


Enzyme-functionalised, core/shell magnetic
nanoparticles for selective pH-triggered sucrose
capture†

Stephanie Fulaz, ‡ Carolina Scachetti and Ljubica Tasic *

Diabetes is a chronic metabolic disease which leads to high glucose levels in the blood, with severe

consequences for human health. Due to the worldwide appeal for the reduction in calorie intake, this

study presents the development of a nanomaterial able to capture sucrose selectively, thus providing

a tool to remove naturally occurring sucrose from food, such as fruit juices, producing low-calorie juices

for consumption. Magnetite nanoparticles (Fe3O4 NPs) coated with an inert material (SiO2) and

functionalised with the enzyme invertase were designed to remove sucrose from solutions. Fe3O4 NPs

were synthesised using the co-precipitation method, whereas the coating with a silica shell was done by

the Stöber method. Its physicochemical characteristics were determined, with excellent stability over

time. On the other hand, the invertase enzyme was extracted from dry Baker's yeast, purified and

immobilised on the surface of the silica-coated Fe3O4 NPs. pH-triggered sucrose capture occurred at

pH 3.0 once invertase with protonated catalytic residues was able just to bind with sucrose in a highly

selective way. After a short, 1 min interaction, approximately 13.5 mmol L�1 of sucrose was captured per

gram of nanomaterial and removed with the use of an external permanent magnet. The complex

sucrose/nanomaterial was washed, and the released sucrose was put into buffered solution (pH ¼ 4.8),

where it underwent hydrolysis to yield inverted sugar. On the other side, sucrose-free nanomaterial was

reused with no loss of enzymatic capability to capture sucrose at pH ¼ 3.0 and maintained the invertase

activity at pH 4.8 in ten consecutive rounds of re-use. As sucrose was recovered in the form of inverted

sugar, not just low sugar beverage could be obtained, but also a high valued market product. Thus, the

developed technology allows for the commercialisation of low-calorie food, offering healthier options to

consumers and helping to fight diabetes and obesity.

1. Introduction

Diabetes is a chronic metabolic disease characterised by

elevated levels of glucose in the blood, with severe conse-

quences for human health.1 It is the fastest-growing disease in

the world, and the most signicant health challenge of this

century,2 accounting as one of the leading causes of deaths.1

About 9% of the world's adult population has the disease, being

90% of these type 2 diabetes.1 In this case, the body develops

insulin resistance or decreases its production. It is known that

a poor diet and sedentary lifestyle are risk factors for type 2

diabetes. Recent studies show that the consumption of

sweetened beverages is associated with an increased risk of

contracting the disease.3 There is a global treaty to curb the

growth of diabetes and obesity in the world by 2025.1

Aiming to ght obesity and diabetes, there is a need to

provide low-calorie food for the consumption of the population,

amongst which we highlight low-calorie juices. Unsweetened

fruit juices could be a healthier alternative to society if they had

a reduced-calorie value. For instance, it is estimated that in

a glass of orange juice (240 mL), there are naturally 25.8 g of

sugar and 112 kcal.4 Thus, together with the worldwide appeal

for reduced calorie intake, there is a need to reduce the caloric

value of ready-to-drink beverages. To this end, it is proposed the

development of a material tailored for the removal of naturally

occurring sucrose. The developed technology is based on two

main building blocks: insoluble and chemically inert support,

based on a magnetite core capped by a silica shell, and

a recognition part, composed of the enzyme invertase.

Separation techniques are prevalent in all kinds of indus-

tries, amongst them sedimentation, ltration, occulation,

crystallisation, centrifugation and chromatography are well

established, and widespread.5,6 The use of magnetic separation
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started with the mining industry and have expanded to coal

desulphurisation, steel production, biotechnology, wastewater

treatment,7 bioremediation,8 pharmaceutical9 and biomedical

applications.10–12 Magnetic separations are very promising for

the food industry and downstream biotechnology processes,

which can be explained by its main advantages: one-step

capture and purication, due to its high affinity and selec-

tivity; the possibility of high throughput and semi-continuous

processes with low energy consumption. Therefore, magnetic

separation can aid in increasing yields and productivity, while

reducing costs of industrial processes.13,14

Magnetic separations are robust systems with a low running

cost. They have been proposed for different sectors of the food

industry, such as removal of yeast,15 haze, unwanted avours

and turbidity proteins during wine production,16 clarication of

fruit juices17 and separation and purication of whey proteins in

the dairy industry.18 The use of magnetic nanoparticles instead

of microbeads is very promising, due to the nanoparticles

higher surface area, higher surface area to volume ratio, easy

separation and no mass transfer limitation for target molecule

diffusion in the separation process.13 Considering the proposed

application of the designed technology on the removal of

naturally occurring sucrose from food, such as orange juices,

the magnetic separation was the method of choice. The food

industry oen deals with complex mixtures from natural

products, usually containing particulates of different sizes in

suspension. The presence of particulates would preclude the

use of membranes and columns as separation techniques. The

use of non-magnetic nanoparticles would require the addition

of an extra separation step, such as centrifugation. Thus, the

magnetic separation process for the sucrose removal was

chosen for this study.

Nanotechnology research has grown considerably in the last

decades and has found countless applications ranging from

material science,19–21 drug delivery,22,23 bioelectronic devices,24,25

biosensors,26–28 detectors29,30 to immunoassays.31,32 Amongst all

nanoparticles, magnetic nanoparticles (MNPs) have been

outstanding due to their different properties, such as magnetic

behaviour, biocompatibility, and the option of surface

modication.33,34 Magnetite was chosen as the basis for the

development of this separation strategy, because apart from its

magnetic response, iron oxide nanoparticles are generally

considered as safe and are allowed as colour and food additives,

and also have been approved for in vivo applications by the US

Food and Drug Administration (FDA).35–37 Besides, iron oxide

nanoparticles have low production costs, abundant precursors

and high density.13 Elongated nanoparticles, such as nanorods,

are very promising for different applications, due to their S-like

hysteresis loop obtained when the magnetisation is applied

parallel to the short-axis, and a square-like hysteresis loop when

the magnetic eld is applied along the long-axis.38 Nanorods are

more commonly obtained through hydrothermal methods

using shaping ligand39 or sacricial template,40 solvothermal

using template assisted41 or co-precipitation using a shaping

ligand.42 It has also been reported that small polymers, small

molecules containing halides and solvents can be used for

coordination of certain crystal planes.38

The possibility of surface modication of magnetite nano-

particles includes enzyme immobilisation, which has been an

active topic of research in enzyme technology and is crucial for

enzyme application in industrial processes. Enzyme immobili-

sation onto supports, such as magnetic nanoparticles, offers

a range of advantages, for example, the extension in enzyme

stability and protection against degradation, leading to higher

resistance to denaturants, temperature changes and organic

solvents, it enables repeated use, it optimises and facilitates the

separation step, allowing for a quicker recovery of the enzyme,

and therefore, reducing operational costs.43–48

The enzyme invertase was used as the basis for the sucrose

recognition part of the designed nanomaterial. Invertase (b-

fructofuranosidase, EC 3.2.1.26) is one of the most studied

enzymes and can be described as a highly efficient and specic

enzyme for the hydrolysis of sucrose.49–51 Invertase is widely

used in the chemical and food industry, mainly in the produc-

tion of inverted sugar, a non-crystallisable syrup resulting from

themixture of fructose and glucose, characterised by the greater

sweetness potential due to fructose.52 The hydrolysed sugar

mixture obtained through the enzymatic process is a colourless

Fig. 1 Representation of the sucrose hydrolysis reaction performed by the enzyme invertase.
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product, in contrast with the coloured product resultant from

the acid hydrolysis.53 Invertase's high industrial application has

led to several immobilisation studies in different materials,

such as magnetic polyvinyl alcohol microspheres,45 magnetic

diatomaceous earth nanoparticles,44 bio-hybrid support

comprising silica nanoparticles and Ocimum basilicum seed,54

polyamidoamine dendrimer-superparamagnetic nano-

particles,55 polyaniline-coated magnetic diatomite nano-

particles,56 silanised and polymer brush graed magnetic

nanoparticles57 and chitosan-coated g-Fe2O3 magnetic

nanoparticles.58

Invertase is a glycoprotein with maximum activity at pH 4.8

and 40 �C with KM of 5 mmol L�1.59 The mechanism of action of

the invertase (Fig. 1) can be described as the oxygen protonation

of the glycosidic bond by an acid–base reaction with the residue

of glutamic acid. Then, negatively charged oxygen from the

aspartate makes a nucleophilic attack on the fructose anomeric

carbon-1, resulting in the formation of the enzyme–substrate

complex. Glucose is released followed by hydrolysis of the bond

between fructose carbon-1 and the aspartic acid residue,

leading to the release of fructose and invertase reconstitution.60

Herein, the proposed methodology is based on the impor-

tance of pH for invertase catalysed sucrose hydrolysis. At pH

values lower than the pKa of invertase catalytic residues (gluta-

mic acid and aspartate), invertase is inactive and can just

interact with the sucrose that still is selectively recognised by

the enzyme; however, the hydrolysis reaction cannot happen,

once invertase catalytic residues are protonated. The precise pH

control allowed for efficient sucrose capture from a solution,

removal of the complex nanomaterial/sucrose without the

occurrence of its hydrolysis. In another ask, sucrose was

removed from the complex, the enzyme was recovered by

providing a buffer solution at the enzyme's optimum pH (pH ¼

4.8), allowing for the production of inverted sugar as a valuable

side product (Fig. 2).

With the aim to design an effective magnetic separation

process, it is crucial to think about the system and consider all

relevant parameters. We decided to develop our technology

envisaging its possible application for the removal of naturally

occurring sucrose from orange juice characterised with low pH

(3.0 or lower). By combining the invertase specicity against

sucrose with the magnetic nanoparticles covered with an inert

material (silica) and with invertase immobilised therein,

a reusable, sucrose specic nanomaterial was developed, which

can selectively remove sucrose from a solution.

2. Experimental
2.1 Materials

Iron(III) chloride hexahydrate (FeCl3$6H2O), ammonium iron(II)

hexahydrate (Fe(NH4)2(SO4)2$6H2O), sodium hydroxide (NaOH),

tetraethyl orthosilicate (TEOS), (3-aminopropyl)triethoxysilane

(APTES), ammonia solution 25% (NH3), sodium bicarbonate

(NaHCO3), disodium hydrogen phosphate (Na2HPO4), mono-

sodium dihydrogen phosphate (NaH2PO4), 3,5-dinitro-2-

hydroxybenzoic acid (DNS), sucrose and ethanol were obtained

from Sigma Aldrich and used without further purication.

2.2 Synthesis of Fe3O4 nanoparticles

The synthesis of Fe3O4 NPs was adapted from Mascolo et al.61

Briey, 0.02 mol of FeCl3$6H2O (5.4 g) was added to 100 mL of

water previously reuxed under argon. Subsequently, 0.01 mol

of Fe(NH4)2(SO4)2$6H2O (3.92 g) was added, keeping the system

under argon ow. 100 mL of 0.8 mol L�1 solution of NaOH was

Fig. 2 Representation of the magnetic separation process for sucrose capture.
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added dropwise, approximately 1 mL min�1, under vigorous

stirring. Stirring was continued for 3 h at 25 �C. The nano-

particles were washed 3–4 times with water, dried under

vacuum and kept in an evacuated desiccator until the next step.

2.3 Surface modication with TEOS and APTES

Fe3O4 NP coating was adapted from Khatiria et al.62 Briey, 1 g

of Fe3O4 NPs was mixed with 20 mL of water and 80 mL of

ethanol under argon. The suspension was dispersed in an

ultrasonic bath for 30 min. A solution containing 2 g TEOS,

50 mL ethanol, and 6 mL ammonia (NH3, 25% v/v) was added.

Vigorous stirring was maintained in a 25 �C water bath for 4 h.

The Fe3O4@SiO2 were washed with water (3–4 times), twice with

ethanol, and dried under vacuum at room temperature. For the

amino functionalisation, 150 mg of Fe3O4@SiO2 were sus-

pended in 30 mL of water, and 0.6 mL of APTES was added. The

suspension was maintained at 70 �C for 16 h under vigorous

stirring. The Fe3O4@SiO2–NH2 was washed with water (3–4

times), twice with ethanol, and dried under vacuum.

2.4 Nanoparticles characterisation

Nanoparticles zeta potential and hydrodynamic diameter were

measured using 0.01 mg mL�1 water suspensions in DST1070

folded cuvette in a Zetasizer Nano-ZS (Malvern). Size and shape

were determined by Transmission ElectronMicroscopy in a Carl

Zeiss CEM-902 with 80 keV using copper grids and parlodium

lm. The microscope was equipped with a Castaing-Henry-

Ottensmeyer lter spectrometer used for the electron energy

loss spectrometry (EELS). The crystal structure was determined

by X-ray Diffraction (XRD) using a Shimadzu XRD7000 oper-

ating with Cu-Ka (l ¼ 0.154060 nm), in continuous mode with

a 2� min�1 speed from 20� to 80�. Surface functionalisation was

investigated by Infrared Spectroscopy equipped with Attenuated

Total Reectance (ATR-FTIR) using an Agilent Cary 630. X-Ray

Photoelectron spectra were obtained using a SPECS system

(SPECS GmbH) equipped with X-ray XR-50 with radiation Al Ka

(hn ¼ 1486.6 eV) and Phoibos 100 analyser with MCD-9 detector

at the CCS Nano laboratory (Centro de Componentes Semi-

condutores, UNICAMP). Thermogravimetric Analysis (TGA) was

performed using a STD q600 (TA Instruments), with a 10� min�1

speed in a nitrogen atmosphere.

2.5 Invertase extraction

Dry Baker's yeast was used for invertase extraction in a proce-

dure adapted from Timerman, 2012.59 Briey, 125 g of dry yeast

was suspended in 440 mL of sodium bicarbonate solution

(NaHCO3, 0.1 mol L�1), divided into containers and kept at

35 �C for 16 h. The suspension was centrifuged at 15 000 rpm

for 30 min at 4 �C. The solid was discarded, and the supernatant

followed for differential precipitation. Ethanol was added until

29% (v/v) concentration was reached. The suspension was

incubated on ice for 15 min and centrifuged at 15 000 rpm for

30 min at 4 �C. Pellet with contaminants was discarded, and

more ethanol was added into the supernatant up to 40% (v/v).

The suspension was incubated in the refrigerator until protein

precipitation, centrifuged at 15 000 rpm, 30 min, 4 �C

discarding the supernatant. The invertase-containing solid was

solubilised in sodium phosphate buffer A (5 mmol L�1

Na2HPO4 and 5 mmol L�1 NaH2PO4, pH 7.00).

2.6 Invertase purication

Invertase purication was done in a sequence of steps based on

the work of Timerman, and Rahman et al.59,63 First, the enzyme

solution in buffer A was claried by ultracentrifugation and then

ltered using a 0.22 mmPVDF lter. This solution was puried by

gel ltration chromatography using a manually packed (16� 250

mm) Superdex 200 column and operated via AKTA Purier 10

(GE) with Unicorn 5.2 program. The purication was performed

using buffer A. The fractions that showed absorbance at 280 nm

were evaluated for the presence of invertase based on the positive

result for the activity test described in sequence (Section 2.7).

Fractions containing invertase were pooled and stored in the

refrigerator until the next purication step. The pre-puried

invertase fractions were further puried by anion exchange

chromatography using a DEAE (diethylaminoethyl) modied

cellulose column packed manually (16 � 350 mm). Buffer A was

used as the mobile phase and a linear gradient of NaCl promoted

by buffer B (5 mmol L�1 Na2HPO4, 5 mmol L�1 of NaH2PO4, and

500 mmol L�1 NaCl, pH 7.00) which was progressively added (0–

100% B) by the AKTA Purier. Fractions were collected and

checked regarding invertase presence (Section 2.7). All fractions

containing invertase were dialysed against Buffer A using a Fish-

erbrand dialysis membrane with MWCO of 6000–8000 g mol�1.

The last purication step was a cation exchange chromatography

using an agarose column modied with carboxymethyl (CM)

groups. Buffers A and B were used again as the mobile phases.

The active fractions were dialysed as described above. Aer

purication, the protein concentration was estimated by the

Bradford method, using a calibration curve based on bovine

serum albumin (BSA). The concentration can be calculated by the

obtained equation, Cprotein ¼ (Abs � (0.02 � 0.01))/(0.027 �

0.002); R2 ¼ 0.994.

2.7 Invertase activity test

The activity was monitored using the colorimetric test with 3,5-

dinitro-2-hydroxybenzoic acid (DNS).64 25 mL of the solution

containing the enzyme was incubated at 50 �C for 5 min in a dry

bath. An aliquot of 200 mL of 10 mmol L�1 sucrose solution was

added; the reaction was kept for 5 min at 50 �C. Then 300 mL of

the DNS solution (0.2 mol L�1 NaOH, 23 mmol L�1 of DNS, and

0.53 mol L�1 tartrate of sodium and potassium) was added to

complete the reaction. The mixture was boiled for 5 min,

diluted with 2mL of water, and the absorbance wasmeasured at

540 nm. The activity was calculated using a calibration curve

built with an equimolar mixture of glucose and fructose at the

same test conditions. The concentration of glucose was esti-

mated using the equation Cglucose ¼ (Abs + (0.047 � 0.03))/

(0.00493 � 0.00005); R2
¼ 0.9996.

2.8 Invertase characterisation

All steps in invertase isolation were evaluated by SDS-PAGE 12%

using MiniVE Vertical Electrophoresis System (GE Healthcare).
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Circular dichroism spectra were obtained for solutions with

different enzyme concentrations; 0.15 mg mL�1 in buffer C

(sodium acetate 40 mmol L�1, pH 4.8) and 0.03 mg mL�1 in

sodium acetate buffer 8 mmol L�1, pH 4.8. Measurements were

recorded in a Spectropolarimeter (Jasco, J720). Fluorescence

spectra were recorded in a Spectrouorometer (PerkinElmer,

LS55) for invertase at 0.15 mgmL�1 in buffer C. For different pH

values measurement, sodium-phosphate–citric acid 50 mmol

L�1 buffers from pH 2.5 to pH 7.5 were used. For light rotation

experiments, a 20 mg mL�1 sucrose solution in buffer C, was

incubated with invertase at 0.15 mg mL�1. The observed light

rotation was followed over time in a Polarimeter (PerkinElmer,

341). For the determination of kinetic parameters of the free

enzyme and Fe3O4@SiO2–NH2-Inv, various concentration of

sucrose (0–300 mmol L�1) in acetate buffer (sodium acetate

40 mmol L�1, pH 4.8) at 50 �C were used, and KM and VMAX

values determined by Lineweaver–Burk plot.

2.9 Immobilisation of invertase on nanoparticles surface

Invertase immobilisation on the surface of the Fe3O4@SiO2–

NH2 was adapted from the procedure described by Abraham, et

al.65 Briey, a suspension of 5 mg mL�1 of Fe3O4@SiO2–NH2 in

water was sonicated for 1 h. Then, a glutaraldehyde solution was

added to the nal concentration of 1 mol L�1 and stirred for 1 h.

Aer this time, the NPs were washed with water thrice and once

with buffer C. They were then suspended in a solution con-

taining the invertase and kept under stirring for 2 h. Fe3O4@-

SiO2–NH2-Inv was washed with buffer C to remove the unbound

enzyme and stored in the fridge.

2.10 Sucrose capture and release test

100 mL of Fe3O4@SiO2–NH2-Inv was washed with buffer D

(citrate–phosphate buffer 50 mmol L�1 pH 3.00) 3 times with

the aid of a magnet and kept in a dry bath at 50 �C for 5 min.

Then, 200 mL of a 5 mmol L�1 sucrose solution, also prepared in

buffer D was added to Fe3O4@SiO2–NH2-Inv. Aer 1 min, with

the aid of a magnet, the supernatant was removed and stored in

another tube, and 200 mL of buffer C was added to Fe3O4@SiO2–

NH2-Inv, which were maintained for 5 min at 50 �C. The

supernatant was removed and added to 300 mL of DNS solution,

which was then boiled, diluted with 2 mL of water, and had

absorbance measured at 540 nm to quantify the sucrose

removed. The Fe3O4@SiO2–NH2-Inv were washed three times

with buffer D, and the cycle was repeated using the previously-

stored sucrose solution.

3. Results and discussion
3.1 Synthesis and characterisation of the nanomaterial

The synthesis of pristine Fe3O4 NPs was performed via a co-

precipitation method and can be described by the chemical

eqn (1) shown below.

Fe2+ + 2Fe3+ + 8OH�
/ Fe3O4 + 4H2O (1)

In this reaction, the complete precipitation of Fe3O4 is ach-

ieved at a pH between 8 and 14 in an oxygen-free environment.

The use of an oxygen-free environment not only protects the

oxidation of magnetite (Fe3O4) to maghemite (gFe2O3) but also

leads to smaller particles if compared to methods in the pres-

ence of oxygen.66,67 The chemical method was preferred due to

its low production cost, high yield and more straightforward

scale-up. The as-synthesised Fe3O4NPs aremagnetics, as shown

in Fig. 3.

Bare iron oxide NPs tend to agglomerate, as seen by its

hydrodynamic diameter (Table 1), due to the presence of strong

magnetic attraction between the particles, high energy surface

and attractive van der Waals forces.68–70 Furthermore, the high

local concentration of Fe ions, released from Fe dissolution, can

be toxic to organisms.71,72 These issues can be avoided by post-

synthesis surface modication, such as NPs coating with a silica

(SiO2) shell, which confers a hydrophilic surface, is chemically

inert, biocompatible, easily functionalisable and improve NPs

dispersion in water.73 The hydrodynamic sizes of the NPs were

estimated by DLS, and, as expected, the diameter measure-

ments indicated a signicant overestimation of their size, when

compared to the values obtained by other techniques, such as

electron microscopy imaging. This overestimation can be

explained by the inuence of the surface coating and the

hydration layer on the nanoparticles diffusion.74 As previously

described, bare iron oxide NPs tend to agglomerate in solution,

so silica capping helped to prevent this, thus, a smaller hydro-

dynamic diameter was measured. In sequence, it can be noted

Fig. 3 Representative image of the nanomaterial as-synthesised in the
absence and the presence of a magnet.

Table 1 Physico-chemical characteristics of the nanomaterials

Samples

Hydrodynamic

diametera/nm

Zeta potential/

mV

Fe3O4 574 � 60 +19.7 � 0.3
Fe3O4@SiO2 350 � 21 �36.4 � 0.7

Fe3O4@SiO2APTES 227 � 9 +26.0 � 1.0

Fe3O4@SiO2–NH2-

Inv

340 � 9 +28.7 � 0.7

a Obtained through DLS measurements.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 4701–4712 | 4705
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that additional functionalisation with amino groups, further

decreased the hydrodynamic diameter. This can be explained by

the reduction in hydrogen bonding between silanol groups on

the NPs' surface.75 Therefore, the functionalisation steps helped

to prevent the aggregation of the nanomaterial in water

suspensions. The surface charge was also estimated through

zeta potential measurements (Table 1), and the size and shape

of the nanomaterial were evaluated by TEM, as shown in Fig. 4.

Zeta potential measurements (Table 1) were performed to

evidence different stages of the synthesis and surface graing

process. The alternating zeta potentials observed at each stage

suggest that Fe3O4@SiO2–NH2-Inv has been successfully syn-

thesised; besides, the high electrical potential confers elevated

stability to the nanomaterial suspension. The as-synthesised

Fe3O4 nanoparticles showed a positively-charged surface,

differently to what is usually reported for magnetite, a nega-

tively-charged surface formed by –OH groups. However, it is

important to note the pH-dependent character of magnetite, an

amphoteric solid, which has a positive charge in acidic pH and

a negative charge in basic pH. Considering its point of zero

charge previously reported at pH 7.9,76 and its isoelectric point

reported at pH 7.3,77 the positive charge obtained by aqueous

suspensions of the Fe3O4 nanoparticles can be understood.

Upon surface capping with silica, the charge became negative,

as expected, due to the presence of silanol groups on the

nanoparticles' surfaces. Further, the amino-functionalisation

changed the charge to positive values, owing to the proton-

ation of the amine groups.

In the TEM images, it is clear that the nanomaterial obtained

is composed of a mixed population of rods and spherical

nanoparticles. The nanorods have 88 � 22 nm in length and 14

� 4 nm in diameter, with an aspect ratio of approximately 6. The

spheres have a diameter of 27 � 6 nm. Mixed morphology

populations of iron oxides particles have been previously re-

ported and will be further discussed.78,79 It is also important to

highlight that the surface functionalisation did not signicantly

change the size of the nanomaterial, which show a capping layer

of 6 � 2 nm.

Shape anisotropy is an important characteristic of iron oxide

particles. In elongated nanoparticles, magnetisation is reported

to be easier along their long axis, rather than the short axis.38,80

The crystal shape can be controlled thermodynamically or

kinetically. In a diffusion-limited regime, high concentration,

the monomers are precipitated in the NPs' surface favouring

monodisperse particles. On the other hand, in a reaction-

limited regime, low concentration, the reaction on the surface

limits the particle's growth and leads to different shapes.80

Despite being the most commonly used method, co-

precipitation allows for limited control of particles

morphology, size and composition, once the reaction is kinet-

ically controlled.79,81 In the present work, the co-precipitation

was performed with a Fe2+/Fe3+ ratio of 0.5, which has been

previously reported to lead to the formation of a single oxide

phase of either magnetite and maghemite. On the other hand,

pH also plays a vital role in the formation of the particles, which

a more acidic medium leads preferentially to the formation of

goethite nanorods as reported by Blanco-Andujar et al.79 This

initial goethite nanorods can act later as a seed for the forma-

tion of magnetite via a dissolution-precipitation mechanism,

with the transformation from the oxyhydroxide phase to an

oxide phase. In increasing pH values, due to the slow and

continuous base addition, the higher concentration of hydroxyl

groups favours the formation of iron oxides, with no remaining

goethite aer reaction complexion. Despite TEM images

showing a mixed population, the nanomaterial obtained could

be conrmed to be magnetite through XRD analysis (Fig. 5).

Magnetite (Fe2+Fe2
3+O4) is known by its crystallisation in the

cubic structure of the inverse spinel, whose oxygen atoms form

the face-centred cubic structure and the iron cations occupy the

interstitial sites, where half of Fe3+ are in tetrahedral sites and

the other half with Fe2+ occupying the octahedral sites. Fe3O4

NPs XRD showed the reection planes (220), (311), (400), (422),

(511) and (440)82 (Fig. 5). The results are consistent with those

from the JCPDS card 19-0629. The absence of peaks at 21.22�

and 33.15� is an indication goethite and hematite were not

formed, besides the peak at 26.38� referent to Fe(OH)3, is also

absent.83 The results suggest that magnetite was successfully

synthesised. As can be noted in XRD spectra, the coating and

functionalisation steps have not changed the crystallinity of

Fe3O4. In addition, the characteristic diffraction peaks of Fe3O4

were attenuated in the pattern of Fe3O4@SiO2–NH2-Inv due to

capping layers of silica and enzyme; however, the core structure

was not altered in the process.

The coating and functionalisation were evaluated by ATR-

FTIR (Fig. S1†). Stretching vibrations of Fe–O at 568 cm�1 (n1)

and 440 cm�1 (n2) conrm the presence of Fe3O4.
84 The bond

Fe–O–Si is observed at 584 cm�1. The signals at 1058 and

960 cm�1 correspond to SiO–H and Si–O–Si, respectively, while

the signals at 920 and 890 cm�1 correspond to Si–O–H signals.

Fig. 4 Representative TEM images of nanomaterial samples: (a) Fe3O4,
(b) Fe3O4@SiO2, (c) Fe3O4@SiO2–NH2, and (d) Fe3O4@SiO2–NH2-Inv.
Bars represent 100 nm.
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The N–H stretching and NH2 bending signals appeared at 1630

and 3407 cm�1. Silanol with hydrogen bonding also has a signal

between 3200 and 3470 cm�1, the reason behind the enlarge-

ment of the signal.83,85,86 The composition and structure of the

nanomaterial was also conrmed by electron spectroscopy

images (ESI-TEM) combined with electron energy-loss spec-

troscopy (EELS) as shown in Fig. S2.† Homogeneous iron,

oxygen and silicon atomic composition were observed for Fe3-

O4@SiO2 nanoparticles as expected. The core/shell structure is

indicated by the presence of silicon atoms mostly in the shell

region and the iron conned into the core region.

To further evaluate the functionalisation with the enzyme

XPS spectra of the NPs (Fig. 6(a)) were recorded and showed the

existence of the main elements' signals with peaks correspon-

dent to Fe 2p (710 eV for Fe3+ and 724 eV for Fe2+), O 1s (529.7

eV) for Fe3O4 and N 1s (399 eV, amide) and C 1s (285 eV) for

Fe3O4@SiO2–NH2-Inv. The Fe 2p peak was weaker in Fe3O4@-

SiO2–NH2-Inv than in Fe3O4, which can be explained by the

shielding effect of the coating layer and enzyme-

functionalisation.

TGA analysis (Fig. 6(b)) was used to conrm further and

characterise the coating layer and for the quantitative analysis

of enzyme content in the Fe3O4@SiO2–NH2-Inv. The corre-

spondent weight loss and surface density can be observed in

Table 2. Around 2.6% weight loss was observed at temperatures

ranging from 50 to 100 �C, mainly due to the loss of physically

adsorbed water on the products. The carbonisation of the

organic matter led to a 4.7% weight loss for the nanomaterial

before enzyme immobilisation. The decomposition of the

enzyme coating layer led to a weight loss of 20.1%. Considering

the surface density, approximately 0.04 (nanorods) and 0.05

(nanospheres) chains of invertase were immobilised per nm2, or

around 155 invertase chains per nanorod (or 2.2 � 1018 chains

per gram of nanomaterial) and 118 invertase chains per nano-

sphere (or 1.7 � 1018 chains per gram of nanomaterial).

3.2 Invertase extraction, purication and pH dependence

Invertase from Baker's yeast, Saccharomyces cerevisiae, is

commonly found as a glycoprotein in the periplasmic space. Its

primary function is to cleave the sucrose, forming mono-

saccharides that are then transported to the cytoplasm. The

enzyme is composed of two glycosylated subunits of 135 kDa.

Approximately 50% of the molecular mass is due to oligosac-

charides.59,87,88 According to the structure deposited in the

Protein Data Bank under PDB ID 4EQV,89 the biological unit

consists of 8 protein chains, each having 512 amino acids,

544 Da, and a theoretical pI of 4.58, obtained by the ProtParam

tool.90 Invertase extraction was performed using mild condi-

tions that selectively ruptured the cell wall without breaking the

plasma membrane, followed by differential precipitation and

chromatography steps. The presence of the invertase in the

collected fractions was evaluated by the activity test made

spectroscopically using the DNS assay, as shown in Fig. S3.†

Since sucrose is a non-reducing sugar, without the action of the

invertase, i.e., negative reaction, there are no changes in colour.

Aer the addition of the enzyme, the sucrose undergoes

hydrolysis resulting in an equimolar mixture of glucose and

fructose. Under experimental conditions, fructose rapidly

undergoes isomerisation to glucose, and thus, all the glucose

formed reduces the coloured reagent. Invertase concentration

Fig. 5 Characterisation of the nanomaterials using XRD.

Fig. 6 Characterisation of the nanomaterials using different tech-
niques: (a) XPS and (b) TGA.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 4701–4712 | 4707
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was estimated by the Bradford assay as 0.15 mg mL�1 while the

sample was also evaluated by SDS-PAGE, Fig. S4.†

Circular dichroism was used to estimate the relative amount

of secondary structures in the puried invertase. The

percentage of each secondary structure was estimated based on

the primary sequence of the protein by APSSP2,91 and the

deconvolution of the CD spectrum obtained by K2D3,92 and

both results were compared to the Protein Data Bank (PDB)

structure (PDB entry 4EQV)89 as can be seen in Table 3. The

mathematical treatment indicates that the invertase obtained

has a secondary structure very close to that expected by inver-

tase's sequence and corresponds to that reported for its crystal

structure (PDB entry 4EQV).89

The intrinsic protein uorescence, conferred by the three

aromatic amino acid residues, tryptophan, tyrosine, and

phenylalanine, taking into account that tryptophan is the

dominant intrinsic uorophore, offers the possibility to eval-

uate the nanoenvironment that involves these residues in the

tertiary and quaternary structure of the protein.93 The uores-

cence spectrum obtained is shown in Fig. S5(a).† Invertase from

S. cerevisiae exhibits 16 Trp and 31 Tyr residues per chain, which

account for the enzyme uorescence emission spectrum.

In order to further conrm invertase activity, the inversion of

the rotation of the polarised light was observed for a sucrose

solution incubated with invertase, as shown in Fig. S5(b).† The

inversion of the observed rotation from positive values (sucrose)

to negative values (glucose and fructose) conrms the activity of

the invertase extracted from Baker's yeast.

When we analyse the proposed mechanism of the enzymatic

activity for invertase (Fig. 1), it is noted that the glutamic acid

residue (Glu204) must be protonated, and the aspartate residue

(Asp23) must be deprotonated in order for the catalysis to occur.

Thus, invertase behaviour at different pH conditions was

investigated using a sodium phosphate–citric acid buffer

(50 mmol L�1). The uorescence emission curves are shown in

Fig. 7(a) and the enzymatic activity measured by the colouri-

metric test with DNS in Fig. 7(b).

As can be seen from the uorescence spectra, the appro-

priate folding of the protein depends on the pH of the buffer in

which it is stored. It is noted that at its optimum pH (pH ¼

4.80), the enzyme exhibits the highest uorescence intensity at

lmax ¼ 338 nm. In contrast, at pH 7.50, it precipitated

completely and showed no uorescence when excited at

280 nm. Looking at the activity curve, we observed that at pH

4.80 invertase shows the highest activity. At pH values of 2.50

and 3.00, the enzyme showed no activity. At low pH values,

where pH < pKa of the catalytic residues, both (Glu204 and

Asp23) are protonated, and the reaction does not occur, while at

higher pH values, pH > pKa of the two residues, both are

deprotonated and once again the reaction is not observed.

Therefore, the pH 3.00 of the solutions was chosen for the

sucrose capture test.

3.3 Sucrose capture and release

Upon immobilization, enzyme conformation might be affected,

what signicantly impacts its affinity toward the substrate. To

investigate how the immobilisation employed impacted inver-

tase conformation, the kinetic parameters, KM and VMAX were

determined for the free invertase and Fe3O4@SiO2–NH2-Inv,

and compared to values reported in the literature, as shown in

Table S1.† It can be noted a similar behaviour compared to

invertase immobilised on other kinds of nanoparticles, where it

is commonly observed an increase in KM values and a decrease

in VMAX, which can be attributed to conformational changes of

the enzyme aer its immobilisation.

In order to evaluate invertase enzyme efficiency before and

aer its functionalisation onto nanoparticles, an activity test

was performed comparing free enzyme to Fe3O4@SiO2–NH2-

Inv. The results can be seen in Fig. S5.† It can be observed the

maintenance of 60% of the enzyme activity aer its immobili-

sation onto nanoparticles' surface when used at rst time, while

an activity of approximately 40% is kept when the enzyme is

continuously re-used, up to ten times. In previous reports on

immobilised invertase, it was observed that signicant inver-

tase activity loss appeared aer 10 cycles of its use,44 and an

expressive reduction in immobilised invertase activity aer 8

cycles.94 Aer 10 cycles of activity performed by the nano-

material, the size and charge weremeasured again, and resulted

in a reduction of the nanomaterial surface charge to +14� 3 mV

and an increase in its size to 437� 45 nm. These changes in the

nanomaterial structure could play a role in the slight decrease

of its activity aer continued use.

Using a suspension of 6 mg of Fe3O4@SiO2–NH2-Inv set at

pH 3.00, sucrose was captured from a 5 mmol L�1 sucrose

solution prepared in a sodium phosphate–citric acid buffer

(50 mmol L�1 pH 3.00). Fe3O4@SiO2–NH2-Inv was rst incu-

bated in a sucrose solution at pH 3. In this condition occurred

the formation of the nanomaterial–sucrose complex; however,

the enzymatic reaction did not happen. The nanomaterial–

sucrose complex was removed with the aid of a magnet, and

then, placed into different ask, washed and incubated in

Table 2 Weight loss and surface density of magnetite nanoparticles

Nanoparticle Surface molecule Weight loss/% Surface densitya/chain nm�2 Surface densityb/chain nm�2

Fe3O4 — 2.66 — —

Fe3O4@SiO2 Silica 3.66 9.4 6.7

Fe3O4@SiO2–NH2 Amine-silane 4.74 1.4 1.0

Fe3O4@SiO2–NH2-Inv Invertase 20.11 0.05 0.04

a Calculated using the spheres surface area. b Calculated using the rods surface area.
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a buffer solution. The pH-change (from pH 3.0 to sodium

acetate 40 mmol L�1, pH 4.8), reactivated the immobilised

invertase which catalysed sucrose hydrolysis. This way, the

immobilised invertase was set free from sucrose and the

nanomaterial-enzyme was recovered. Sucrose produced inver-

ted sugar, which was used to quantify the concentration of

sucrose removed, as explained in Fig. 2 and quantied in Fig. 8.

The synthesised tailored nanomaterial, consisting of

a magnetic core, an inert shell of silica and immobilised

invertase, was stable throughout the capture of sucrose from

a solution at pH 3.00 and it did not lose its binding ability and

sucrose capture up to ten consecutive times of reuse and

showed insignicant loss of the invertase activity. It is impor-

tant to state that the further reuse of the nanomaterial led to

a considerable decrease in the invertase activity but mostly

because of the loss of magnetic nanoparticles during the

washing process between the cycles, while enzyme specic

activity was maintained.

The sucrose capture experiment was performed with

a suspension of 6 mg of the nanomaterial. It is observed that

each cycle resulted in the removal of approximately 81 mmol L�1

of sucrose from the solution (Fig. 8). The repetition of the

sucrose capture cycles resulted in a cumulative effect of sucrose

removal, with 40 mmol L�1 of sucrose removed at the end of 5

cycles, or 67 mmol L�1 of sucrose removed aer 10 cycles.

Furthermore, it can be estimated that 1 g of nanomaterial would

be able to remove 13.5 mmol L�1 of sucrose from a solution per

cycle of capture. Because invertase native structure assembles

into an octamer, also described as a tetramer of dimers89 and

comparing to our TGA data, we can estimate that each invertase

assembly captures approximately ve sucrose molecules per

nanosphere or four sucrose molecules per nanorod.

4. Conclusions

Separation strategies rely on the target molecule, and the

approach utilised should also consider the interaction between

the target molecule and the magnetic material. Furthermore,

the selection and optimisation of binding and elution steps are

essential for the success of the whole process. The study

Fig. 7 (a) Invertase emission fluorescence spectra excited at 280 nm
at different pH conditions using a sodium phosphate–citric acid buffer
(50 mmol L�1). (b) Curve showing activity of the invertase against
a sucrose solution (10 mmol L�1) under different pH conditions. The
activity was measured by the DNS test.

Fig. 8 Illustration of removed sucrose in each of the ten cycles with
re-used nanomaterial.

Table 3 Estimative of invertase's secondary structure, using deconvolution of circular dichroism spectrum, prediction by primary structure and
experimentally determined (PDB entry 4EQV)

Secondary structure
Spectrum deconvolution
K2D3/%

Primary structure
prediction/% PDB structure/%

a-Helix 2.4 2.6 2

b-Sheet 35.3 38.8 47
Random 62.3 58.6 —

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 4701–4712 | 4709
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reported herein was performed considering an application in

the food industry, based on the sucrose removal from fruit

juices. Thus, a nanomaterial with high specicity for sucrose,

based on the use of the enzyme invertase, was designed. The

high specicity is necessary considering the complex mixtures

characteristic from natural products. Furthermore, the use of

magnetic nanoparticles was particularly chosen, once natural

products, such as fruit juices, have a myriad of particulates in

suspension, which could preclude the use of columns and

membranes.

The development of the nanomaterial for sucrose capture

involved two distinct steps: the production of the nanomaterial-

based on magnetite NPs and the extraction and purication of

the invertase from a natural source, Baker's yeast. The next step

consisted of the immobilisation of the enzyme onto the surface

of the nanomaterial resulting at the Fe3O4@SiO2–NH2-Inv

production. The Fe3O4@SiO2–NH2-Inv nanomaterial allowed

the capture of approximately 13.5 mmol L�1 of sucrose per gram

of nanomaterial per cycle using a sodium phosphate–citric acid

buffer (50 mmol L�1 pH 3.00). Fe3O4@SiO2–NH2-Inv could be

used ten times without losing the ability to remove sucrose from

the solution. The technology developed offers enormous

scientic and economic potential. The use of nanotechnology to

produce food with reduced caloric content could help curb the

emergence of obesity and diabetes, offering healthier options.

Using the example of the most consumed juice worldwide,

orange juice, this nanomaterial is stable and optimised to

capture naturally occurring sucrose at the natural juice pH

(3.00), producing two distinct and with higher associated-value

products; an orange juice with reduced sugar content, and also

inverted sugar that can be used in the manufacture of other

products in the food industry.

Envisioning the application of the described technology in

the food industry, it is important to highlight, although iron

oxides and silica nanoparticles are oen considered as safe and

have been previously approved for in vivo applications by the

FDA, future studies also need to focus on the cytotoxicity of the

material. With the increase of the number of proposed uses of

nanotechnology is paramount to consider their impact on

human health and the environment, and also focus on the

development of new regulatory frameworks considering their

release.

Novel separation processes are necessary to increase

productivity and reduce time, energy and water consumptions

in the industry. Magnetic separations are promising alterna-

tives to conventional separation methods for food, pharma and

biopharmaceutical industries. They can allow for cost reduction

and increased productivity, owingmainly to the prospect of one-

step capture and purication and the possibility for high

throughput and semi-continuous processes. The plethora of

functionalisation options of magnetic nanomaterials is a vital

toolkit, which confers the opportunity to adapt the nano-

material to the properties and characteristics of the target

molecule and design appropriate conditions for the adsorption

and desorption of any target molecule.
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