNPs in MC50 to 316 ◦C. The TG analysis

(Figure 3) showed that the previously mentioned DSC transitions were accompa-

nied by the correspondent mass loss at a similar temperature range. For higher

temperatures, further decomposition of the nanocomposite can be observed as

a mass loss. It is worth to mention that the introduction of MNPs decreased

this decomposition temperature, which appeared at 500 ◦C for CHI and at 390

◦C for MC50. This decrease could have been originated in a catalytic effect

induced by the presence of Fe3O4 [41]. The differences in the residual mass for

CHI and MC50 were 5.4% which accounted for the amount of Fe3O4 present in

the MC50 nanocomposite (5 % w/w Fe3O4/chitin). The above stated indicates

that during the synthesis of the nanocomposite and its further processing there

was no loss of MNPs, supporting the XRD and VSM results.

Taking into account the described results, it is proposed that the chemical

interaction between chitin and the MNPs is negligible and the main effect of

the presence of the filler took place at the gelling stage. During gelling, at

the wet-spinning process, the polysaccharide chains were induced to interact

with themselves by the dilution of CaCl2. At this point, the presence of the
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filler would hinder the interaction between chitin chains leading to a different

structural conformations. It can be concluded that the difference between the

chitin hydrogel and the Chitin@Fe3O4 composites is associated to the structur-

ing of the polysaccharide chains that impact in the pore structure and its surface,

two critical parameters that could lead to an enhanced LYZ-chitin interaction

during the adsorption-elution purification process.

3.3. Effect of filler content in LYZ adsorption study.

The steps of Adsorption, Elution and the global Recovery Rate (RR) of

LYZ by the materials were analyzed in order to understand the influence of

the nanofiller in LYZ purification. With this aim, an experimental design was

performed, as shown in Figure 4. A regression analysis was carried out to fit

mathematical models to the experimental data, aiming at an optimal region for

the responses studied. The predicted model can be described by equations (2),

(3) and (4) in terms of coded values:

RR = KRR + 0.146 ∗ Fe− 31.5

∗ pH + 0.09 ∗ Fe ∗ pH
(2)

Ads = KAds + 2.1 ∗ Fe+ 31.1

∗ pH − 0.435 ∗ Fe ∗ pH
(3)

Elution = KElut + 5.2 ∗ Fe+

0.61 ∗ pH − 0.86 ∗ Fe ∗ pH
(4)

where =Ads: Adsorption ;KRR: 108 ; KAds: 25.7; KElut: 38.5; pH: pH

used in the adsorption process; Fe: mass of iron oxide nanoparticles per gram

of biopolymer (mg/g).

As can be seen in Figure 4 A-C, both the pH and the amount of iron in

the nanocomposite have a influence in chitin-LYZ interaction and proved to be

significantly different between treatments (p <0.01, ANOVA). It was expected
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Figure 4: Estimated response surface for LYZ. (A) Recovery Rate (RR); (B) Adsorption; (C)

Elution.

that the pH present a predominant effect in in the adsorption stage of the chitin-

lysozyme interaction and, therefore, on the Recovery Rate. Although, the effect

of the iron content was less evident than the pH effect, it showed to affect the

chitin-LYZ interaction in this step and, therefore, need to take into account in

the optimization of a purification process. The fitted equations for adsorption

and elution showed that the effect of the increase in the iron content in the

nanocomposite was higher for the elution step than for the adsorption step in

comparison to the effect of pH. This could be expected but it is not always

straight forward since the adsorption pH may alter the structure of the protein,

i.e. by denaturing, and affect the desorption stage. The combined effect of

a higher adsorption at a high pH and a high desorption with the increase of

the iron content in the nanocomposite could be the reason of the higher RR

observed at the higher (pH 9) and for the higher iron content (MC50). This
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also agrees with the efficiency of elution capacity of MC50 with respect to the

other nanocomposites and MNPs, and adsorption capacity of LYZ at each pH

(Figure SI-6). In order to understand fully lysozyme adsorption and elution

process in Chitin@Fe3O4 composites, MC50 was selected to develop the full

LYZ absorption kinetic, equilibrium studies and its purification from egg white.

3.4. LYZ absorption kinetic, equilibrium studies and purification from egg white

Figure 5: LYZ adsorption studies. (A) Kinetic assay; (B) Equilibrium assay; (C) RP-HPLC

of the purification process. Egg white (a), egg white after adsorption (b), eluted sample (c),

LYZ commercial 1 mg/mL (d). (*) LYZ

The advantages of the development of a magnetic nanocomposite for the

purification of LYZ were studied from the operative point of view. Lysozyme

adsorption kinetic experiments were carried out to assess the adsorption rate

of lysozyme onto MC50, as shown in Figure 5 A. The results showed that the

adsorption process of lysozyme achieved the equilibrium condition beyond 4 h.

In order to describe the behavior of the lysozyme adsorption, pseudo-first-order

(RMSE = 11.66) and pseudo-second-order (RMSE = 10.07) kinetic models were

used to elucidate the lysozyme adsorption process. The lowest RMSE was ob-

tained for the pseudo-second-order kinetic model, indicating that this model

was more appropriate to describe the lysozyme adsorption process. Figure 5 B

shows the equilibrium assay with a good fit (RMSE = 13.60) to the Langmuir

model and a maximum calculated capacity (qm) of 488 ± 17 (mg/g). The calcu-

lated Kd value was 0.27 ± 0.02 mg/mL. Freundlich model (RMSE = 18.45) was

also evaluated. The Chitin@Fe3O4 nanocomposite was applied to the direct ex-

traction of HEWL. To optimize the purification process, we performed a kinetic
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assay and compared the absorption capacity of diluted and undiluted egg white

(Figure SI-7). The preconditioning of the sample did not present significant dif-

ferences (p <0.05, Wilcoxon test), and after 4 h of incubation in both systems

(diluted and non-diluted egg white), the equilibrium condition was reached.

Figure 5C shows the chromatograms of egg white solutions before and after

the batch process. There were four major proteins in the egg white solution.

After the extraction step, three of them remained in the supernatant. In the

eluted solution only lysozyme was detected. Results show that Chitin@Fe3O4

selectively adsorbed the lysozyme from egg white, allowing the extraction and

purification of lysozyme with >99 % purity, calculated from the chromatogram

peak areas. This demonstrated the biospecificity of this matrix for LYZ with the

added advantage of directly using undiluted egg white as the starting material.

In addition, the nanocomposite reusability was tested. After three consecu-

tive purification processes, yield and purity degree parameters remained almost

constant (performance decrease <5 %). Also, biofouling would be negligible or,

if present, would not affect the performance of the material after three cycles

of use. It is worth mentioning that, the complex biological nature of the egg

white, mainly due to its high viscosity, makes it a difficult sample to process

by chromatographic media [42]. In fact, most of the works reported required

diluting the egg white before performing the purification [9, 43, 44], which pre-

cluded its subsequent commercialization. However, in this work the purification

of lysozyme was achieved in one step directly from undiluted egg white. More-

over, the recovery of the chitin matrix from the adsorption media was performed

by using a simple magnet.

Table 3 shows the parameters obtained for the HEWL purification process.

No significant differences were observed in LYZ adsorption with the three ratios

(volume sample/matrix amount) tested. In all cases, about 90 % of the LYZ

was bound to the matrix. The capacity of LYZ recovery, dependent on the ratio

of the matrix used, was 99, 78 and 75 % for 100, 50 and 25 mg of matrix used

in the process. Diffusive effects were probably responsible for this phenomenon.

The global yields were between 75 and 60 %. Diffusive mechanisms could have
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Table 3: Purification Process Parameters

M (mg)
Adsorbed

(%)

Eluted

(%)
RR (%) Y (%)

100 87±1.4 86±0.2 99 75

50 88±0.3 69±0.2 78 60

25 93±0.8 70±2.1 75 65

RR: Rate recovery. Y: Yields. M: Amount Matrix

affected the recovery and yields of the process. When a high amount of matrix

is available, the enzyme is preferably adsorbed onto the external pores of the

material. By contrast, when a low amount of matrix is used, the saturation

of the adsorption sites at the external pores allows the enzyme to penetrate

into the internal pores. Therefore, the porosity, the connectivity network of the

pores, the tortuosity of the material, as well as the size of the protein affected

the adsorption/desorption steps and may hinder the overall yield of the process

[45, 46].

Table 4: Comparison of the maximum adsorption capacities of LYZ on chitin derived adsor-

bents

Material Method synthesis
Time

(h)
pH Egg White

Maximum

adsorption capacity

HEWL

Yield %
Ref.

Chitin-F3O4
Nanofiller of Fe3O4 on pristine chitin.

Hydrogel obtained for Wet-spinning
2 9 Undiluted 488 mg/g 75.00 This Work

Chitin-F3O4
Fe3O4/chitosan for Core shell

and postsythesis acetylation
72 6.5 ND 154 mg/g ND [16]

Chitin-F3O4
Fe3O4/chitosan for Core shell

and postsythesis acetylation
0.5 7 Diluted 1/4 2.5 mg/ml ND [47]

Chitin-F3O4 Chitin for acid hydrolyzed/ magnetite 0.25 7 Diluted 1/4 3 mg/ml ND [48]

O-carboxymethyl chitosan

(O-CMCS)-Cu2+

monolithic cryogel by embedding

Cu2+-linked O-CMCS Schiff base

granules into cryogels

ND 8 Diluted 1/4 103 mg/g 88.2 [49]

chitin–silica Polymerisation of silica on pristine chitin. 10 8 Diluted 1/4 117 mg/g 87.00 [15]

Chitosan-Sulfanilic Acid
coupling of sulfanilic acid

on chitosan mini-spheres
4 7 Diluted 1/4 50 mg/g 81.90 [9]

carboxymethyl chitosan/

Fe3O4 /polyethylene glycol
Coating of Fe3O4 1 9 Diluted 1/2 256.4 mg/g 85.2 [44]

ND: No date

The results revealed that the nanocomposite Chitin@Fe3O4 here presented,

could be a very promising adsorbent material to be used for large-scale separation
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of lysozyme from egg white. Table 4 shows a comparison with other functionalized

chitin based adsorbents which were aimed to the adsorption of lysozyme. The

maximum equilibrium adsorption capacity presented in this work was considerably

higher than some other materials published before and direct HEWL purification

was performed with no need of dilution .

4. Conclusions

The impact of Fe3O4 MNPs incorporation in the chitin and crystallographic

structure together with their influence on the LYZ purification were studied.

The Chitin@Fe3O4 composite synthesis was simple and scalable and did not alter

the structure and magnetic properties of MNPs. In addition, the introduction

of MNPs on chitin gels has a template effect of the macro-porous structure

together with the internal mesoporosity and arrangement of chitin walls that is

reflected in a tenfold increase of the surface area. The presence of the MNPs

in the composite material enhanced the performance of the LYZ purification

process, mainly leaded by an improvement of the elution step. MC50 composite

exhibits a maximum LYZ adsorption capacity that probed to be higher than that

of other published materials. In addition, the nanocomposite was successfully

used to separate LYZ directly from undiluted egg white in a simple, specific,

high yield and low-cost process based on magnetic separation.

5. Acknowledgement

G.I.T. is grateful for his doctoral fellowship granted by Consejo Nacional

de Investigaciones Cient́ıficas y Técnicas (CONICET). INTI Mecánica and M.

Pianetti are also acknowledged for their assistance in SEM analysis. CNEA-

Balseiro Institute and A. Butera for their assistance in VSM analysis. This work

was supported by the Universidad de Buenos Aires [UBACYT-20020170100125-

BA; UBACYT-20020170100023-BA]; and the Agencia Nacional de Promoción

Cient́ıfica y Tecnológica [PICT-0714, 2015; PICT-0845, 2017]. The authors

acknowledge the XRD, BET and thermogravimetric measurements performed

21

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Page 24 of 31

Jo
ur

na
l P

re
-p

ro
of

under the frame of Ministerio de Economı́a y Competitividad [MAT2016-76739-

R (AEI/FEDER, EU)].
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lanueva, S. A. Giorgieri, G. J. Copello, Chitin hydrogel reinforced with

TiO2 nanoparticles as an arsenic sorbent, Chemical Engineering Jour-

nal 285 (2016) 581–587. doi:https://doi.org/10.1016/j.cej.2015.10.

035.

[4] A. Pourjavadi, M. Kohestanian, M. Shirzad, Synthesis and characterization

of magnetic hybrid nanomaterials via raft polymerization: A ph sensitive

drug delivery system, Colloids and Surfaces B: Biointerfaces 174 (2019) 153

– 160. doi:https://doi.org/10.1016/j.colsurfb.2018.11.006.

[5] Y.-M. Fang, D.-Q. Lin, S.-J. Yao, Review on biomimetic affinity chro-

matography with short peptide ligands and its application to protein pu-

rification, Journal of Chromatography A 1571 (2018) 1 – 15. doi:https:

//doi.org/10.1016/j.chroma.2018.07.082.

[6] J. Li, J. Ma, S. Chen, Y. Huang, J. He, Adsorption of lysozyme by al-

ginate/graphene oxide composite beads with enhanced stability and me-

22

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

http://dx.doi.org/https://doi.org/10.1016/j.colsurfb.2019.110550
http://dx.doi.org/https://doi.org/10.1016/j.colsurfb.2019.110550
http://dx.doi.org/https://doi.org/10.1016/j.colsurfb.2018.12.059
http://dx.doi.org/https://doi.org/10.1016/j.colsurfb.2018.12.059
http://dx.doi.org/https://doi.org/10.1016/j.cej.2015.10.035
http://dx.doi.org/https://doi.org/10.1016/j.cej.2015.10.035
http://dx.doi.org/https://doi.org/10.1016/j.colsurfb.2018.11.006
http://dx.doi.org/https://doi.org/10.1016/j.chroma.2018.07.082
http://dx.doi.org/https://doi.org/10.1016/j.chroma.2018.07.082


Page 25 of 31

Jo
ur

na
l P

re
-p

ro
of

chanical property, Materials Science and Engineering: C 89 (2018) 25 – 32.

doi:https://doi.org/10.1016/j.msec.2018.03.023.

[7] F. Marques, G. Silva, M. Thrash, A. Dias-Cabral, Calorimetric approach to

understand ph and salt influence on the adsorption mechanism of lysozyme

to a traditional cation exchanger, Colloids and Surfaces B: Biointerfaces

185 (2020) 110589. doi:https://doi.org/10.1016/j.colsurfb.2019.

110589.

[8] S. Yi, F. Dai, Y. Ma, T. Yan, Y. Si, G. Sun, Ultrafine silk-derived nanofi-

brous membranes exhibiting effective lysozyme adsorption, ACS Sustain-

able Chemistry & Engineering 5 (10) (2017) 8777–8784. doi:https:

//doi.org/10.1021/acssuschemeng.7b01580.

[9] D. B. Hirsch, M. F. Baieli, N. Urtasun, J. M. Lázaro-Mart́ınez, R. J.

Glisoni, M. V. Miranda, O. Cascone, F. J. Wolman, Sulfanilic acid-

modified chitosan mini-spheres and their application for lysozyme pu-

rification from egg white, Biotechnology progress 34 (2) (2018) 387–396.

doi:https://doi.org/10.1002/btpr.2588.
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