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ABSTRACT: In this work, a high surface area interface, based on anodic 1D TiO2 nanotubes homogenously decorated by Fe3O4 nanoparticles (TiO2NTs@Fe3O4NPs) is reported for the first time for an unprecedented purification of His-tagged recombinant proteins. Excellent purification results were achieved from the model protein mixture, as well as from the whole cell lysate (with His-tagged ubiquitin). Compared to a conventional Immobilized-Metal Affinity Chromatography (IMAC) system, specific isolation of selected His-tagged proteins on behalf of other proteins was significantly enhanced on TiO2NTs@Fe3O4NP´s interface under optimized binding and elution conditions. The combination of specific isolation properties, magnetic features, biocompatibility, and ease of preparation of this material consisting of two basic metal oxides, makes it a suitable candidate for future purification of recombinant proteins in biotechnology. The principally new material bears a large potential to open new pathways for discoveries in nanobiotechnology and nanomedicine.

INTRODUCTION
The production of highly pure biomolecules, such as for example proteins, polypeptides, oligosaccharides or nucleic acids, is a key requirement for their use in medicine and life sciences. In particular, they are widely used for in vivo applications, such as for the production of efficient and selective biopharmaceuticals, including targeted bioactive therapeutics1, recombinant proteins2 or vaccines3. Thus, the development of suitable materials and purification methods for these biologically active compounds, are an important topic in current biomedical research.
There are comprehensive reviews in the field of proteomics or genomics that describe and summarize separation and purification approaches of various biomolecules.4-6 Many recombinant proteins are synthesized with suitable affinity tags to facilitate the purification process. Immobilized-Metal Affinity Chromatography (IMAC) has been the most widely employed technique in the separation of recombinant His-tagged proteins.7,8 IMAC is based on interactions between transition metal ions (Co2+, Ni2+, Fe3+, Ga3+) and side chains of specific amino acids or phosphate groups of phosphorylated amino acids. Metal ions are commonly immobilized on cross-linked gels or other types of stationary phases. However, IMAC has several drawbacks: e.g. the insufficient purity of separated proteins,8 limited surface area of microspheres accessible for binding,9 gradual release of the carrier ions during separation,10 poor mechanical stability,11 and toxicity of the released metal ions.12 In recent years several nanomaterials for immobilization or purification of His-tagged proteins were also introduced,13-17 all utilizing nickel or cobalt (or their oxides), which all are also toxic. 
Materials research for purification of biomolecules have therefore also been aimed towards core-shell nanoparticles that combine a high surface area shell made of TiO2,18 ZrO219 or functionalized SiO220,21 for the separation of peptides or proteins and a magnetic core, that adds the magnetic functionality to separate particles from a solution. These nanoparticles, however, have limited separation specificity for recombinant proteins. In addition, they display weak magnetic interactions within a magnetic field disabling their easy quantitative separation from the solution. 
However, the ability to separate the solid phase from the liquid phase using a magnetic field is one of the key features that end-users in many biotechnology processes seek for. There are two types of magnetic microparticles, one type has a compact magnetic core covered by a non-magnetic shell and second type has a core composed of multiple magnetic nanoparticles embedded in a non-magnetic matrix.22 The magnetic interaction between superparamagnetic particles can be easily switched on and off. It is easy to manipulate with these particles by strong magnet or by external magnetic field in batch-wise arrangements. Magnetic micro/nanoparticles are widely exploited in many biotechnological or biomedical applications.23,24 In particular, iron oxide based particles are of interest, incorporate excellent biocompatibility and safety factors with their unique magnetic properties and are more acceptable than toxic nickel and cobalt based counterparts.25-27
All in all, it is desirable to develop highly functional materials that could overcome aforementioned disadvantages, and that would feature a high surface area interface, good enough separation specificity with sufficient capacity for the repetitive purification of His-tagged biomolecules and would be magnetic in the same time. Easy and low-cost decontamination and regeneration of such material is also required. 
[bookmark: _Hlk489688771]In an effort to find a suitable material (and interface) to fulfill all these criteria, we came to 1D self-organized anodic TiO2 nanotube layers (prepared by anodic oxidation of Ti substrates28,29) that have already been shown for numerous applications: to promote the hydroxyapatite growth30,31 to accommodate various cell cultures when having optimized tube dimensions,32,33 as well as other morphological states of TiO2.34 TiO2 nanotube layers have been also utilized as the carrier for drug loading,35-37 peptide loading,38  biosensing,39,40 catalyst for photo-induced killing of cancer cells41 and decomposition of various organic molecules.42,43 In addition, anodic TiO2 - based nanotubes were prepared on a number of biomedical alloys widely used for hip implants.44,45 Recently, it was also demonstrated that proteins can interact with plane TiO2 nanotubes and that the amount of adsorbed protein depends on the internal diameter and length of nanotubes as well as on the protein charge.46 For the controllable adsorption and enrichment of proteins, a charge-selective TiO2 nanotube membrane decorated with graphitic carbon patches was created and also self-cleaning features were demonstrated for this type of material.47 All in all, interactions of TiO2 nanotubes based materials with proteins demonstrates their potential for protein purification.
The 1D TiO2 nanotubes, when decorated with magnetite nanoparticles, seem to be a great candidate as for purification of biomolecules usable in biomedicine, fulfilling all above requirements - i.e. high specificity, high surface area, proper magnetic functionality and regeneration by photocatalytic means. However, to the best of our knowledge, this material (1D TiO2 nanotubes decorated by Fe3O4 nanoparticles) and its interface has never been used for affinity chromatography up to now.
In the present work, we therefore combine these two fascinating materials - anodic 1D TiO2 nanotubes and magnetite Fe3O4 nanoparticles (decorating the nanotubes) - as new material for efficient purification of biomolecules, in particular recombinant proteins carrying a His-tag affinity anchor. The purification performance of this material is compared to conventional IMAC material and protocol with significantly higher selectivity of presented magnetic carrier.
EXPERIMENTAL PROCEDURES 
Preparation of the 1D TiO2 nanotubes decorated by Fe3O4 nanoparticles (further noted as TiO2NTs@Fe3O4NPs)
Two types of 1D self-organized TiO2 nanotube arrays were selected based on preliminary experiments (with a range of tube arrays with different diameters and lengths) and turned out favorable for the performance needed in this work (quantitative loading of magnetic particles, accessibility of proteins). These arrays have been prepared by anodization of Ti foils. Smaller diameter nanotubes (average inner diameter ≈ 125 nm) were produced in pre-aged ethylene glycol electrolyte containing 0.88 mM NH4F, 2 wt% water containing at 60 V applied for 12 hours, as reported previously.48 Larger diameter nanotubes (average inner diameter ≈ 230 nm) were produced in pre-aged ethylene glycol electrolyte containing 0.15 mM NH4F, 10 wt% water at 100 V applied for 4 hours, as reported previously.49 After anodization, nanotubes were sonicated in isopropanol for 5 minutes to remove residues of electrolyte species and tube debris from the tube interiors and exteriors. All chemicals (unless stated otherwise) were purchased from Sigma-Aldrich. For deposition of magnetic nanoparticles, an aqueous suspension of magnetite Fe3O4 nanoparticles (Ferrofluid) with an average size of 8 nm (PL-A-Fe3O4-10m, Plasmachem, Germany) were used. This materials is especially suitable for its low-costs, bio-compatibility and great superparamagnetic performance. The Ferrofluid was dropped on the nanotube layers attached to Ti substrate with a strong Nd magnet placed underneath the substrate, to force spreading of magnetite nanoparticles over the nanotube interiors homogenously. Following this protocol, the whole volume of the dropped solution was quantitatively sucked inside the nanotubes, and partially also outside at the nanotube mouths and decorated their walls homogenously. The layers were afterwards dried at 60°C for 4 hours. Ti substrates with grown nanotubes were bent in order to lift-off the loaded nanotubes that were collected, weighed, and supplied for further experiments. No other treatment of the TiO2NTs@Fe3O4NPs material was performed. Morphological characterizations were performed using FE-SEM JSM 7500F (JEOL Ltd.) and HR-TEM Titan (FEI Ltd.) with a high angle annular dark field (HAADF) detector, operated at 200 kV and equipped with EDX. Zeta-potential of an aqueous suspension of the TiO2NTs@Fe3O4NPs was analysed using Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). Magnetic properties of the samples were analysed by Vibrating Sample Magnetometer (Lake Shore, 3 T).
Isolation of His-tagged peptides/proteins
Preparation of tryptic digests:  
Model protein recombinant N-terminal histidine tagged human Ubiquitin expressed in E. coli (His Ubiq, U5507, Sigma-Aldrich,) was dissolved in NH4HCO3 solution and the protein was digested with trypsin. Bovine serum albumin (BSA) was dissolved in NH4HCO3, disulfide bonds were reduced with 15 mM dithiothreitol at 56°C for 30 min and alkylated with 30 mM iodoacetamide for 20 min at room temperature in the dark. The reaction was quenched by addition of 15 mM dithiothreitol, and the protein was digested with trypsin at 37°C overnight using an enzyme/substrate ratio of 1:50 (w/w). 
Isolation of His-tagged peptide: 
For each experiment, 10 pmol of the digested His Ubiq was mixed with 10 pmol of digested BSA, both dissolved in binding solution which was added to 1 mg of smaller diameter TiO2NTs@Fe3O4NPs and His-tag containing peptide was isolated. Five different types of binding solutions were tested – 50 mM glycine-HCl buffer pH 3.2; 50 mM glycine-HCl buffer pH 4.5 and 5.5; 50 mM Bis-Tris-HCl buffer pH 6.5; Tris-HCl pH 7.5. After binding, the magnetic carrier was washed with the same buffer containing 10 mM imidazole. The first elution step was performed with 50 mM Tris-HCl buffer pH 7.5, containing 300 mM imidazole. In the second step, 200 mM Na2HPO4 and 100 mM imidazole in 10 mM Tris-HCl buffer was used. 1% ammonia solution was used for the regeneration of the magnetic carrier.
Isolation of His-tagged protein from cell lysate:
The whole Jurkat cells lysate was spiked with His Ubiq for both further experiments. The human T-cell acute lymphoblastic leukemia cell line Jurkat was purchased from European Collection of Cell Cultures (UK). These cells were cultured in Roswell Park Memorial Institute 1640 medium (Life Technologies, USA) and lysed in modified RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% Triton X-100, 0.1% SDS). The buffer was changed using Amicon Ultra Centrifugal Filters (Merck Millipore, USA). The total amount 250 µg of proteins (240 µg of proteins from cell lysate and 10 µg of His Ubiq) in 300 µl of 50 mM Bis-Tris-HCl buffer at pH 6.5 was used as the sample of complex protein mixture. The His Ubiq isolation of protein from the whole cell lysate started by protein binding with 6 mg of larger diameter magnetic carrier in 50 mM Bis-Tris-HCl buffer at pH 6.5 for 30 min. Weakly and non-specifically bound proteins were washed 5x with the same buffer containing 20 mM imidazole to isolate His-tagged protein with a high purity. The first elution step was performed in Bis-Tris-HCl buffer pH 6.5 with subsequent addition of imidazole to a final concentration 300 mM. In the second and third elution step, 200 mM Na2HPO4 and 100 mM imidazole dissolved in 10 mM Bis-Tris-HCl buffer were used, respectively. 1% Ammonia solution was used for the regeneration of TiO2NTs@Fe3O4NPs. 
For IMAC based His Ubiq isolation from a complex protein mixture, the total protein amount was 250 µg (240 µg of proteins from cell lysate and 10 µg of His Ubiq). The proteins were dissolved in 300 µl of 150 mM NaCl/50 mM Tris-HCl buffer (pH 7.5) and incubated with 25 µl of settled His-Pur™ Ni-NTA resin (Thermo Scientific, USA) in Tris-HCl buffer at pH 7.4 + 150 mM NaCl for 30 min. Weakly and non-specifically bound proteins were 5x washed out with the same buffer to isolate His-tagged protein with a high purity. The first and second elution step was performed in Tris-HCl buffer pH 7.4 + 150 mM NaCl with subsequent addition of imidazole to a final concentration 300 mM. Among each step, the resin was centrifuged for 30 s at 1,000×g.
Binding capacity of TiO2NTs@Fe3O4NPs:
The analysis was done with 6 mg of larger diameter TiO2NTs@Fe3O4NPs  Loading step of each aliquot was carried out for 30 min. 12 aliquots of initial sample consisted of 10 µg His Ubiq in 300 µl 50 mM Bis-Tris-HCl buffer (pH 6.5) were prepared. The supernatant was collected and analysed. The amount of bound protein was determined as the total loaded protein amount diminished by the protein amount in the supernatant. His Ubiq in concentrations of 0.25 to 15 ug/300µl was added to Tris-Tricine-SDS-PAGE to analyze protein amount in consecutive binding fractions. Absolute quantitation method procedure in Image Lab Software (Bio-Rad, USA) was performed within analysis of electrophoretic data. 

Peptides desalting and MS analysis
All analyzed fractions of peptides were desalted using approximately 1 cm long chromatographic reversed-phase POROS Oligo R3 microcolumns, as described previously50 with a few modifications. Peptides were directly eluted onto MALDI targets with 5 g.l-1 CHCA solution (60% ACN/0.1% TFA/2 mM diammonium hydrogen citrate). A MALDI Orbitrap MS (Thermo Scientific, USA) was used in the positive mode and set to the resolution of 100,000 (FWHM@m/z 400). 
Tris-Tricine-SDS-PAGE
Each separation fraction was mixed with Tricine Sample Buffer (Bio-Rad, USA), boiled at 100 °C for 3 min and then loaded onto a 0.75 mm Tris-Tricine polyacrylamide gel (16.5% T, 3% C separating gel) according to Schägger.51 Electrophoresis was performed using a Mini-Protean system (Bio-Rad, USA) at 30 and 100 V in Tris-Tricine-SDS running buffer. Proteins in the gels were visualized by a silver staining method,52 or by Colloidal Blue Staining Kit (Novex, Life Technologies, USA) according to the manufacturer's instructions. Electropherograms were acquired using a ChemiDoc™ XRS+ System (Bio-Rad, USA) and processed in the Image Lab software (Bio-Rad, USA). The same software quantification method was used to calculate the quantity of His-tagged proteins, evaluating the density and areas of bands. 

RESULTS
Figure 1a shows schematically the whole sequence of steps of His-tagged protein purification using the 1D TiO2 nanotubes homogenously decorated by Fe3O4 nanoparticles (TiO2NTs@Fe3O4NPs) in batch-wise arrangement. The procedure begun with the preparation of TiO2NTs@Fe3O4NPs, which were then loaded with peptide/protein mixture in binding buffer containing, among others, His-tagged proteins (Figure 1b). After the incubation time the TiO2NTs@Fe3O4NPs were separated by Nd magnet (Figure 1c) from the resulting flow-through fraction that was in turn saved for further analyses. The TiO2NTs@Fe3O4NPs were afterwards washed from the unbound species, and captured His-tagged biomolecules were eluted with an elution buffer. TiO2NTs@Fe3O4NPs could be regenerated by soaking in ammonia solution and used repeatedly for a next purification cycle. 
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Figure 1. a) Sequence of the purification of His-tagged proteins using the TiO2NTs@Fe3O4NPs and the optimized purification process, b) photograph of the vial containing solution of TiO2NTs@Fe3O4NPs loaded with proteins, c) photograph of the same solution as in b) with applied magnetic forces (used for the separation of the TiO2NTs@Fe3O4NPs from the solution). Magnetic forces attract the TiO2NTs@Fe3O4NPs within a portion of second.

Self-organized TiO2 nanotubes decorated by Fe3O4 nanoparticles (TiO2NTs@Fe3O4NPs)
Figure 2a shows SEM cross-sectional image of the small diameter nanotube layer, Figure 2b shows the upper part of the same nanotube layer. The as-prepared layers are further noted as plane nanotube layers and are employed as a reference material for further testing on peptide level in this work. Next, the as-prepared layers were homogenously decorated with magnetite nanoparticles (TiO2NTs@Fe3O4NPs) using an aqueous suspension of magnetite Fe3O4 nanoparticles, which had an average size of 8 nm (PL-A-Fe3O4-10m, Ferrofluid, PlasmaChem, Germany). The as-prepared TiO2NTs@Fe3O4NPs were also characterized by a high resolution scanning TEM and EDX mapping, as shown in Figure S1. The strong superparamagnetic features of the Fe3O4NPs (Figure S2a) were utilized for the homogeneous coating of the nanotube walls, by using a strong magnet placed underneath Ti substrates. In order to achieve the complete coverage of TiO2 nanotubes by Fe3O4 nanoparticles, it was necessary to find a good quantitative balance between both nanoparticles and nanotubes. After numerous experiments, the coverage of the available nanotube surface by nanoparticles was optimized, in contrast to previous literature that reported only randomly dispersed magnetite nanoparticles on the tube surfaces.43 For that purpose, 10 µl of the Ferrofluid was dropped on 1 cm2 of the anodized area. Figure 2c shows that indeed the tube interiors are homogenously decorated by magnetite nanoparticles. As apparent from Figure 2d, there is no clogging of the tube mouths by magnetite nanoparticles, the nanotube openings are homogenously decorated by these nanoparticles over the whole sample surface. As also apparent from Figure 2d, a small fraction of nanoparticles was also deposited on the nanotube exteriors (i.e. outer nanotube walls) owing to the gaps between the nanotubes at the most upper part of the nanotube layers (due to a conical nanotube shape). However, the amount of magnetic Fe3O4 nanoparticles inside TiO2 nanotubes was significantly larger than outside. Nevertheless, the paramagnetic properties of magnetic nanoparticles were preserved also for the TiO2NTs@Fe3O4NPs carrier (shown in Figure S2b) and were advantageous for the quantitative removal of the magnetic nanotubular carrier from the media, during the protein purification, as shown in Figure 1c. 
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Figure 2. SEM micrographs of smaller diameter plane TiO2 nanotubes in the cross-sectional view (a) and the top view (b), TiO2 nanotubes as in (b) with an additional loading of magnetic Fe3O4 nanoparticles of an average size 8 nm showing interiors of the tubes (c) and the tube mouths (d) with homogenous nanoparticulate coating without any clogging.
In order to characterize TiO2NTs@Fe3O4NPs in more detail, in particular to address any concerns about their colloidal stability, Zeta-potential of the aqueous suspension of TiO2NTs@Fe3O4NPs and plane TiO2NT was analysed resulting in values of 4.5±0.5 and 8.9±1 mV, respectively, regardless the tube diameter. From these results, it is clear that there is some difference between the TiO2NTs@Fe3O4NPs and TiO2NTs in terms of charges. However, these values need to be considered carefully. Compared to colloidally stable suspensions that have nanoparticles well dispersed within the solution for a long time, for the solutions with nanotubes, sedimentation was observed.

Tailoring the binding and elution conditions for purification of His-tagged biomolecules
Interaction of tagged proteins from the protein mixture represents essentially the most important step in the whole purification process. To evaluate the dependence of the binding specificity of His-tagged proteins on pH value of the binding solution, a comparative series of experiments was performed with the plane TiO2 nanotube carrier (Figure 2a+b), or with TiO2NTs@Fe3O4NPs (Figure 2c+d). Different binding conditions were tested with a peptide mixture containing tryptically digested His-tagged ubiquitin (His Ubiq) and bovine serum albumin (BSA). A comparison between the initial complex peptide solution and the elution fractions after isolation of peptides containing His-tag in their sequence, from both types of carriers (decorated and non-decorated with magnetic nanoparticles) was carried out. The effect of pH of the binding and washing solutions in the range 3.2 - 7.5, on the isolation process, was investigated. The pH ≈ 6.5 was identified to be the most suitable regarding specificity of the isolation procedure, and therefore these conditions were used for the rest of the experiments. For the elution of peptides containing His-tag, shown in Figure 3, tailored elution conditions were used instead of commonly used conditions in protocols for IMAC utilizing Ni2+-based materials (see Experimental section for details).
Figure 3a shows MS spectrum of the initial complex peptide solution, which represents the tryptic digests (see Experimental part for details) of His Ubiq and BSA mixed in a molar ratio of 1:1. Evidently, the revealed composition of the mixture is rather complex, as it contains a high amount of contamination. However, for the goal of the present work that is to efficiently purify proteins from complex mixtures of biomolecules, it represents a real-case mixture for the subsequent isolation of peptides containing His-tag. 
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Figure 3. MALDI Orbitrap mass spectra of acquired fractions including His-tagged peptide (a) before isolation and (b) after isolation from digested His Ubiq in mixture with digested BSA by TiO2NTs@Fe3O4NPs; (c) the same elution step for His-tag isolated as in (b) but using plane TiO2 NTs (i.e. without magnetic particles). Peaks corresponding to His-tagged peptide GSSHHHHHHSSGLVPR are marked by a circle or an arrow. For this experiment, smaller diameter TiO2 nanotubes were used.
From this mixture, an N-terminal peptide including His-tag (GSSHHHHHHSSGLVPR) originating from digested His Ubiq was isolated using a smaller diameter TiO2NTs@Fe3O4NPs, or plane smaller diameter TiO2 NTs in Bis-Tris-HCl buffer (pH ≈ 6.5). As evident from Figure 3b, acquired for TiO2NTs@Fe3O4NPs, the peptide containing polyhistidine-tag was effectively isolated from the peptide mixture. All other peptides were almost completely removed, as revealed from the absence of any significant other peak. Figure 3b demonstrates extraordinary isolation specificity of TiO2NTs@Fe3O4NPs under the optimized isolation conditions. 
Figure 3c shows the results obtained for the plane TiO2 NTs. The isolation of the His-tag containing peptide under the same experimental conditions used for TiO2NTs@Fe3O4NPs (Figure 3b) showed substantially decreased purity of the isolated peptide in the eluate. It can be that the amorphous TiO2 is to a certain extent capable to capture of His-tagged peptide. However, the achieved specificity of plane TiO2 NTs is significantly lower than for the magnetic counterpart. Reasons for this interesting aspect, however, remain unclear at this stage and will be subject of future work.
	
Magnetic carrier for purification of recombinant protein  
Another very important application of the presented TiO2NTs@Fe3O4NPs is the isolation of intact His-tagged proteins from complex protein mixtures. To demonstrate the unique isolation ability of TiO2NTs@Fe3O4NPs to purify recombinant proteins efficiently, a model mixture of standard proteins containing two His-tagged proteins was used for optimization of the purification protocol. Two His-tagged proteins (His Ubiq (6xHis-tag) and MSP1D1 (7xHis-tag)) were successfully separated from six non-tagged proteins (Ovalbumin, Concanavalin A, Carbonic Anhydrase I, Myoglobin, Cytochrome C, Non-his-tagged Ubiquitin) on the larger diameter magnetic carrier in 50 mM Bis-Tris-HCl pH 6.5 used as the binding buffer and 200 mM Na2HPO4 and 100 mM imidazole dissolved in 10 mM Bis-Tris-HCl buffer used as elution solution. Commonly used elution solution with 300 mM imidazole only was not enough sufficient to elute His-tagged proteins. Also, upon elution, the His-tagged proteins bound to the TiO2NTs@Fe3O4NPs were successfully eluted and analyzed. The quality and required parameters of TiO2NTs@Fe3O4NPs have been confirmed. 
To prove the applicability of TiO2NTs@Fe3O4NPs for isolation of recombinant His-tagged proteins from the whole Jurkat cells lysate spiked with His Ubiq was used for experiment. The total amount of proteins was 250 µg (240 µg of proteins from cell lysate and 10 µg of His Ubiq). Figure 4 shows Tris-Tricine-SDS-PAGE analysis of each step in the isolation process for (a) larger diameter TiO2NTs@Fe3O4NPs and (b) conventional IMAC system for comparison. In Figure 4a, Lane M corresponds to molecular marker. Lane 1 represents the initial sample - whole cell lysate of Jurkat cells spiked with His Ubiq, which represents a complex mixture of proteins. Lane 2 corresponds to flow-through, where His-tagged proteins remain attached on TiO2NTs@Fe3O4NPs, showing its binding capacity and specificity, whereas other proteins were washed away. Lane 3 shows the fraction from the first elution step with 300 mM imidazole only. As presented in the case of the model protein mixture, these conditions (typical for IMAC systems) were not sufficient for the elution of captured biomolecules from the larger diameter TiO2NTs@Fe3O4NPs. Therefore, an additional elution step, with modified composition, had to be carried out (Lane 4). To get a higher recovery of proteins, an additional elution step was carried out with the same conditions (Lane 5). The single and intensive protein band of His Ubiq proves the ability of the carrier to isolate recombinant proteins from the complex mixture. Overall, the results from Tris-Tricine-SDS-PAGE analysis confirmed strong affinity and binding specificity of His-tagged proteins to TiO2NTs@Fe3O4NPs. Both these features are crucial for protein purification. 
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Figure 4. Tris-Tricine-SDS-PAGE analysis of the His-tagged protein purification experiment with Jurkat cells lysate spiked with His-tagged ubiqitin where a) represents purification on the TiO2NTs@Fe3O4NPs, followed by silver staining. Lanes: M – marker of molecular weights (10-250 kDa) 1 – initial cell lysate, 2 – flow-through, 3 – first elution (300 mM imidazole in 50 mM Bis-Tris-HCl buffer pH 6,5), 4 – second elution (100 mM imidazole, 200 mM Na2HPO4 in 10 mM Bis-Tris-HCl buffer pH 6,5), 5 – second elution (100 mM imidazole, 200 mM Na2HPO4 in 10 mM Bis-Tris-HCl buffer pH 6,5) and b) represents HisPur™ Ni-NTA Resin purification, followed by silver staining. Lanes: M – marker of molecular weights (10-250 kDa) 1 – initial cell lysate, 2 – flow-through, 3 – first elution (300 mM imidazole in 50 mM Bis-Tris-HCl buffer pH 6,5), 4 – second elution (300 mM imidazole in 50 mM Bis-Tris-HCl buffer pH 6,5). For this experiment, smaller diameter TiO2 nanotubes were used.
In Figure 4b, Lane 1 represents the initial sample - whole cell lysate of Jurkat cells spiked with His Ubiq as a model of real sample, Lane 2 corresponds to the flow-through, where His-tagged proteins remain attached on the carrier. Lane 3 shows the fraction from the first elution step with 300 mM imidazole, where contamination with other proteins was observed. In contrast to the elution conditions used for TiO2NTs@Fe3O4NPs, this imidazole concentration was sufficient for the elution of captured biomolecules from the IMAC resin. To get a higher recovery of protein, an additional elution step was carried out with the same conditions (Lane 4), as for the first elution step. The most intensive protein bands in lanes of the elution fractions correspond to the His Ubiq. Lane M corresponds to the molecular marker.
During elution experiments, significant differences between IMAC and TiO2NTs@Fe3O4NPs were observed. The first elution fraction from IMAC includes main part of eluted amount of His Ubiq but contaminated by other proteins. The second elution fraction includes mainly residues of His Ubiq. The first elution from TiO2NTs@Fe3O4NPs with the same imidazole concentration (300 mM) does contain almost no His Ubiq, in contrast to the first elution step from IMAC. However, the second elution from TiO2NTs@Fe3O4NPs includes the main portion of His Ubiq and no contaminants at all. These findings have been also confirmed by MS analysis (see Experimental part for details). It is obvious that the TiO2NTs@Fe3O4NPs is capable of an enhanced separation specificity compared to IMAC systems and allows to get completely pure His-tagged protein in one step. 
To prove the effectivity of TiO2NTs@Fe3O4NPs for the isolation of recombinant His-tagged proteins, the binding capacity was tested in batch-wise arrangement. Figure 5 shows Tris-Tricine-SDS-PAGE analysis of consecutive binding fractions. Aliquots of the initial sample (10 µg of His Ubiq in 300 µl of binding solution) were consecutively loaded to the larger diameter TiO2NTs@Fe3O4NPs for 30 min each. The binding fraction (BF) represents the sample after binding to a larger diameter TiO2NTs@Fe3O4NPs. The binding capacity was determined as 6.9 µg of His Ubiq per 1 mg of larger diameter TiO2NTs@Fe3O4NPs from the total amount of His Ubiq we could bind to this material. Absolute quantitation method in Image Lab Software (Bio-Rad, USA) was performed within analysis of electrophoretic data. Linear calibration curve from 0.25 to 15 µg of His-tagged-Ubiquitin yielded R-Squared value 0.990 for gel 1 (Fig 5b) and 0.988 for gel 2 (Fig 5c), respectively. From calculated values for each BF, binding curve was created (Fig 5a). 
DISCUSSION 
Two important points need to be discussed with respect to the results shown in Figure 2–5: physical and chemical stability of TiO2NTs@Fe3O4NPs used and their specificity for the isolation of proteins.  TiO2NTs@Fe3O4NPs survived vibrations (vortexing), ultrasound of low to moderate output (when put in the ultrasonic bath) and all separation steps (shaking, separation from liquid using magnetic force or centrifugation) without any disintegration or loss of magnetism. In contrast to a recent paper,53 reporting on conversion of amorphous TiO2 nanotubes into layered crystalline Fe2TiO5 upon electrodeposition of Fe2O3 by annealing at 550°C, our TiO2NTs@Fe3O4NPs were not exposed to any annealing treatment, except drying the as-decorated NTs in a dryer at 60°C. Due to the amorphous nature of TiO2 nanotubes, it seems that rather some kind of non-stoichiometric oxide is formed. Even though the bond character and an exact stoichiometry remains unclear at this stage (beside a detailed XRD study that was carried out without any clear result), the binding is strong enough to keep magnetic particles attached to the nanotube walls, as depicted in Figure 6. The stabilization phenomena of Fe3O4 nanoparticles, once attached to TiO2 nanotubes was evident from the stability at different environments (tested prior to use in this work) with different pH in the range of 1-12. No decay, decomposition or loss of magnetic activity of TiO2NTs@Fe3O4NPs was observed under these harsh conditions. The TiO2NTs@Fe3O4NPs were e.g. stable in 5% trifluoroacetic acid and/or in organic solvent - such as acetonitrile. In contrast, Fe3O4 nanoparticles themselves did not survive mild binding conditions (pH 6.5). It suggests a vital bond between the magnetic crystalline Fe3O4 nanoparticles and amorphous TiO2 nanotubes that maintained these magnetic nanoparticles stable on the surface. Presumably, it was also the nanotube encapsulating architecture that protected magnetic nanoparticles from removal. By repeating the entire purification sequence (shown in Figure 1), it was revealed that the TiO2NTs@Fe3O4NPs carrier can be used for at least 4 repetitive cycles without any significant loss of performance (see Figure S3).
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Figure 5.  Part a) represent saturation curve from binding fractions 1 – 10 calculated from calibration curve. For this experiment, smaller diameter TiO2NTs@Fe3O4NPs were used. b) and c) represents Tris-Tricine-SDS-PAGE analysis of binding capacity of the His-tagged protein to TiO2NTs@Fe3O4NPs, followed by colloidal Coomassie Brilliant Blue staining. Lanes: BF 1 – 12 correspond to binding fractions after His Ubiq loading to magnetic carrier. Right side of gels was used for quantity calibration 0.2 – 15 µg of His Ubiq. MM marker of molecular weights (10-15 kDa). 
To evaluate reasons for the outstanding specificity of TiO2NTs@Fe3O4NPs presented in this work, a series of isolations at different pH were performed. At pH ≤ 6, elution fractions contained large amounts of peptides with acidic amino-acids, the aspartic (D) and glutamic acid (E), respectively. This suggests the presence of the positive surface charge on the magnetic carrier at pH ≤ 6, which results in electrostatic interactions with peptides containing negatively charged amino acids. Moreover, the literature reports that histidine side chains bear a positive charge at pH ≤ 6 that prevents its chelating properties towards positively charged TiO2NTs@Fe3O4NPs.54-56 On the other hand, for pH ≥ 6, the histidine side chain does not carry any charge, and its interaction towards TiO2NTs@Fe3O4NPs is not electrostatically driven. Thus, the interaction seems to be based on chelation of TiO2NTs@Fe3O4NPs by histidine side chains.
Based on the performed sequence of experiments at different pH, the pH value is indeed an important driving factor for the formation of the chelating bond between TiO2NTs@Fe3O4NPs and the histidine side chain within the given binding and elution conditions. As outlined in Figure 6, the chelation likely occurs between nitrogen atoms of the imidazole ring (in the histidine side chain) and the Fe atoms in the magnetite lattice.
We have to discuss at this point also the possible elution mechanism. Within an elution of His-tagged proteins using a phosphate buffer, phosphate species replace the histidine side chains on the TiO2NTs@Fe3O4NPs´s surface. In addition, a higher pH (discussed above) helps to elute His-tagged proteins from TiO2NTs@Fe3O4NPs more quantitatively. This in line with i) high affinity of phosphate groups to TiO2 or Fe3O4 and ii) fact that phosphate salts are used for an elution of phosphopeptide, as known from description of an phosphopeptides enrichment process.57 However, during our experiments phosphoproteins were not attached to TiO2NTs@Fe3O4NPs.
 [image: ]
Figure 6. Proposed chemical interaction of His-tagged proteins with the TiO2NTs@Fe3O4NPs through side chains of histidines.
There is obviously a strong interaction between His-tagged peptides/proteins and the surface of TiO2NTs@Fe3O4NPs according to Fig. 4. This interaction is stronger than the interaction of His-tagged proteins and IMAC stationary phase, where eluting buffers containing imidazole elute the His-tagged proteins quite easily. One possible explanation for this behavior may be the apparently higher metal (i.e. Fe) ion density in the crystal lattice of Fe3O4, as compared to the number of metal ions (e.g. Ni2+) coordinately bound in the common IMAC stationary phase.
As a consequence, the sequence of several histidines may find a higher number of coordination counters for binding with the Fe3O4 part of TiO2NTs@Fe3O4NPs, which may also be given by steric or structural hindrances. The practical application of this strong interaction between TiO2NTs@Fe3O4NPs and His-tagged peptides or proteins allows one to use significantly higher concentrations of imidazole during washing steps, as compared to common published protocols for metal based IMAC isolation.58 
Last, but not least, there is also some protein isolation possible with plane TiO2 nanotubes, as shown in Figure 3. As described previously in literature, interactions between the imidazole side chain as well as an electrostatic interactions between to protonated amine group and the negatively charged surface of TiO2 may occur.59 The non-specific isolation of peptides shown in Figure 3c may be possible due to the known charge interaction between TiO2 and negatively charged amino acids in proteins and peptides.60 The modification of the TiO2 nanotubes with Fe3O4NPs makes this material more specific to isolation of His-tagged proteins and peptides and simultaneously removes the unwanted interaction of negatively charged amino acids with the isolation material.
CONCLUSIONS
In this work, a novel material based on anodic 1D TiO2 nanotubes decorated with magnetic Fe3O4 nanoparticles (TiO2NTs@Fe3O4NPs) was introduced for the purification of recombinant His-tagged proteins. The combination of TiO2NTs@Fe3O4NPs with tailored isolation protocol offered an enhanced separation specificity compared to the established IMAC based protocols. Besides the challenges to characterize the specific interactions of TiO2NTs@Fe3O4NPs with biomolecules, the presented results are highly valuable for efficient and quantitative separation of various His-tagged proteins. Moreover, the presented material (TiO2NTs@Fe3O4NPs) possesses several unique advantages: it is non-toxic, robust, it can be easily separated from any solution due to its intrinsic magnetism, and being based on TiO2 it can be simply decontaminated by UV-light induced photo-catalytic treatment at low-costs and re-used again at the same quality for the bioactive molecules isolation for biomedical applications. There is also no necessity of complicated instruments and could be easily up-scaled for preparative use. Furthermore, the specificity of TiO2NTs@Fe3O4NP, surmounted by their unique properties, may open new pathways for the purification of biomolecules, and for a whole range of in vivo applications.
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