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Abstract

:

Magnetic Janus particles bring together the ability of Janus particles to perform two different functions at the same time in a single particle with magnetic properties enabling their remote manipulation, which allows headed movement and orientation. This article reviews the preparation procedures and applications in the (bio)sensing field of static and self-propelled magnetic Janus particles. The main progress in the fabrication procedures and the applicability of these particles are critically discussed, also giving some clues on challenges to be dealt with and future prospects. The promising characteristics of magnetic Janus particles in the (bio)sensing field, providing increased kinetics and sensitivity and decreased times of analysis derived from the use of external magnetic fields in their manipulation, allows foreseeing their great and exciting potential in the medical and environmental remediation fields.
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1. Introduction


In 1989, Casagrande et al. [1] described the preparation of spherical particles from commercial glass spheres with diameters in the 50–90 µm range bearing half-hydrophilic half-hydrophobic surfaces. These particles were coined as “Janus beads” after the Roman God Janus depicted with twin faces, one looking to the future and the other to the past [2]. Unlike conventional particles, two-faced Janus particles provide asymmetry and directionality and can combine different or even incompatible properties within a single particle [3,4]. The surface anisotropy of these particles spatially decouples analytical functions (e.g., targeting and sensing) and allows spatial-selective bioconjugation that would otherwise be difficult to combine within the uniform composition or heterogeneous nanoparticles. Therefore, Janus nanoparticles have properties and functions, such as dual-targeting [5] and molecular sensing, which are incompatible when combined in a single structural unit or in heterogeneous “not Janus” nanoparticles, thus, opening opportunities for the construction of truly multifunctional entities [6,7]. Moreover, the asymmetry of the Janus particles surface (ratio of surface area devoted to different surface types on the two sides of the particle) can be varied at will depending on the particular applications without altering, interfering or losing the intrinsic properties of both faces, which makes them a unique category of materials in contrast to other particles. Since their development, these particles and their synthetic methods have evolved rapidly as they have been adapted to different applications and profited of the important advances in micro- and nano-manipulation systems and fabrication procedures. This evolution may include the introduction of a magnetic component (i.e., iron, nickel, Fe-Ti, CoNi) that allows driving them by means of a magnetic field towards different places in the human body where therapeutic drugs are released (i.e., drug delivery), to trap undesired entities (i.e., microorganisms), to be used for magnetic resonance imaging, separation of biological molecules or (bio)chemical sensing [8] or to perform many other applications as magnetically triggered devices in the biomedical area [9]. This displacement based on the magnetic field is useful for in vivo biomedical applications because these nano-systems can be precisely controlled by magnetic forces while their speed remains constant regardless of the medium through which they move. Moreover, these biocompatible, non-toxic particles are capable of travelling along the human body without harming cells and tissues. Therefore, a variety of magnetic micro- and nano-systems have already been reported in the literature for several biomedical applications with no adverse interactions with human tissues no matter the biological fluid conditions [10].



The great importance, applicability and future prospects that these devices promise have been already reviewed in articles focused on self-propelled affinity biosensors [11], biosensing with different magnetic particle labels, including Janus particles [12], Janus particles for biological imaging and sensing [7], or for biosensing [4], magnetically driven micro- and nano-robots [10], micro-/nano-robots for biomedicine [13], nano-/micro-systems for delivery and (bio)sensing at the cellular level [8], targeting and isolation of cancer cells [14], or the use of micromotors for biosensing applications [15]. Considering that the application of magnetic Janus particles in the (bio)sensing field is gaining importance rapidly, this review article is focused to the recent developments and applications of these particles both as static and dynamic (bio)sensing systems. Outstanding developments, current trends, challenges and prospects in this exciting field are highlighted and discussed.




2. Synthesis of Magnetic Janus Particles


The methods for the synthesis of magnetic Janus particles are diverse and difficult to classify [16]. A variety of synthetic strategies has been reported in the literature which, at least in part, can be classified as belonging to one of the following categories: (a) Masking or template; (b) direct deposition; (c) phase separation; and (d) self-assembly. An optional preparation method also includes bubble-templated assembly [17]. In the masking approach, the particles, trapped at the interface between two phases, are modified only on one side. Similarly, the template methods involve the use of sacrificial material to cover a part of the particle, while the other is modified [18]. In a direct deposition, the functionalizing material is driven only to the desired area of the particle. Fabrication methods based on phase separation require the use of two immiscible precursors and the existence of an interface. Microfluidics or emulsification with two immiscible fluids, where a liquid-liquid interface is formed, are alternatives explored for the preparation of anisotropic magnetic particles [19,20,21,22]. Regarding solid-liquid interfaces, the solid particle is usually employed as a nucleation site for the condensation of the liquid. Self-assembly methods are based on the spontaneous assembling of particles which act as building blocks for simple structures by entropy minimization [23]. Assembling may be directed by application of magnetic or electric fields and depends largely on the properties of the surrounding solution. In this section, some recent methods reported for the synthesis of magnetic Janus particles noted for their relevance and the practical utility of the resulting materials are reviewed.



Fe3O4 amphiphilic Janus nanoparticles (Fe3O4@AJNPs) bearing β-cyclodextrin (β-CD) and aminopyridine (APD) functionalized polymethyl methacrylate (PGMA) were prepared to construct pH-stimuli responsive co-assemblies through host-guest interactions between β-CD and APD [24]. As it is shown in Figure 1, hydrophilic superparamagnetic Fe3O4 nanoparticles (NPs) were used to obtain Fe3O4 wax microspheres employing Pickering emulsion by stirring in paraffin wax and dispersion in dimethylformamide (DMF). A further condensation reaction occurred between the particles and polyethylene glycol (PEG) to yield PEG-Fe3O4/wax composite microspheres which were washed with chloroform to dissolve the wax. PEG-Fe3O4-Br NPs were obtained by reaction with bromoacetic acid, and the ARGET ATRP technique (activators regenerated by the electron transfer for atom transfer radical polymerization) [25] was applied to graft polymethyl methacrylate-methacrylate (PMMA-MA) brushes onto the opposite hemisphere of PEG-Fe3O4-Br NPs, thus, obtaining the amphiphilic Janus PEG-Fe3O4-PMMA-MA. Finally, hydroxypropyl-β-CD reacted with PEG-Fe3O4-PMMA-MA through the condensation among the carboxyl groups in PMMA-MA and the hydroxyls in CD to obtain the functionalized amphiphilic Janus PEG-Fe3O4-PMMA-MA (CD), which were also named as Fe3O4@AJNPs.



Pickering emulsion was employed recently by Shaghaghi et al. [26] for the preparation of various types of Janus superparamagnetic iron oxide nanoparticles (SPIONs) decorated with folic acid (FA) and doxorubicin (DOX) with the aim of accumulating target cancerous cells through the FA ligands and deliver chemotherapy drugs. SPIONs were firstly masked and immobilized in paraffin wax particles for the subsequent synthesis of drug-conjugated Janus NPs (Figure 2). The waxed magnetic cores were half-coated by (3-mercaptopropyl) triethoxysilane (MPTES), and then dewaxed in solvents for a further anchoring of azide-3-aminopropyl-triethoxysilane (N3-APTES) on the free side of the particle. Then, mono(acryloyl)-star-poly-(ethylene glycol) (Acl-sPEG) was conjugated to the core via thiolene click reaction in the presence of azobisisobutyronitrile (AIBN). Thereafter, N-hydroxysuccinimide (NHS)-ester of folic acid was grafted to sPEG to obtain SPION-sPEG-FA. The preparation of DOX-PCL-SPION (PCL = poly(ε-caprolactone)) involved grafting of DOX-PCL-yne to the particle via azid-yne click reaction in the presence of N,N,N′,N″,N″-pentamethyl diethylene-triamine (PMDETA).



Fe3O4-metal Janus nanoparticles have been used for a variety of interesting applications. An illustrative example is the recent synthesis of Fe3O4-Ag nanocomposites through a two-step solvothermal method. Once Fe3O4 particles were prepared, they were added to an AgNO3 solution in acetic acid/acetate ethanolic mixture under ultrasonic dispersion followed by heating in an autoclave [27]. The prepared material exhibited not only magnetic properties, but also surface-enhanced Raman scattering (SERS) effect and was used as a substrate to detect adsorbed molecules on surfaces. Another interesting work implies the synthesis of Janus bifunctional composite Au-Fe3O4 NPs by means of a microwave heating. Two types of amphiphilic Janus Au-Fe3O4 NPs were prepared by coating with bi-compartment polymer brushes exhibiting opposite amphiphilic properties on Au and Fe3O4 surfaces by the ligand exchange method. Specifically, Au@PEGFe3O4@polystyrene (PS) Janus NPs, with PEG coating on the Au surface, and PS coating on the Fe3O4 surface were obtained by adding a mixture of thiolated polyethylene glycol (PEG-SH) and phosphonated polystyrene (PS-P) to the Au-Fe3O4 NPs. In addition, Au@PSFe3O4@PEG Janus NPs, with PS grafting on Au and PEG on Fe3O4, were prepared by adding a PEG-P and PS-SH mixture to Janus NPs. Double-layered plasmonic-magnetic vesicles were prepared from the synthesized NPs (Figure 3). Moreover, the amphiphilic distribution of the polymer grafts on the Janus Au-Fe3O4 surface, allows easily reversing the positions of the Au and Fe3O4 in the vesicular shell by changing the amphiphilic properties of the polymer brushes coated on their surface, with Au extended mostly to the outside and Fe3O4 localized inside the shell, or conversely. The resultant vesicles exhibited greatly enhanced optical and magnetic properties taking advantage from both the interparticle plasmonic coupling of the Au NPs and the magnetic interaction of the Fe3O4 localized in the doubled vesicular shell [28].



Taking advantage of the selective affinities of ferrite and metals to bind different ligands, an asymmetric functionalization method was reported by Jishkariani et al. [29] to prepare Janus heterodimers from Fe3O4-Pt and Fe3O4-Au nanoparticles. Dendritic phosphonic acid and disulfide groups were used to coat the iron oxide and Pt, respectively, or Au parts of the heterodimer to prepare amphiphilic structures (Figure 4). The synthesis involved 2,2-bis(hydroxymethyl)propionic acid (bis-MPA)-type disulfide dendrons 2, 4 and 6 with polar end-groups and a second-generation, stearate terminated, phosphonic acid bearing dendron 7 as the non-polar counterpart. Janus particles were prepared through sequential ligand exchange of the Fe3O4-Pt (or Fe3O4-Au) heterodimers.



With the smart materials’ development, self-propelled motors have drawn great attention in biomedical science or environmental remediation fields [30]. Among the different synthetic strategies, the introduction of magnetic materials results in an efficient method to make controllable motors to perform tasks in targeted areas [31]. With this objective, recent efforts have focused on metal-oxide based materials. Peng et al. [32] reported an easy method for the fabrication of hollow three-dimensional graphene oxide (GO)/MnFe2O4 motors by coupling shear force with capillarity. Figure 5 shows that the addition of aniline to aqueous suspensions of GO mixed with MnFe2O4 provoked a strong interaction which induced the effective aggregation of GO sheets giving rise to the subsequent turbulent flow structure under strong electric stirring. As a result, GO sheets spontaneously precipitated and gradually self-assembled into small 3D ball-shaped GO/MnFe2O4 hydrogels with embedded MnFe2O4 particles. The surface was coated with a thin GO layer by dipping it again into aqueous GO. Then, a capillary force arising from the evaporation process was used to pull the GO sheets together and reassembled the aerogel into a 3D bowl-shaped macrostructure (GO/MnFe2O4 motor) with a great ability to adsorb heavy metal ions, this favoured by the abundant oxygen-containing groups on the GO surface.



Magnetically steerable self-propelled Janus micromotors with ability to selectively remove radioactive Cs from contaminated water were synthesized from mesoporous silica microspheres functionalized with copper ferrocyanide and coating half of the surface with ferromagnetic Ni and catalytic Pt layers (Figure 6). Mesoporous silica was firstly functionalized with ethylenediamine (S-EDA), followed by preparation of Cu(II) coordination complexes (S-EDA-Cu) and reaction with sodium ferrocyanide (FC) to obtain S-CuFC particles. Thereafter, a poly(vinylpyrrolidone) (PVP)-coated glass slide was placed in a humidity-controlled chamber, where the humidity was raised until PVP became adhesive, so that when the synthesized S-CuFC particles were dispersed across the PVP layer, half of them were fixed inside the film and only the top surfaces of the particles were coated sequentially with a Ni layer and a Pt layer. The prepared S-CuFC/Ni/Pt Janus micromotors were released from the PVP-coated glass slide by sonication in ethanol [33]. It is important to note that the adsorption of Cs by the self-propelling micromotor adsorbents and their subsequent magnetic recovery provided the selective removing of more than 98% of the radioactive 137Cs ions from aqueous solutions.




3. Magnetic Janus Particles for (Bio)Sensing


Magnetic Janus particles combine anisotropy with magnetic properties, thus, delivering the ability to perform challenging tasks that would be impossible with isotropic particles. For example, a Janus particle may have the dual ability to stabilize an interface and to perform a catalytic reaction on some part of its surface [34]. This unique combination makes magnetic Janus particles interesting tools for a wide range of applications in different fields, such as catalysis [35], theranostic [36], drug delivery [37], biomedical imaging [7], biological probing, self-propelled carrier and remote manipulation of devices [7,38]. In addition, magnetic Janus particles can be used as surfactants, water-repellent coatings, or building blocks for supramolecular structures [38]. This section focuses on the implementation of Janus nanoparticles with a magnetic component for applications in static biosensing, but also including some examples of bioimaging, drug delivery and theranostic applications that involve a previous biosensing (target) step, as well as their use as biosensing self-propelled nanomachines. It is worth remarking here that even rare-earth-based Janus microparticles with magnetic and fluorescent functions have been reported and mostly used for drug delivery and bioapplications [39,40].



3.1. Static Janus Magnetic Particles for (Bio)Sensing


The anisotropy in shape, composition, and surface chemistry of Janus nanoparticles allows their users to perform complementary functions, achieving an outcome not possible with conventional nanoparticles in the field of biosensing. Lu et al. reported an article showing the advantages of a magnetic bifunctional particle for glucose sensing using Janus particles with peroxidase-like activity for colorimetric detection of glucose in one step. The particles were more stable over a wider range of pH than the enzyme horseradish peroxidase (HRP) and, because of their magnetic nature, they allow easy sample separation/concentration, and can be reused by simple isolation through magnetic separation [41]. Taking advantage of this methodology, magnetic tailored microparticles with Janus structure, generated by using a centrifugal microfluidic chip, were exploited in a multi-assay format for the simultaneous sensing of glucose and cholesterol [42]. A competitive binding assay using fluorescein isothiocyanate-dextran as a competing ligand was employed for sensing glucose, and microparticles embedded with γ-Fe2O3 nanoparticles were used as a catalyst for the oxidation of tetramethylbenzidine by H2O2, a product of the enzymatic hydrolysis of cholesterol. Both sensing assays were integrated into the same Janus type particle, thus, allowing simultaneous monitoring of glucose and cholesterol in human serum.



Janus magnetic nanoparticles have also been used for DNA [43,44] and protein detection [45,46]. Doyle’s group brilliantly developed polymeric magnetic Janus particles with separate detection and barcoding compartments [44,47]. The barcoding region displayed arrays of dots, while the sensing compartment was functionalized with DNA probe molecules for multiplexed detection. The magnetic microparticles incorporated into the Janus disks allowed rotation by an external magnetic field, enabling solution exchange through immobilization, particle decoding through orientation control and reaction enhancement through active stirring [44]. Regarding protein detection, multifunctional dumbbell-shaped magnetic Janus particles were prepared and modified on one face with anti-CD14 antibody for cell attachment and coated with anti-TNFα antibody on the other face (Figure 7a). The system allowed specific cell targeting and in situ multi-detection of cytokines [46].



In several studies, magnetic JNPs have been used for the effective separation/concentration of biomaterials. Mirkin and coworkers developed triblock Au-Ni-Au nanorods for the detection and separation of protein mixtures [50,51]. The Au segments from the two-component triblock (Au-Ni-Au) nanorods were functionalized with nitrostreptavidin for capturing biotinylated proteins, and the Ni interior block was used as affinity template for simple and efficient separation of His-tagged proteins. In addition, the Ni portion of the nanorods is ferromagnetic, which enables easy isolation under a magnetic field. In this way, the authors demonstrated how the two-component triblock magnetic nanorods could be used to magnetically separate biotin-tagged proteins and His-tagged proteins from a mixed solution, thereby using a single material to separate and selectively remove multiple proteins and providing an alternative to the currently used affinity chromatography [51].



Multifunctional nanoplatforms based on the use of magnetic Janus mesoporous silica nanoparticles were designed to integrate bacterial capture, separation, and elimination into a single system [48,49,52]. In an interesting work, novel magnetic silica JNRs decorated with Ag nanoparticles (Figure 7b) showed superior magnetic sensitivity, strong binding to bacteria, and more effective and long-term antimicrobial activity than pure Ag nanoparticles. This was attributed to the properties of the formed nanocomposites with a variable AgNPs loading, which can significantly improve the dispersion and stability of the deposited AgNPs and enhance their bacteria binding capture efficiency [48]. Dong’s group proposed the use of magnetic Janus mesoporous silica nanoparticles (MSNs) with hexadecyltrimethylammonium bromide (CTAB) loading, used both as a soft cationic template for mesoporous silica synthesis and anti-bacterial agent for bacterial elimination, and functionalized with amine groups, as nonselective ligands to bind both Gram-positive and Gram-negative bacteria via electrostatic attraction [53], as anti-bacterial drug [54]. In this way, the mesoporous silica body enhanced bacterial capture, due to its large surface, while the exposed Fe3O4 head maintained the strong paramagnetic property for bacterial separation [49]. To address specific bacteria targeting, fluorescent-magnetic Janus mesoporous silica nanoparticles were modified with a specific antibody. These JNPs acted as fluorescent identification and separation tools which enabled bacterial identification through Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF-MS) directly from food matrixes [52].



Table 1 summarizes the main characteristics of the methodologies using magnetic Janus particles for static (bio)sensing applications.



Magnetic Janus Particles for Targeted Biomedical Applications


Nanoparticles have received great attention in the field of therapeutic and diagnostic. In particular, Janus particles, due to their two functional surfaces, can be used to selectively conjugate specific chemical moieties for drug delivery, non-invasive imaging, and/or targeted therapeutic intervention on a single-particle system [55]. Anisotropic nanoparticles have attracted great attention as multimodal imaging agents. In particular, magnetic nanoparticles can be used as contrast agents for magnetic resonance imaging (MRI) [7]. The incorporation of metallic nanoparticles provides plasmonic properties [56], and the subsequent modification with fluorescent dyes or quantum dots allows fluorescent imaging [57]. However, only a few systems have been reported involving specific target capacity into the magnetic Janus particles for imaging purposes. Dumbbell-shaped Au-Fe3O4 [58] and Ag-Fe3O4 [59] nanoparticles functionalized with specific antibodies against A431 human epithelial carcinoma cells and Raji and HeLa cells, respectively, were described. The high reflectance of the nanoparticles, due to the presence of the Au and Ag compartments, respectively, enabled optical visualization of cancer cells without fluorescence labeling, as well as MRI [58]. Recently, Sánchez et al. reported an elegant Janus nanoplatform by combining a Fe3O4NPs/mesoporous silica core@shell face together with an Au nanoparticle face [60]. Due to its anisotropy, the resulting hybrid nanocarriers successfully allowed the in vivo tumor-targeted (by its modification with a targeting peptide for cancer detection cRGD motif) multimodal MRI (Fe3O4 core), computed tomography (CT, AuNP face) and fluorescent tracking (fluorescent dye loading) in a fibrosarcoma-bearing mouse model (Figure 8). Moreover, in vitro experiments performed by 24 h incubation with HEK293, HepG2, RAW 264.7, adult fibroblasts (MAF), and fibrosarcoma (MF) mouse cells confirmed the biocompatibility of these Janus particles within the tested concentration range (35−350 μg mL−1).



The intrinsic heterogeneity of Janus particles makes them suitable for delivering drugs with different properties, unlike core-shell nanoparticles [61]. In drug delivery systems, specific targeting is crucial to avoid damage to healthy cells and to enhance the drug bioavailability [20]. Thus, some controlled release magnetic Janus particles have been conjugated with specific ligands for specific drug release targeting. In this context, dumbbell-like Au-Fe3O4 nanoparticles were prepared as target-specific nanocarriers to deliver cis-Pt complexes into epidermal growth factor receptor 2 (HER2)-positive breast cancer cells. In this structure, the Pt complex was anchored on the Au side and the HER2-specific monoclonal antibody Herceptin, chosen as a targeting agent, was linked to Fe3O4 side [62]. Following a similar strategy of active targeting and drug delivery, cell targeting and intracellular DNA magnetic-controlled release in cancer cells were also achieved by using magnetic Janus nanocapsules [63]. In addition, Wang et al. prepared super-paramagnetic Janus nanocomposites of polystyrene/Fe3O4@SiO2 structure with dual functionalities for drug delivery applications. To achieve simultaneous cell targeting and stimulus-induced drug release, the polystyrene matrix was surface-decorated with carboxyl groups where the tumor cell targeting was attempted by the conjugation of folic acid, whereas the antitumor agent DOX was immobilized to the silica shell via a pH-sensitive hydrazone bond, thus, facilitating pH-induced drug release [64].



An exciting trend in drug delivery is incorporating therapeutic, targeting, and imaging all in one particle. Kilinc et al. synthesized Fe-Au nanorods for combined cell targeting, therapy and imaging able to specifically target breast cancer cells. In this design, the Au block was modified with heregulin, a ligand of HER family of receptors, whereas the magnetic response of the Fe block was used for mechanical perturbation and MRI [65]. A very nice work reported by Zhang et al. describes a method for the synthesis of uniform multifunctional Au/Fe3O4@C Janus nanoparticles. These nanoparticles were selectively functionalized with amino-poly(ethyleneglycol)thiol and folic acid on the exposed Au domains (Figure 9) to achieve high contrast for computed tomography imaging, excellent stability, good biocompatibility, as well as cancer cell-specific targeting. The mesoporous structure was used as a carrier for DOX, photothermal agent and MRI contrast agent [66]. New magnetic-luminescent multifunctional nanoparticles (MnFe2O4-NaYF4) were modified with folic acid to target human esophagus carcinoma cells. The system exhibited multiple uses, including multimodal imaging, targeted drug delivery, and cancer imaging-guided therapies [67]. Following the same trend of theranostics approach, monodisperse Au-Fe2C Janus nanoparticles were synthesized as multifunctional entities for cancer theranostics. The entities had triple-modal magnetic resonance/multispectral photoacoustic tomography/computed tomography imaging-guided for precise diagnosis and efficient tumor treatment through laser radiation. In vitro and in vivo targeting was achieved by modifying the Au-Fe2C Janus particles with an affibody (ZHER2:342), showing a larger tumor accumulation and deeper tumor penetration than the non-targeted ones [68].



The main aspects of targeted (bio)imaging and biomedical applications using magnetic Janus particles are outlined in Table 2.





3.2. Self-Propelled Janus Magnetic Particles for (Bio)Sensing


Under certain experimental conditions, Janus particles can be propelled autonomously (Janus motors). This self-propulsion can be achieved through certain electrochemical reactions or the incorporation of metals (Pt, Mg) capable of generating gaseous bubbles in the presence of certain fuels (H2O2, water). The inherent lack of a defined trajectory can be solved by including a magnetic component (usually nickel) in the Janus motor structure, which allows their guidance or isolation in the presence of an external magnetic field. Self-propelled Janus magnetic particles using metals, polymers or carbon materials have been reported so far.



Self-propelled Janus magnetic particles, unmodified or functionalized with appropriate bioreceptors, have demonstrated to possess unrivaled merits for optical and electrochemical on-site sensing and biosensing of a wide variety of analytes and biomolecules (nucleic acids, proteins, cancer and bacterial cells and other clinically relevant analytes, such as cortisol) in near real-time. Table 3 summarizes the main features of the biosensing strategies that were reported involving the use of self-propelled Janus magnetic particles. It is important to note that the autonomous movement of the Janus magnetic particles has been decisive in developing efficient and rapid biosensing strategies involving ‘on-the-move’ recognition and (bio)sensing events in complex samples without preparatory and washing steps [4,7,8,11,15,69,70,71,72,73]. This autonomous movement around the sample addresses the low binding efficiency associated with the slow analyte transport occurring in bioaffinity sensors working in quiescent sample droplets, thus, increasing the likelihood of target-receptor contacts and greatly enhancing the kinetic and sensitivity of the (bio)sensing event [11].



To date, the use of self-propelled Janus magnetic motors for biosensing involving trimetallic nanowires, tubular micromotors or spherical particles has been reported (Figure 10). In these biosensing applications, the signal transduction was achieved through: (1) Chemical sensing involving measurement of the speed and/or distance the motors travelled at fixed times in the presence of the target analytes [74,75]; (2) electrochemical sensing by electrochemical detection of electroactive compounds generated by degradation of non-electroactive compounds using Janus particles with artificial enzymatic activity [76] or by using particle-electrode impact voltammetry to quantify and qualify locomotion of self-propelled micromotors [77]; and (3) optical and fluorescent sensing by monitoring directly captured big target analytes (cells and bacteria) [78,79] or in connection with appropriate fluorescent labels [80,81] or quenching mechanisms [82,83].



Wang’s group, from the University of California San Diego, pioneered the use of magnetic Janus motors for optical biosensing. In particular, Au-Ni-Pt nanowires were prepared for the determination of nucleic acids [75]. These catalytic nanowires are able to self-propel at speeds of ~10 μm s−1 in a solution containing 5–10% of H2O2. Platinum catalyzed the oxidation of H2O2, which generated electrons and free protons at that end of the nanomotor. Due to the structure of the nanowire, asymmetric distribution of charges and an electrical gradient was generated, which translated into the autonomous advancement of the nanomotor in the direction in which the platinum end pointed (Figure 11a). Taking advantage of the selective acceleration of these nanomotors in the presence of silver ions, attributed to the improved catalytic activity of platinum after underpotential deposition of silver on the nanowires [74], this group developed a strategy for nucleic acid biosensing using for the first time the distance traveled by the nanomotor as an analytical signal [75]. The biosensing strategy was used for the quantification of synthetic DNA and bacterial rRNA and involved a detector probe modified with Ag nanoparticles in a typical hybridization sandwich format. The assay implied co-self-assembly of a thiolated specific DNA capture probe and dithiotreitol (DTT) and post-treatment with mercaptohexanol (MCH) on a photolithography-prepared gold electrode followed by sequential incubation on this modified surface with the sample containing the target DNA and the Ag nanoparticles-modified detector probe. Upon placing a drop of an H2O2 solution on the electrode surface with the immobilized DNA sandwich, the Ag nanoparticles were rapidly dissolved and, after mixing the Ag+ enriched solution with a nanomotors suspension, their speed was monitored for a fixed time (Figure 11a). The higher the concentration of target nucleic acid (30-mer synthetic DNA or Escherichia coli (E. coli) 16S mRNA), the larger the number of nanoparticles captured and, therefore, the higher the speed (or the distance travelled at a fixed time) of the nanomotors. This new biosensing principle was able to selectively detect 40 amol synthetic DNA and 2000 colony forming units (cfus) mL−1 of E. coli directly in untreated bacterial lysates. In addition, the principle facilitates the collection of multiple readings in a single experiment, reduces the likelihood of false positives or negatives, and can be easily extended to other biosensing strategies. Despite these interesting features, catalytic nanowires operation is restricted to low ionic strength environments, which limits their usefulness for biosensing purposes [11,69]. This is the reason why tubular micromotors and spherical particles, which efficiently propel in high ionic concentration environments and complex biological fluids, have been much more used for dynamic biosensing [15].



Microtubes with the internal catalytic surface of Pt are chemically propelled by O2 bubbles generated by the decomposition of H2O2 in the presence of a suitable surfactant (Figure 11b) [69]. In addition, the incorporation of the ferromagnetic Ni intermediate layer makes it easy to be guided with a magnet. These microtubes were initially manufactured with standard photolithography techniques [80,81] and more recently by electrodeposition in commercial membranes [79,84], which is a much cheaper and simpler methodology that also allows the motor size to be modulated at will for each particular application. These micro-rockets can be modified with gold by electroplating, only on half of their external surface (Figure 11b,c) to facilitate their modification with different bioreceptors, and, therefore, they can be considered Janus motors.



Although these micro-rockets can travel at up to 2 mm s−1, after the functionalization required conferring the necessary selectivity in biosensing applications they typically navigate at 100–200 µm s−1 (in biological samples supplemented with 1–5% (w/v) H2O2 and 0.25–2% (w/v) sodium cholate surfactant, NaCh). This is sufficient speed to ensure their prolonged navigation (>30 min) in complex and viscous biological media. The reported results show that the required H2O2 and NaCh concentrations affect neither the functionalization used to immobilize the bioreceptors nor the efficiency of the biological interactions required for biosensing. The speed of these microtransporters allows the rapid scanning of a sample, ensuring the probability of interaction of the target analyte with the surface-confined receptors. In addition, the convection currents and vortex effect associated with this movement and the generated bubbles create a very favorable hydrodynamic environment that accelerates the (generally slow) kinetics of the recognition reactions, allowing the development of efficient, simple biosensing strategies in near real-time [11,80].



Pt/Au/Ni/Ti microtubes were prepared by photolithography or by template electrodeposition of Pt and poly(3,4-ethylenedioxythiophene) (PEDOT) or polyaniline (PANI) on commercial membranes and modified with Au and Au+Ni (PANI/Pt or PEDOT/Pt) by electronic impact. After the functionalization of the sputtered gold external surface using the chemistry of thiol monolayers and the subsequent covalent immobilization of different receptors (antibodies, oligonucleotides and lectins), the resulting microtubes allowed direct optical biosensing of large target biomolecules, such as cancer cells [78] and bacteria [79], as well as indirect biosensing of smaller molecules (DNA [80], proteins [81] and hormones [84]) using different fluorescent labeling strategies.



Regarding direct detection, Janus tubular micromotors manufactured by photolithography and functionalized with a specific antibody were successfully used for the rapid and selective detection of pancreatic cancer cells that overexpressed the carcinoembryonic antigen (CEA) on their surface, in 1:4 diluted human serum (Figure 11b) [78].



Tubular micromotors of much smaller dimensions, manufactured by electroplating PANI/Pt using commercial membranes (Figure 11c) and successive electrodeposition of Ni and Au layers were applied to the biosensing of pathogenic bacteria. The manufacture of these micromotors is much simpler and cheaper than those prepared by photolithography and allows modulating their dimensions at demand depending on the size of the target biomolecule, enabling the visualization of the recognition process in real-time with no need for a later stage of additional labeling. For this purpose, these microtransporters were modified with the appropriate lectin for the efficient recognition of the target bacteria [79]. Using the affinity reaction of the lectin Concanavalin A by gram-negative bacteria, such as E. coli, it was possible to detect in real-time and at single-cell level this bacterium in drinking water, apple juice and seawater supplemented with the fuel required for the locomotion of the micromotors.



Regarding the indirect biosensing of small molecules, photolitographically prepared Pt/Au/Ni/Ti microtubes functionalized with a specific thiolated DNA probe were used for the determination of a 30-mer synthetic target DNA at the nanomolar level directly in biological matrices, such as serum, urine, saliva or longer target E. coli 16S rRNA in raw bacterial lysates without the need to apply previous pre-treatment or washing steps [80]. Pt/Au/Ni/Ti microtubes functionalized with aptamers were employed for sensitive and selective biosensing of circulating proteins (human thrombin) in biological fluids (serum and plasma) [81]. In both strategies, sandwich formats and fluorescent detection by labeling the biotinylated detector receptors (DNA or aptamer detector probes) with commercial fluorescent nanoparticles modified with streptavidin, were used.



More recently, Au-sputtered PEDOT/Ni/Pt microtubes were modified with a specific antibody and used, in connection with a direct competitive immunoassay using cortisol conjugated with horseradish peroxidase (HRP) and the 3,3′,5,5′-tetramethylbencidine (TMB)/H2O2 system, to develop and fast naked-eye biosensing strategy enabling “on the move” specific detection of cortisol down to 0.1 μg mL−1 in just 2 min and using microliter sample volumes (Figure 11d) [84].



Self-propelled spherical magnetic Janus particles also exhibit suitability for electrochemical and optical sensing and biosensing. In all cases, propulsion allows these particles to mix with liquids much better than the static ones, which significantly improves the biosensing efficiency. The applications include gold and magnesium micromotors, which operate thanks to corrosion reactions that generate bubbles on one side and propel the engine in the opposite direction. These Janus particles have demonstrated their ability to sense and degrade toxic pesticides or emerging contaminants in complex samples using simple and rapid protocols.



The remarkable capabilities offered by self-propelled spherical magnetic Janus particles in electrochemical sensing were shown by Wang’s group [76]. Water-propelled Mg microparticles with a Ni-Au bilayer patch for magnetic guidance [85], exerted a dual function as “autonomous stirrers” significantly enhancing mass transport and as “natural enzyme mimics”, inducing localized pH gradients for non-electroactive analytes degradation. These interesting features hold great promise for electrochemical measurements in microvolume samples at screen-printed electrodes [71,76]. In a pioneering approach, water-driven magnetic Au-Ni-Mg Janus particles were magnetically confined onto the surface of printable sensor strips through the intermediate Ni layer [76]. The particles served as artificial enzymes toward the alkaline and selective hydrolysis of the non-electrochemically detectable pesticide paraoxon into p-nitrophenol, an electroactive and non-hazardous compound (Figure 12a). The method exhibited 15-fold times higher sensitivity towards target analyte detection in the presence of the propelled particles, which was attributed to the enhanced mixing induced by the motion of self-propelled Janus magnetic particles.



Regarding optical sensing, Escarpa’s group has used Janus magnetic motors for ultra-fast and sensitive biosensing of highly toxic species, such as deadly bacteria endotoxins [82,83]. The methods involve the use of highly efficient magnetocatalytic hybrid Janus spherical particles, synthesized using an oil-in-water emulsion containing graphene quantum dots (GQDs), PtNPs and Fe3O4NPs and modified with phenylboronic acid (PABA), to detect endotoxins released from E. coli [82] and Salmonella enterica [83] bacteria. The analytical readout relied on the fluorescence quenching upon the interaction of GQDs with the target bacterial lipopolysaccharides (Figure 12b). Due to their two active differentiated regions, these Janus particles can be propelled efficiently both in the presence of H2O2 and under a magnetic field. Authors reported that these particles can detect selectively the bacterial toxins at a 0.07 ng mL−1 endotoxin concentration, far below the 275 μg mL−1 level considered toxic to humans [83], in spiked clinical (urine and human serum) and food (milk, mayo, egg yolk and egg white) samples in just 15 min compared with the several hours required by the existing gold standard methods.





4. Conclusions, Main Challenges to Solve and Future Perspectives


The relevant progress in the design, fabrication and applications of magnetic Janus particles are reviewed in this article. Details on their synthesis procedures and on (bio)sensing applications of both static and self-propelled systems are highlighted and discussed.



A unique advantage of magnetic Janus particles is their easy manipulation, also together with their cargo (cells, bacteria, drugs and other biological material) through the application of external magnetic fields which, in turn, avoids the need of using chemical propellants with short lifetimes. In addition, this kind of Janus particles are also prone for functionalization and stand out for their high biocompatibility allowing their use as labels for biosensing, which also results in advantages connected with sensitivity and time of analysis. Moreover, they exhibit intrinsic peroxidase-like catalytic activity useful for such purpose. Furthermore, their anisotropy in shape, composition and surface chemistry allows for the combination of diverse, but complementary analytical functions in a single particle, which is difficult in non-Janus micro and nanoparticles. Moreover, their magnetic property may allow the plain use of magnetic-field based separation and recycling of these particles.



Static magnetic Janus nanoparticles have found application in the simultaneous determination of molecules of biological importance, such as glucose and cholesterol in serum, or multi-detection of DNA and proteins. In addition, they have been used for the effective separation and pre-concentration of biomaterials, thus, meaning an alternative to the usually employed affinity chromatography. Moreover, they have been applied in the integration of bacterial capture, separation and elimination in a single system and, what is more, they can also be used as imaging agents and in drug delivery allowing specific targeting with no damage to healthy cells. In this last field, a single system, including multimodal imaging, targeted drug delivery and cancer imaging-guided therapy has been proposed.



Self-propelled Janus magnetic particles have been used for optical and electrochemical biosensing of clinically relevant analytes, such as nucleic acids, proteins, cancer and bacterial cells, etc. Their autonomous movement has, in fact, allowed the development of efficient and quick biosensing systems able to recognize the target analytes in complex biological samples with no need for sample pretreatment or washing steps. What is more, these particles with free movement around the sample raise the probability of target-receptor contacts, which greatly increases the kinetics and sensitivity of the biosensing events.



Nevertheless, there are major challenges to be confronted before these particles can be introduced, for example, in routine medical care. On the one hand, it is necessary to find a way to easily fabricate at large scale environmentally friendly and low-cost biofunctionalized particle labels with high stability and adequate long-term storage. Quite a number of Janus particles synthetic methods have been reported to date. However, this is still a major challenge to be solved, indeed being one of the main facts hindering the wide applicability of these particles in many fields. Procedures to synthesize magnetic Janus particles are all but simple. Moreover, the synthesis of nano-sized Janus particles is even more complicated, requiring complex chemicals and resulting in the production of low amounts of particles, which is a burden for applications requiring high quantities of this material. For sure, an improvement in the control and yield of synthetic methods together with the preparation of modified JNPs with new capabilities should result in an increase of their potential applicability, thus, helping to introduce them in new practical applications and real-world systems. In fact, modern technologies, such as direct laser writing (DLW) and 3D printing in combination with experimental prototype simulations will allow manufacturing of improved complex architectures which is envisaged as a solution to solve problems associated with the synthesis of magnetic Janus particles.



Also, a more thorough study on the interactions between magnetic Janus particles and biological systems is necessary to allow the prediction of the biological response of multi-functional JNPs which would, in turn, result in more rational designs of these particles as (bio)sensing tools.



Another main challenge relies on the design of point-of-care (POC) devices using magnetic Janus particles, which would be of great interest mostly if they are fitted to the multiplexed analysis of several biomarkers for a single sample. Neither should be forgotten that collaboration among research laboratories and medical centers is highly needed to test the newly developed methodologies by full-scale clinical trials and to actually demonstrate the advantages they can provide as opposed to traditional sensing systems.
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Figure 1. Schematic display of the method for the synthesis of Fe3O4@AJNPs. Reproduced from Reference [24] with permission. 
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Figure 2. Scheme of the steps involved in the synthesis of drug-conjugated Janus nanoparticles (NPs). Reprinted from Reference [26] with permission. 
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Figure 3. Schematic illustration of the Janus Au-Fe3O4 NPs grafted with hydrophilic polyethylene glycol (PEG) on Au and hydrophobic PS on Fe3O4 (a), and with PS on Au and PEG on Fe3O4 (b), and the hierarchical self-assembly of the resulting Janus amphiphilic nanoparticles into double-layered plasmonic-magnetic vesicles in aqueous media. Reprinted from Reference [28] with permission. 
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Figure 4. Schematic representation of the two-step ligand exchange process using dendritic ligands 7 and 6. Reprinted from Reference [29] with permission. 
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Figure 5. Scheme illustrating the self-assembly synthesis of a GO/MnFe2O4 motor for the removal of heavy metal ions by shearing force driven breakup combined with capillary force induced shrinkage. Reproduced from Reference [32] with permission. 
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Figure 6. Scheme of the S-CuFC microspheres synthesis (a), and the sequential deposition of ferromagnetic Ni and catalytic Pt on half of the S-CuFC surface (b) for the fabrication of S-CuFC/Ni/Pt Janus micromotors. Reproduced from Reference [33] with permission. 
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Figure 7. Scheme illustrating attachment of dumbbell particles to single cells and in situ sandwich Enzyme-Linked ImmunoSorbent Assay (ELISA) detection of cells released cytokine (i). Merged fluorescence images of the cell (blue) and dumbbell particles (green, small magnetic microspheres (sMS); red, big magnetic microspheres (bMS)) after ELISA detection. The images were taken at 6 h lipopolysaccharide (LPS) stimulation time. Cells were stained with CellTracker Blue CMAC (7-amino-4-chloromethylcoumarin) dye. Scale bar: 10 μm (ii) (a). Schematic illustration of a typical procedure for the in situ synthesis of AgNPs@Fe3O4-SiO2 Janus nanorods (JNRs) and their sterilization and separation process (b). Magnetic Janus mesoporous silica nanoparticles Transmission Electron Microscope (TEM) images (bar = 200 nm) (c). Reprinted and adapted from Reference [46] (a), Reference [48] (b) and Reference [49] (c). 
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Figure 8. Strategy for multimodal molecular imaging assessment of targeted Janus nanoparticles in tumor-bearing mouse model (OI, optical imaging; MRI, magnetic resonance imaging; CT, computed tomography; IONPs, iron oxide nanoparticles; cRGD, peptide cyclo[Arg-Gly-Asp-D-Phe-Lys]). Reprinted and adapted from Reference [60]. 






Figure 8. Strategy for multimodal molecular imaging assessment of targeted Janus nanoparticles in tumor-bearing mouse model (OI, optical imaging; MRI, magnetic resonance imaging; CT, computed tomography; IONPs, iron oxide nanoparticles; cRGD, peptide cyclo[Arg-Gly-Asp-D-Phe-Lys]). Reprinted and adapted from Reference [60].



[image: Magnetochemistry 05 00047 g008]







[image: Magnetochemistry 05 00047 g009 550] 





Figure 9. Scheme showing the controlled synthetic strategy for obtaining Au/Fe3O4@C JNPs (A). Selective modification of Au/Fe3O4@C JNPs (B). Biological application of FA-PEG-Au/Fe3O4@C JNPs for simultaneous dual-modal imaging and actively targeted chemo-photothermal synergistic therapy of cancer cells (C). Reprinted with permission from Reference [66]. 
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Figure 10. Magnetic Janus motors for biosensing applications and related propulsion mechanisms: Nanowires (a), tubular micromotors (b) and spherical particles (c). Reprinted from Reference [15] with permission. 
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Figure 11. Optical biosensing using catalytic magnetic Janus motors (a) and tubular motors prepared by top-down photolithography (b) or template electrodeposition (c,d). Detection of: Nucleic acids with catalytic Au-Ni-Pt nanowires (a), cancer cells with Ti/Ni/Au/Pt microtubes modified with antibodies (b) bacteria with lectin-modified Au/Ni/PANI/Pt microtubular engines (c) and naked-eye detection of cortisol with antibodies-functionalized Au/PEDOT/Ni/Pt microtubes (d). Reprinted and adapted from Reference [75] (a), Reference [78] (b), Reference [79] (c) and Reference [84] (d) with permission. 
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Figure 12. Electrochemical (a) and optical (b) biosensing using self-propelled spherical magnetic Janus particles. Electrochemical detection of organophosphorous nerve agents through their hydrolysis to non-hazardous, but electrochemically detectable by-product (p-nitrophenol) at screen-printed electrodes (a); optical biosensing of enterobacterial contamination by rapid quenching of the native fluorescence of the PABA-functionalized magnetocatalytic hybrid Janus spherical particles upon interaction with the target LPS from Salmonella enterica (b). Reprinted and adapted from (a) [76] and (b) [83] with permission. 
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Table 1. Janus magnetic particles for static (bio)sensing.
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	Composition
	Morphology
	Preparation Method
	Application
	Target Analyte
	Ref.





	Magnetic Janus mesoporous silica nanoparticles
	Rod
	Sol-gel method
	Capture, separation and elimination
	Escherichia coli and Staphylococcus aureus on LB-agar plates
	[49]



	Magnetic Janus mesoporous silica nanoparticles
	Rod
	Sol-gel method
	Capture and identification
	Foodborne bacteria in milk samples
	[52]



	Au-Ni-Au
	Rod
	Porous template synthesis
	Therapeutics and separations
	Separation His-tagged proteins and Ab to poly-His
	[50]



	Encoded particles
	-
	Stop-flow lithography
	Determination and identification
	miRNAs
	[44]



	γ-Fe2O3- SiO2/Glucose oxidase
	Sphere
	One-step flame-assisted spray-pyrolysis
	Enzymatic biosensing
	Glucose
	[41]



	NitroStrep-Au-Ni-Au-NitroStrep
	Rod
	Porous template synthesis
	Magnetic protein separation
	Separation of a mixture of Histag-Uniquitin, Biotin-BSA and protein A
	[51]



	Con A/dextran-γ-Fe2O3/esterase
	Sphere
	Centrifugal microfluidic chip
	Enzymatic biosensing
	Glucose and cholesterol in serum samples
	[42]



	EMG 507 ferrofluid/polymeric phase (PEGDA)
	Sphere
	Droplet micromagnetofluidic technique
	Protein detection
	BSA
	[45]



	Janus Hydrogel particles (Fe3O4/PEG/Darocur)
	Acorn
	Microfluidic synthesis
	Bioimaging and imaging-guided therapies
	DNA detection
	[43]



	AgNPs@Fe3O4-SiO2
	Rod
	Sol-gel method
	Antimicrobial
	Escherichia coli and Bacillus subtilis
	[48]



	TCO-bMS and Tz-sMS
	Dumbbell
	Click Chemistry
	Bioimaging, single-cell analysis and biomedical diagnostics
	In situ TNFα detection released by cancer cells.
	[46]







Ab, antibody; bMS, big magnetic microspheres; BSA, bovine serum albumin; LB, Luria-Bertani broth; PEG, polyethylene glycol; PEGDA, polyethylene glycol diacrylate; TCO, trans-cyclooctene; TzMS, tetrazine magnetic microspheres.
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