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Abstract

3D printing technology has become a mature manufacturing technique, widely used for its advantages over the traditional methods, such as the end-user customization and rapid prototyping, useful in different application fields, including the biomedical one. Indeed, it represents a helpful tool for the realization of biodevices (i.e. biosensors, microfluidic bioreactors, drug delivery systems and Lab-On-Chip). In this perspective, the development of 3D printable materials with intrinsic functionalities brings novel opportunities for the fabrication of “smart” or stimuli-responsive devices. Furthermore, functional 3D printable materials can modify their surfaces, structures, properties or even shape in response to specific stimuli (such as pressure, temperature or light radiation), adding to the printed object new interesting properties exploited after the fabrication process. In this context, functional 3D objects having biorecognition, biocatalytic and drug delivery capabilities have been reported, combining 3D printing technology with an accurate materials’ design. 
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1. Introduction
3D printing technology has rapidly evolved over the last twenty years and it has certainly proved to be a technique capable of revolutionizing the manufacturing processes of many industries – i.e. healthcare and medicine, environmental monitoring, aviation and aerospace, automotive, and research as well (Shahrubudin et al., 2019). 3D printing, also called additive manufacturing (AM), refers to a wide variety of bottom-up technologies that produces three-dimensional objects using Computer Aided Design (CAD) software or 3D Scanners. This digital information is used to create a STL file, which converts the object into thinly sliced horizontal cross-sections and guides the path of a nozzle or print head in the precise deposition of successive layers of material, continuing to sort out the whole object. 3D printing incorporates into the workflow of the final user a method to fabricate prototypes in a fast and relatively cheap way, without the need for expensive molds or tools and with the benefit of a greater flexibility in the realization of complex geometries with respect to the traditional manufacturing techniques (Yan et al., 2018). Moreover, 3D printing is also used for low-volume manufacturing, where the need for small-run of finished products is the primary goal, allowing to respond quickly and iterating parts in a more optimal way than high-volume production (Kai et al., 2016). In this context, 3D printing can be used not only to fabricate objects easily and at low costs, but also to enhance the functionality of the single object by engineering materials, which add another grade of complexity to the structural or chemical properties of the product. Consequently, the functional materials that derive from them can be defined as those materials that have particular intrinsic properties, without the need to induce them by external stimuli. Technical advances in 3D printing pave the way to the development of new inks, like the inclusion of nanocomposites into polymeric matrices to enhance the printability of the formulation and the mechanical strength of the final object (Hassan et al., 2019). Similarly, the concept of 4D printing, which can be defined as 3D printed objects that can change their shape over time in response to an external stimulus (Lantean at al. 2019; Xiao et al. 2019) has been proposed due to this new development of 3D printing (Kuang et al., 2019; Mandon et al., 2017). 
This review is focused on showcasing the different types of devices created by combining 3D printing technology with an attentive material engineering, in order to fabricate objects with intrinsic tuned functionalities, exploited to perform bioanalytical analysis. Here, we briefly examine the working mechanisms of various 3D printing methods, highlighting advantages and limitations, and discuss noticeable examples of recent 3D printed devices for biotechnology applications, as shown in Figure 1.
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Figure 1 -  Drawing summarizing the possible final application of functional 3D objects showing bio(chemical) functionality.

2. Additive Manufacturing Techniquesnologies for Functional 3D printing 

There exist several types of of polymeric printing techniques that process polymeric materialsologies, these can be classified under three main groups, based on their respective common mechanism: extrusion-based methods, powder-based methods and photopolymerization (light induced) methods (Duty et al., 2018; Tofail et al., 2018; Yuan et al., 2019). All 3D printing processes show advantages and disadvantages. The type of printing process chosen not only depends on the specific application but also on the materials to be used and on the resolution needed (Wang et al., 2017). In particular:
•	Extrusion based methods: AM process in which material is spread by means of nozzle (Duty et al., 2018). 
•	Powder based methods: AM process in which the use of high temperature fuses areas of a powder bed (Yuan et al., 2019). 
•	Photopolymerization (light induced) methods: AM process in which liquid monomer is cured by light irradiation (Bagheri and Jin, 2019). 
Each of these categories contains subgroups, which could differ from one to another for slight mechanical or chemical variations; their main characteristics are summarized in Table 1.

Table 1 - Categories of additive manufacturing processes, materials and advantages vs limitations.

	
3D printing process

	
Main techniques
	
Materials
	
Advantages
	
Limitations



	
Extrusion
	
Fused Filament Formation (FFF)
	
Thermoplastics 

	
Simple, multi-material, versatile, low cost
	
Limited resolution
Post processing


	
	
Direct Ink Writing (DIW)
	
Plastics, food, living cells

	
Versatile
	
Limited resolution


	
	
BioprintingBioprinters
	
Chemical and physical gels, living cells
	
Specifically designed for bio applications

	
Limited resolution


	
Powder bed

	
Selective Laser sintering (SLS)
	
Thermoplastics
	
High mechanical properties
No need of supports
	
Low resolution
Limited range of printable materials


	
Photopolymerization
	
° Stereolithography (SLA), 
° Digital Light Processing (DLP), 
° Continuous Liquid Interface Polymerization (CLIP), 
° Volume Additive Manufacturing (VAM)
	
Photopolymers
	
High range of printable materials
High resolution 
	
Basically single material

	
	
Two Photon polymerization (TPP)
	
Photopolymers
	
Extremely high resolution
	
Low yield of production
Expensive


	
	
Photopolymer Jetting (Inkjet/Polyjet)

	
Photopolymers
	
Simple, multi-material
	
Limited range of printable materials


 
In the following paragraphs the 3D printing processes that are most employed to realize object with built-in (bio)chemical functionalities for biotechnological applications, will be described in details. 

2.1. Extrusion based methods

2.1.1. Fused Filament Fabrication (FFF)
FFF is the most diffused and acknowledged 3D printing technologyique, which is also commonly known with the trademarked name FDM™ (Fused Deposition Modelling) from Stratasys. Nowadays FFF 3D printers can be found everywhere, from big industries to houses, covering a huge variety of applications: the great success of this techniqueology is related to the large platelet of available materials, the great flexibility in terms of printing dimensions, its user-friendly and the relative low cost (Popescu et al., 2018). By the facts, FFF printers are the first that come to one mind when thinking in 3D printing (Dzemko et al., 2020). 
In an FFF printer, the starting materials are wires or filaments, which are directly softened/melted by a heated nozzle and deposited on the building platform based on the CAD file specifications. The fused filament then cools down quickly and solidifies, fabricating the object in a layer by layer fashion (Duty et al., 2018). As just introduced, the filaments must undergo through a softening/solidification process so only thermoplastic materials (i.e. linear macromolecules) could be used by this technique; both amorphous (e.g. polystyrene, polycarbonate, ABS - acrylonitrile butadiene styrene,) or crystalline (e.g. PLA – polylactic acid, PEEK - polyetheretherketone, Nylon) materials can be processed (Harris et al., 2019). The resolution of the printer is related to the dimension of the extruded filament, which belongs to the inner diameter of the extruding heads, as well as rheological considerations (viscosity, temperature, speed of printing, etc.); according to the available 3D printers now on the market, the best declared resolution for this technology is about 10 μm, but most of the printers have a resolution of about 50 μm. However, since the layer thickness (i.e. slicing of the CAD) is as well directly related to the dimension of the extruded filament, the building velocity decreases increasing the resolution, so a reasonable trade-off must be performed (Duty et al., 2018). The most relevant limitation of this technique is related to the available geometries that could be achieved, in particular regarding hanging parts. In this case, the fabrication of supports is compulsory; however, those must be removed afterwards with mechanical or chemical approaches. 
Another drawback is the complex control of inter-layers adhesion, which belongs on many factors including the temperature of extrusion, the heat transfer of the material, the temperature of the building platform and the geometry of the objetc, bad adhesion leads to weak mechanical properties and delamination of the objects. Moreover, the eventual presence of porosity and defects decreases the mechanical performances and ultimately bring to failure (Popescu et al., 2018). 
On the other hand, FFF presents several advantages compared to other 3D printing techniques: the most important one is the possibility to have multi-material 3D printing. In fact, by using multiple nozzles each one with a different filament, a single object can be built with different materials, enabling a topological control of the chemical and physical properties of the object (Fenollosa et al., 2019; Lopes et al., 2018). The easiness of the technique and of the related software, as well as the absence of hazardous raw materials, makes FFF the most common choice for rapid prototyping and hobby. By the way, FFF is largely diffused also at a commercial stage, so it is possible to find on the market an almost infinite range of 3D printers, that cover different materials, different dimensions and different prices (from few hundreds of euros to hundreds of thousands of euros for a single equipment) (Cuan-Urquizo et al., 2019). 

[bookmark: _Hlk45055929]2.1.2. Direct Ink Writing (DIW)
An additional 3D printing technique based on the extrusion is DIW. Differently from FFF, in this case the starting materials are not wires but pastes or viscous liquids that are extruded in a controlled manner. Those viscous solutions are typically solutions of polymers in an appropriate solvent (either organic solvents or water), inks of oligomers with a controlled viscosity or pastes with high inorganic content with a certain amount of plasticizers (Daminabo et al., 2020).
Usually, the flux of the ink is controlled by a motorized screw or by a pressure pump, which allows a continuous extrusion of the paste through the nozzle; the extruded paste is then deposited on a building platform according to the slicing of the CAD file, exactly as for FFF techiquenology. If the extruded material does not possess the thixotropic properties necessaries to be self-consistent and thus to form, layer-by-layer, the object, a rapid change of physical state (i.e. solidification) is necessary in order to build the structure (Li et al., 2019). This can be performed following several approaches: rapid solvent evaporation (Aydogdu et al., 2019), thermal induced cross-linking (Ji et al., 2020), chemical induced cross-linking (Skylar-Scott et al., 2019), photo-induced crosslinking (Guo et al., 2019) and rapid phase transition (Mohan et al., 2020) are just the most common, but this 3D printing technique is in rapid evolution. For example, recently has been introduced a new DIW approach called immersion precipitating 3D printing, which consists in the rapid precipitation of polymeric solution in a non-solvent (Karyappa et al., 2019). This technique demonstrated to be suitable for many polymers and allowed to produce 3D polymeric structures with high porosity.
DIW technique is an extremely flexible approach that has as main strength the low cost on the wide variety of materials that could be processed. Moreover, with this technique it is possible to achieve very high resolutions (< 10 μm). Its main limitations are related to the management of rheological properties of the inks, in order to obtain homogeneous extrusion with the desired precision. Furthermore, the rate of physical state transition must be tuned in order to be compatible with the printing process: not too fast to cause nozzle clogging or bad adhesion between layers, not too slow to lose self-consistency and thus the geometry of the 3D printed part. At last, is more hazardous than FFF, dealing often with organic solvents (Daminabo et al., 2020).
DIW was used to print several materials: from polymers to ceramics, including colloids and wood. The DIW printing with soft matter and biological matter is also known as bioprinting, this will be described more in details in the following paragraph. Regarding the applications, it is almost impossible to list all the uses reported in the literature. However, it is worth mentioning that is one of the most used techniques to produce functional structures for bioapplications.

2.1.3. BioprintersBioprint
The general term “ing
Bbioprinting” is, up to now, refers to a laboratory technology aimed at fabricating biological constructs that can reproduce living tissues (Sun et al., 2020). There exist different types of bioprinting machines i.e. laser-assisted, stereolithography (SLA)-based, acoustic or magnetic machinesbioprinting,  but, among them, pressure-assisted (extrusion) based  orand ink-jetdroplet based  bioprinting are surely the most developed (Matai et al., 2020). 
Bioprinting could then fall under different classes in the above proposed 3D printing techniques classification. Neverteless, it is known that pressure-assisted (extrusion) based techniques are the most developed and the general term “bioprinter” is mostly used for commercially available equipments which are based on extrusion of inks/gels/pastes containing cells through a controlled syringe (e.g. equipments commercialized by envisiontec, organovo, cellink or rokit…) 
These most diffused bioprinters will be then discussed in the following paragraphs.
The deposition based technique named Droplet- Based Bioprinting (DBB) will also be mentioned in the same paragraphs since its large diffusion make it worthy of discussion.
Some other bioprinting classes will be mentioned in the next sections (e.g. see VAT printing)


The extrusion-based techniques involve the selective deposition, in a layer-by-layer manner, of cytocompatible materials that can directly be laden with living cells. The bioink can be extruded in a pneumatic, piston-driven, or screw-driven process according to the kind of machine used. The bio-material is usually a gel thus, differently from other extrusion based technologies, no melting in the nozzle is needed even if, according to the machine used and to the needs of the material, both the ink reservoir and the printing plate can be heated or refrigerated (Ozbolat and Hospodiuk, 2016). Different approaches were developed aiming to obtain complex constructs such as embedded printing (Bhattacharjee et al., 2015), coaxial printing (W. Liu et al., 2018), or in situ cross-linking (Galarraga et al., 2019). 
As an alternative, the droplet based bioprinting technique has also been investigated, this latter could be mostly considered a deposition technique rather than an extrusion-based. In this case, ink droplets are generated and deposited in a continuous or on‐demand manner with different methods including electrical, thermal or acoustic stimuli. Droplets of encapsulated proteins or cells can also be printed or patterned together with the gel based scaffold material. This deposition technique currently offers medium/high resolution for high‐throughput applications. (Sun et al., 2020).
As an alternative, ink-jet technique has been deeply investigated. In this case, ink droplets are deposited with different methods including piezoelectric inkjet, thermal inkjet and electrostatic bioprinting. Droplets of encapsulated cells can also be printed together with the gel based scaffold material (Sun et al., 2020).
The most common materials printed both for the commercial bioprinters and DB machines, are gels able to mimic the extracellular matrix in order to facilitate the cells colonization; among these, natural gels (e.g. collagen, gelatin, alginate, chitosan) and synthetic gels (e.g. Poly(N-isopropylacrylamide), poly(Nisopropylacrylamide), PEG based, etc.) or blends of the two classes have been proposed (Mobaraki et al., 2020). 
Concerning the applications, in principle the process allows the printing or eventually the patterning of biocompatible materials embedding cells or other biological entities, through a software-controlled dispensing system (Jose et al., 2016). This pave the way to several biomedical and pharmaceutical studies, developing tissues or organs that can be scaffold-based or scaffold-free (Ramos and Moroni, 2020) and organ-on-a-chip systems (Miri et al., 2019) even reproducing patients’ tissues for a new concept of in-vivo-like studies (Sun et al., 2020). 
This kind of technology presents as advantage the fact that it allows to 3D shape materials that cannot be processed with other technologies. The option to 3D shape a biomaterial with desired morphology can improve the cell-growth with remarkable improvements with respect to the most common bi-dimensional cell-culture (Sun et al., 2020). As drawbacks, the resolution of printed gels is usually relatively low and the choice of the material is limited by the range of viscosity (Mobaraki et al., 2020). 



2.2. Photopolymerization based methods
3D printing techniques that use light as a stimulus for polymerization are based on the use of light radiation to initiate chemical reactions that lead to the formation of thermosetting polymeric materials (Bagheri and Jin, 2019). This technique, based on photopolymerization, can be considered the quickest and easiest method to switch from a liquid monomer to a cross-linked polymer, without having to use heat treatments. A lot of different light curing technologies have been developed (Ligon et al., 2017). 

2.2.1. VAT Technologies
Vat printing techniques are a series of light-based technologies in which the printable photopolymer is placed in a vat during printing. The most common vat printing techniques are stereolithography (SLA) and Digital Light Processing (DLP). Both these techniques are based on the spatially controlled solidification of a liquid formulation upon a selective exposure to light (Zhou et al., 2020).
Conventional stereolithography is considered the first additive manufacturing technology after Charles Hull in the mid-1980s developed and patented it (Hull et al., 1991). The SLA process consists in moving a laser light source point-by-point across the surface of a liquid prepolymer resin contained in a vat to solidify a thin layer with the desired design; the process is repeated for the needed number of times after the downward movement of the building platform along the z-axis (Bagheri and Jin, 2019). 
DLP can be considered an evolution of this former technology. Its setup involves a light source (typically 365 nm or 405 nm) that illuminates a micro-mirror device oriented to project all-in-one the desired pattern into a photopolymerizable resin contained in a vat. The light source is usually placed below the vat that has a transparent bottom and the printed part grows on the building platform that moves layer after layer upward along the z-axis (Bagheri and Jin, 2019). 
A further variation of the DLP technology is the Continuous Liquid Interface Polymerization (CLIP) (Tumbleston et al., 2015), which exploits the known oxygen inhibition of the free radical polymerization to avoid the adherence of the growing part to the transparent bottom of the vat enabling the creation of a continuous process, that is no typical of 3D printing. Very recently, a new technology named Volumetric Additive Manufacturing (VAM) (Shusteff et al., 2017) has also been proposed; this technique implies the selective light induced crosslinking of a material within a contained volume by the superimposition of patterned optical field from multiple beams enabling the polymerization of 3D geometries. 
The best performing light induced techniques named so far can achieve resolution at the micrometric scale (Bagheri and Jin, 2019).
The most common materials used for light induced 3D printing technologies are low molecular weight acrylate monomers: polyethylenglycol(meth)acrylate, 1,6 hexanediol diacrylate, Bisphenol-A-ethoxilate diacrylate, pentaerythritol tri-/tetra-acrylate, bisphenol A diglycidyl ether are just some examples; detailed descriptions of the currently used materials are reported in several extensive reviews. (Bagheri et al. 2019 DOI: 10.1021/acsapm.8b00165, Ligon et al. 2017 DOI: 10.1021/acs.chemrev.7b00074, Zang et al. 2018 DOI: 10.1039/c8py00157j). Apart from acrylate-based precursors, other kind of photoactive monomers have also been studied such as thiol and epoxy monomers (Zhang and Xiao, 2018). To complete the light reactive formulationto which the needed a proper photoinitiator must then be added to the monomers and eventually dyes are addedcan be used to improve the printing resolution. (Bagheri et al. 2019 DOI: 10.1021/acsapm.8b00165)Nevertheless, also other kind of photoactive monomers have been studied such as thiol and epoxy monomers (Zhang and Xiao, 2018). 
Different SLA and DLP machines are nowadays commercial and affordable to the public. The main applications are for modelling/hobby and prototyping (Dzemko et al., 2020). SLA and DLP machines are largely used in jewelry (Fai et al., 1998) and dentistry (Revilla-León et al., 2020). At the academic level, several studies have been proposed for a variety of applications spanning from the development of microfluidics chips (Heidt et al., 2020) to electronics or sensing (C. Liu et al., 2018; Zarek et al., 2016). Very recently, DLP has been proposed as novel bioprinting technologytechique; DLP apparatus with low-energy light sources and sterilization tools can be used of the printing of cytocompatible scaffolds also embedding living cells during printing (Lim et al., 2020). 
Probably, the most important advantage of the light based techniquesologies is the high resolution that can be achieved, combined with the accurancy in layer thickness and the smooth surface obtained, while their main limitation remains in the use of single-materials (Quan et al., 2020). Nevertheless, the use of liquid formulations allows the facile incorporation of functional molecules or fillers making the materials’ design highly versatile for the development of 3D objects embedding intrinsic functionalities (Kuang et al., 2019). 

2.2.2. Two Photon Polymerization (TPP)
The most refined light-induced 3D printing technique is beyond doubt TPP, which is based on a non-linear two-photon absorption process (Zhou et al., 2015). In this case, the material reservoir consists in a drop of liquid resin and the photopolymerization reaction starts when two photons of near-infrared light are absorbed simultaneously by the liquid prepolymer. For enabling this process, the use of femtosecond pulse laser is needed. The laser is focused into the resin and the TPP is triggered only in the focal spot volume. The main advantage of the technique is its ability to polymerize the material anywhere in material reservoirs. In fact, far from the focal point, polymerization does not take place, therefore the light is able to pass through the material without cross-linking it. This aspect allows to create a 3D structure with resolution that can reach the nanometric scale (<100 nm) (Fourkas, 2020). In this case the materials used are commonly acrylate resins (Ober, 2020). 
TPP is proposed for different biological applications from tissue engineering (Song et al., 2020) to medical sensors (Ha et al., 2019), but also in other technological fields such as micromachining or photonics (Li et al., 2018; Rodríguez, 2020).
Its main advantage is the high resolution that can be reached, while as main drawbacks the very low yield of production and the limitation of the dimensions of the printed objects have to be listed (Ober, 2020). 

2.2.3. Photopolymer Jetting (InkJet/Polyjet)
Photopolymer jetting is a light-based techniqueology in which the resin is supplied from a printing head with an injection process to form a 2D pattern. Light is provided right after the deposition to solidify the material. Such technology is extremely interesting because multiple printing head can be used enabling the multilateral printing. Furthermore, a finishing step consisting in a water jet can be performed with the possibility of applying different colors (Gaynor et al., 2014).  
This technology uses common photopolymer resins with adjusted viscosity. This class of printers is mainly commercialized by Stratasys as closed systems in which most printing resins and materials are proprietary (Tibbits, 2014). 
Polyjet allows to produce objects with good resolution with a good variety of commercial materials, nevertheless the mechanical and functional properties that can be reached are still limited (Macdonald et al., 2017a; Sochol et al., 2016).

3. Recent trends towards 3D-printed functional materials bioapplications 
In this section, different functional 3D objects showing bio(chemical) functionality are reviewed. The paragraphs gather literature with respect to the final bioapplication i.e. biorecognition, flexible-wearable biosensors, biocatalysis and precision medicine capabilities. 

3.1 3D-printed functional materials for biorecognition
Biosensors can provide analytical capabilities that may be used in several applications (i.e. diagnostics, food industry, environmental monitoring) for the specific recognition of many different analytes, including proteins and small molecules (Ricciardi et al. 2013; Rivolo et al. 2014; Pohanka et al. 2016). 3D printing proved to be a remarkable technique for manufacturing biosensing devices and it offers several advantages for the realization of point-of-care (POC) platforms, where testing is performed with no need of laboratory equipment (Rusling, 2018). In particular, this advanced fabrication technology can push the biorecognition and the overall performances (e.g. enhanced sensitivity), for instance if combined with different established techniques, or by improving the immobilization of the biorecognition elements, as reported in the following. 

3.1.1 Improved biorecognition by intrinsic functionality
The combination of 3D printing with other techniques lead to interesting advancements in biotechnological applications, including sensing. 
In this perspective, Gomez and coworkers developed a Molecular Imprinted Polymer (MIP) formulation that was compatible with the  TPP technique (Gomez et al., 2016). The authors chose N-carbobenzyloxy-L-phenylalanine as model template for the MIP synthesis, because the fluorescent analogue dansyl-L-phenylalanine is available and allow an easy quantification of the binding properties of the MIP. As a proof of concept, they were able to produce an array of 20 × 60 µm cantilever sensors with embedded MIPs in a single printing step (Fig.2 A-B-C). The incubation of the array with the analyte induced a reversible shift of the resonant frequency of the sensors; the measured relative variation was one order of magnitude higher than other commercial micro gravimetric equipment, such as quartz crystal microbalance.
A similar approach was used by De Middeleer and colleagues that developed a 3D printed solid phase extraction (SPE) sorbent for mycotoxin analysis (De Middeleer et al., 2017). The authors were able to synthesize a MIP using metergoline as a model template for ergot alkaloids recognition and immobilize the artificial receptors on 3D cylindrical poly-ε-caprolactone (PCL) scaffolds, printed by PCL melt extrusion. As a result, the functional analysis suggests that by employing 3D printed MIP-based scaffolds it is possible to develop robust analytical methods for multi-mycotoxin testing. 
Indeed, another system helpful in the recognition of toxins was proposed by Gou et al. that demonstrated how the careful design of functional polydiacetylene nanoparticles embedded in a hydrogel matrix could be employed not only for sensing, but even for detoxification purposes (Gou et al., 2014). The functional nanoparticles were synthesized with alkenyl groups on their surface and chemically immobilized in a 3D poly(ethylene glycol) diacrylate (PEGDA) hydrogel printed using the DLP photopolymerization technique into a liver-mimetic structure (Fig 2 D-E). The authors tested the specific recognition of a pore-forming toxin by incubating the bio-inspired device with 50 µg/mL of the toxin dispersed in murine red blood cells; thanks to the great specific surface area, the functional 3D hydrogels captured and removed 100% of the toxin in the testing sample, demonstrating a remarkable detoxification efficiency.
It is worth mentioning that all of these strategies are not only used to enhance the biorecognition intended for sensing, but even in the field of separation technology, and in particular 3D printing has been recently employed also in the field of chromatography. Indeed, this technology offers the ability to directly prepare the substrate responsible for separation in a short amount of time and with no further chemical modifications. For instance, Macdonald et al. reported the fabrication of a 3D printed polymeric thin layer chromatography (TLC) platform successfully applied to the separation of various dye, proteins and conjugates without any additional surface functionalization (Macdonald et al., 2017b). In this case, the device was produced by PolyJet printing using the commercial photopolymer Veroclear RGD810, which contains amides as well as some alkene, ester, and aromatic groups. Using a similar approach, Parker and coworkers reported a 3D printed microfluidic device with immunoaffinity monoliths for extraction of preterm birth (PTB) biomarkers (Parker et al., 2019). A built-in polymerization window allowed a glycidyl methacrylate monolith to be site-specifically polymerized within the channel of the stereolithographic 3D printed device, functioning as anchoring point for antibodies against the PTB to be detected in human serum matrix. Finally, other methods for solid-phase extraction were proposed by Belka et al. that reported the fabrication of sorbents with a scabbard-like shape, produced by FFF with a commercial thermoplastic LAY-FOMM60 and to be used for the analysis of steroids in human plasma (Belka et al., 2019, 2017).
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Figure 2. A) Schematic procedure of the photo assisted MIP fabrication; B) SEM images of 3D microstructures; C) MIP cantilever fabricated by TPS (Gomez et al., 2016); D) Immobilization of nanoparticles in PEGDA hydrogel; E) Drawing of digital light projection printer used to create 3D PEGDA hydrogel. (Gou et al., 2014). 

3.1.2 Improved immobilization by intrinsic functionality 
The controlled and stable immobilization of the biorecognition elements during the development of biosensors is one of the key aspects to successfully obtain a performing sensing layer (Palmara et al., 2016; Chiadò et al. 2016). Frequently, this surface functionalization is a time-consuming procedure in the realization of biosensors (Roppolo et al., 2019; Sticker et al., 2020) that push many research groups to focus their attention in the development of 3D printed objects that could be employed directly or with limited (bio)chemical modification. 
This strategy was recently exploited by Mandon and colleagues that were able to produce functional 3D printed objects with the integration of biomolecules through entrapment, during the polymerization procedure (Mandon et al., 2016). In particular, a PEGDA-based hydrogel shaped as a four-blade propeller of 1 cm diameter with a hollowed axis was printed by means of DLP 3D printing (Fig 3 A). The propeller, with integrated monoclonal antibodies against the brain natriuretic peptide, allowed the detection of the target in the assay solution by using a sandwich immunoassay, while the hydrogel was connected to a mechanical stirring apparatus rotating at 150 rpm. The hydrogel was incubated in a 0.5 µg/mL BNP solution together with a biotinylated anti-BNP antibody and alkaline phosphatase (AP) labeled streptavidin; the detection of the target was accomplished by exposing the propeller to the chemiluminescent substrate that revealed the BNP molecules that were recognized by the anti-BNP antibodies. 
A very similar approach was used also by Stassi et al. for the production of a 3D-printed functional microcantilevers platform in a one-step process (Stassi et al., 2017). The fabrication of the mass-sensitive polymeric biosensor was performed by adding acrylic acid to the bisphenol A ethoxylate diacrylate (BEDA) photocurable formulation in order to introduce a controlled amount of carboxyl groups, that were used as anchoring points for the successive immobilization of biorecognition elements. The structures were obtained by using a DLP 3D printer and a proof-of-concept immunoassay was performed on the surface of the microcantilevers (Fig. 3 B). 
Functional ready formulations were reported also by Credi and coworkers, that fabricated bioactive 3D scaffolds integrated into a monolithic Lab-On-Chip by means of a single-step stereolithography printing process (Credi et al., 2018). The authors developed a novel biotin-conjugated UV-curable resin, producing scaffolds with geometrical features smaller than 100 µm and pore size of 400 µm. HABA (4-Hydroxyazobenzene-2-carboxylic acid)/avidin molecules were used as a standard biotin binding assay to detect biotin on the surface of the 3D-printed structures and confirm the bio-functionality of biotin after the printing process. Then, the biotinylated scaffolds were integrated in the microfluidic reactor and the HABA/avidin solution was fluxed in the reactor to perform real-time analyses thanks to its optical transparency (Fig. 3 D). 
The presence of intrinsic functionalities embedded inside a printed object can be useful also to upgrade well-established techniques, such as Enzyme-linked ImmunoSorbent Assay (ELISA), considered the gold standard for the detection of various analytes, because of its remarkable sensitivity and sensibility (Chan et al., 2017). Furthermore, due to the versatility of the system (e.g. an antibody can be produced against a large variety of target analytes) and its moderate price, this kind of test is very often applied to the analysis of food trace contaminants and pathogens. On the other hand, its rigid protocol requirements (need for laboratory equipment, protocol optimization related to target analyte and use of commercial polystyrene labware) cannot provide the flexibility required by analyses performed outside of clinical or research environments (Dixit et al., 2018). The 3D printing technology have been recently adopted to solve these drawbacks, increasing the possibility to implement the ELISA tool in practical open-field applications. For instance, an ELISA performed on a novel centrifugal microfluidic device fabricated using ABS by PolyJet 3D printing and driven by a mini-centrifuge was reported by Ukita and colleagues (Ukita et al., 2015). The colorimetric reaction was evaluated both by means of a plate reader and a smartphone, showing comparable results. 
In this context, Chiadò et al. reported the fabrication of a polymeric microfluidic device by means of DLP 3D printing to detect biomarkers involved in angiogenesis (Chiadò et al., 2020). The authors were able to produce modular LOCs with embedded chemical groups helpful in the immobilization of biorecognition elements for the production of biosensors implementing an immunoassay as detection method. In particular, carboxylic moieties were introduced by adding acrylic acid to three photocurable formulations that were characterized in terms of physico-chemical properties and protein grafting capabilities. BEDA supplemented with acrylic acid 10% was selected as the best performing polymer among the tested materials and it was used for the realization of the sensing platform consisting in a microfluidic channel and an incubation well. The functional polymer was printed only at the bottom of the incubation well in order to confine the active material in the desired area, increasing the sensitivity and reducing the unspecific binding on the other parts of the LOC (Fig. 3 C). The detection of Vascular Endothelial Growth Factor and Angiopoietin-2 was performed using a sandwich immunoassay and a portable fiber optic spectrometer for the evaluation of the optical density. 
Another kind of sought-after improvement in ELISA-based bioassays is an increased sensitivity. This was also achieved by simply extending the available surface area, as suggested by Singh and coworkers that introduced a 3D-Well, a hollow cylinder-like structure made of ABS fabricated by FFF 3D printing, for the serological diagnosis of infectious diseases (Singh et al., 2015b, 2015a). After the printing process, the surface of the objects was modified to exhibit hydrophilic properties by chemical etching, to ensure an effective protein binding capability, resulting in a final 2.25- and 3-folds higher sensitivity for Rubella virus and Measles virus, respectively, if compared to standard 96-well ELISA. 
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Figure 3. A) CAD design of two systems differing in composition, one is the plain hydrogel, the second is hydrogel encapsulating anti-BNP antibodies (Mandon et al., 2016); B) Drawing of 3D printed microcantilever arrays, their vibrational characterization and their optical image (Stassi et al., 2017); C) CAD of the two different Lab on Chip systems, microscope images of the 3D printed microfluidic devices; and images of the printed modular chips.(Chiadò et al., 2020); D) Drawing of  colorimetric and fluorescence-based binding assays using biotin, on 3D printed structures and their  SEM images.

3.1.3 Improved functionality by composite materials  
One of the conventional strategies for implementing materials properties consists in dispersing fillers in 3D printing starting materials (Wang et al., 2017) so to enhance electrical (Distler and Boccaccini, 2020), mechanical (Lin et al., 2015) or functional (Frascella et al., 2018; Gillono et al., 2020) properties. 
Since the appearance of novel plastic matrices containing conductive carbon material (e.g. graphene/PLA or graphene/ABS), 3D printing technology proved to be helpful for the realization of electrochemical biosensors (Manzanares Palenzuela and Pumera, 2018). These platforms typically rely on oxidoreductase enzymes coupled with conductive electrodes in order to transduce the biochemical interactions into a readable electronic signal (Muñoz and Pumera, 2020). 
Cardoso and colleagues reported the fabrication of a 3D-printed amperometric biosensor capable of glucose monitoring in blood plasma using Glucose Oxidase (GOx) and ferrocene-carboxylic acid as a mediator (Cardoso et al., 2020). The 3D working electrode was printed by means of an open-source FFF printer and realized using graphene-PLA. The glucose biosensor was constructed by drop casting GOx over the transducer surface: the carboxylic groups of the 3D-printed graphene-PLA were exploited for GOx immobilization, followed by enzyme cross-linking in glutaraldehyde (Fig. 4 A). The chronoamperometric detection demonstrated a remarkable linear response for increasing concentrations of glucose (R2 = 0.998) with a Limit of Detection (LOD) of 15 µmol/L, applicable to the detection of glucose at levels commonly found in blood samples. 
In a similar way, Manzanares-Palenzuela et al. demonstrated the use of 3D-printed graphene-PLA electrodes for the detection of 1-naphthol in contaminated wastewaters by Cyclic Voltammetry (CV) (Manzanares-Palenzuela et al., 2019). The electrodes were printed using an FFF printer, then activated using Proteinase K for the controlled degradation of PLA, to expose the buried electroactive graphene and enhance the overall conductivity of the 3D-printed material. 
The same group reported the development of a 3D-printed electrochemical enzyme-based biosensor with a third-generation scheme of detection, which did not need for mediators because of the fast electron transfer between the redox enzyme and the electrode (López Marzo et al., 2020). The same 3D-printed electrodes made of graphene-PLA were activated electrochemically to enhance the conductivity by immersion in dimethylformamide, or by the application of a constant potential. Then, horseradish peroxidase (HRP) was used for the detection of hydrogen peroxide in two configurations: HRP immobilized directly onto the electrode surface or HRP immobilized on the surface of the electrode previously decorated with gold nanoparticles. CV and chronoamperometric measurements demonstrated a good analytical performance at different H2O2 concentrations with a LOD of 11.1 μM and 9.1 μM, with respect to the two configurations (Fig. 4 B). 
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Figure 4. A) Schematic of a biosensor based on Glucose Oxidase, characterized by a two steps reaction to convert glucose into glucolactone. The reaction is mediated by ferrocene-carboxylic acid (Cardoso et al., 2020); B) Drawing of the fabrication steps of a 3D printed graphene-PLA biosensor fabrication: first the 3D printing of the electrode, then its activation and modification with HRP enzyme or modification with gold nanoparticles and after with HRP enzyme, corresponding mechanisms of H2O2 detection (López Marzo et al., 2020).

3.2 3D-printed functional materials for flexible-wearable biosensors
3D printing technology has lately attracted the attention of researchers interested in the fabrication of flexible electrochemical biosensors. As an emerging additive manufacturing technique, DIW allowed to design and pattern enzyme-based POC systems with higher precision, a more uniform surface and overall fewer defects than traditional manufacturing methods such as photolithography and screen-printing (Lewis, 2006). Typically, these biosensors are intended for the detection of small molecules that can be found in sweat, such as glucose, lactose or choline. 
Dong and coworkers reported the fabrication of a flexible amperometric lactate sensor based on a three-electrode configuration (Dong et al., 2018). The proposed biosensor was produced on a flexible PolyEthylene Terephthalate (PET) substrate via DIW by means of a 3D ink extruder printer using a silver nanoparticles-based ink. The working electrode was then modified by depositing Nafion, a sulfonated fluoropolymer-copolymer, followed by the immobilization of the enzyme lactate oxidase. The CV measurements conducted at different lactate concentrations highlighted the oxidation peak at 0.25 V, and the amperometric response of the biosensor was linear as the lactate concentration increased from 0 to 15 mM. 
Another flexible electrochemical biosensor was reported by Nesaei et al. for glucose detection showing how this technology could be suitable for non-invasive medical applications (Nesaei et al., 2018). The authors were able to develop a dual 3D printing ink by using a Prussian Blue conductive carbon ink and a GOx enzyme solution combined with tetraethoxysilane and hydroxypropyl cellulose in order to obtain a sol-gel printable formulation. Finally, both inks were used for the dual layer printing process of the electrode in a two-step procedure (Fig. 5 A). The chronoamperometric curves of the biosensor for different concentrations of glucose showed a linear oxidation current in the range between 100 and 1000 mM, with an estimated sensitivity of 17.5 nA/mM and a LOD of 6.9 mM.
The continuous glucose monitoring with a flexible enzyme-electrode sensor was presented also by Pu and colleagues (Pu et al., 2018). The implantable sensor was fabricated by means of rotated inkjet printing, so to make a  micro patterning on a non-planar surface (cylindrical sensor). In particular, a PEEK (Polyether ether ketone) cylinder modified with (3-aminopropyl)trimethoxysilane and (3-mercaptopropyl)tri-methoxysilane was used as substrate for the printing process. The counter and reference electrodes were printed with silver ink, while the working electrode was fabricated using gold ink, reduced graphene oxide (rGO) graphene ink and Pt nanoparticles (PtNPs) ink to generate a 3D multilayered nanostructure. GOx was then printed onto the working electrode surface followed by the drop casting of Nafion solution to produce a covering layer helpful to make the biosensor more biocompatible and stable once implanted (Fig. 5 B). The electrochemical analyses displayed that the biosensor was able to monitor the concentration of glucose in the range 0 to 570 mg/dL, suitable for the detection in physiological conditions. 
A similar approach was adopted by Nguyen et al., which reported an amperometric biosensor for the evaluation of glutamate release from the spinal cord of a rat (Nguyen et al., 2019). The implantable system consisted of a three electrodes device fabricated by DIW on a flexible polymer substrate. The authors developed a nanocomposite ink consisting of PtNPs, multi-walled carbon nanotubes, conductive poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), and Ecoflex™ silicone rubber. The glutamate oxidase (GluOx) enzyme was then immobilized on top of the printed electrodes by using glutaraldehyde; the H2O2 generated by this enzyme at the expense of O2, was used for the amperometric evaluation of glutamate concentrations. In particular, the biosensor was operated by imposing two different biasing potentials vs. Ag/AgCl reference electrode. At 0.5 V, the H2O2 is oxidized by the PtNPs, generating a current proportional to the concentration of glutamate, while at -0.2 V, the O2 is reduced by the PtNPs, generating a cathodic current that decrease when GluOx consumed the oxygen in the presence of glutamate. The system showed a linear range 1 - 800 µM and a LOD of 0.5 µM when operated at 0.5 V, between 10 - 600 µM with a LOD of 0.2 µM when operated at -0.2 V (Fig. 5 C). 
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Figure 5. A) Drawing of and electrode printed through a Direct-Ink-Writing using and enzyme as printing materials, in details electrode and enzyme printing and a glucose biosensor on a flexible substrate (Nesaei et al., 2018); B) Drawing and images of an implantable flexible glucose sensor (Pu et al., 2018); C) Scheme of the process to fabricate a flexible glutamate biosensors on PDMS and images of the final biosensor on PDMS substrate and LCP sheet (scale bars: 5 mm and 200 μm) (Nguyen et al., 2019). 

3.3. 3D-printed functional materials for biocatalysis 
3.3.1. Enzyme based biocatalytical systems
In the last years, enzyme-based devices have been widely used in biosensors, bioreactors and wearable electronics fabrication, demonstrating considerable capability in monitoring of specific biomarkers in body fluids (e.g. sweat, saliva, tears, etc.), and in revealing of environmental pollutants (Kim et al., 2018, 2014; Martín et al., 2017; Zou et al., 2020). Among them, enzymes have been successfully employed to realize 3D-printed functional materials for bio-catalysis. For example, Rasmussen designed an enzymatic biofuel cells (BFC), which exploits the oxidation of biological molecules such as lactate or glucose for energy harvesting purposes (Rasmussen et al., 2016). 
Rewatkar and Goel proposed a novel method for the fabrication of a fully integrated enzymatic BFC using a dual-extruder FFF 3D printer (Rewatkar and Goel, 2019). The design of the BFC was intended as a Y-shaped microfluidic device, which could be separated in two parts in order to have easy access to the electrodes. The microchannel was produced using PLA, while the electrodes were made of conductive graphene/PLA material. Once the two parts were assembled, the complete BFC had two inlets and one outlet for feeding the electrolyte solutions (Fig. 6 A). After the printing procedure, the graphene/PLA electrodes were activated by immersion in DMF, to enhance the conductivity of the material, as reported also by other authors (Manzanares Palenzuela and Pumera, 2018). The activated 3D printed electrodes were then modified by immobilizing two enzymes: the bioanode was realized using GOx, while the biocathode using laccase. The device was capable of delivering an Open Circuit Potential of 0.425 V and maximum peak power density of 4.15 μW/cm2 at a current density of 13.36 μA/cm2. 
Beyond the applications in sensing and energy harvesting devices, 3D printing is a resourceful technology in the field of tissue engineering for the generation of complex structures such as skin, cartilage, ear and blood vessels (Liaw and Guvendiren, 2017). Nevertheless, one of the main scientific challenge remains the ability to realize 3D objects that, once placed in its proper environment, are able to generate biological functions. Research groups have explored the possibility to produce 3D materials with embedded biomolecules, such as enzymes or antibodies, in a specific area within 3D printed structures. 
For example, the same research group of Mandon, active in the development of biosensors, reported the application of 3D printed hydrogels in the field of biomedical devices, with the aim of manufacturing bioactive constructs with biomimetic capabilities (Devillard et al., 2018). In particular, the authors proposed the fabrication of PEGDA hydrogels with enzymes directly integrated during the printing process: AP, which catalyzes the formation and precipitation of calcium phosphate, and thrombin, which catalyzes fibrin network formation with the potential to entangle living cells. The enzymes were co-immobilized into a bioinspired 3D object consisting of alveolar structures (mimicking bone tissue) surrounded by a tubular structure (mimicking blood vessels); two different catalysis solutions were injected in the compartments of the object in order to catalyze the deposition of fibrin in the tubular structure within an hour, followed by the deposition of phosphate calcium in the alveolar one during a 24 hours timespan (Fig.6 B). 
A 3D printing technological alternative was proposed by Radtke and coworkers, who demonstrated the production of PEGDA-based hydrogels encapsulating β-galactosidase (β-Gal) for the realization of an automated high-throughput screening (Radtke et al., 2018). As a proof-of-concept, the fabrication performed with an extrusion-based 3D printer consisted in a two-step “mold-and-fill” procedure: first, hollow cylinders printed using a sacrificial ink were placed in the wells of a 48-wells plate; the space between the well rim and the molding cylinder was then filled with a β-Gal containing PEGDA bioink that was polymerized using a UV-diode. At lower temperature, the sacrificial structures became liquid and it could be washed away using a liquid handling station. At the end of the printing process, the polymerized hydrogels had a height of 8 mm and a thickness of 1.6 mm. The catalytic activity of the embedded β-Gal was evaluated for three pH values by monitoring the formation of 2-nitrophenol from the substrate 2-nitrophenyl β-D-galactopyranoside with the aid of a spectrophotometer (Fig. 6C). 
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Figure 6 A) CAD model and real experimental setup of the 3D printed microfluidic membrane-less enzymatic BFC (Rewatkar and Goel, 2019); B) CAD model and real 3D printed multi-functional object, in details a sequential catalysis activities leading to fibrin deposition and calcification (Devillard et al., 2018); C) Drawing of the full process steps, consisting on Printing, Cleaning, Preparation, Assay and Analytics. (Radtke et al., 2018).
3.3.2. 3D-printed Bioreactors
Continuous flow bioreactors are becoming a major source of innovation in the chemical synthesis of organic compounds due to the integration of enzymes, which can provide high regio- and stereo-selectivity (Tamborini et al., 2018). Moreover, a deep understanding of enzyme kinetics, enzyme stability and enzyme immobilization strategies is crucial to design and fabricate robust and efficient devices. Different kind of bioreactors, taking advantage from 3D printing technology, have been presented in the literature; some of them are related to biosensing devices, some to the (bio)chemical synthesis of compound of interests. 
For instance, a 3D-printed flow bioreactor was reported by Su and colleagues for the in vivo monitoring of glucose and lactate in the extracellular compartment of the rat brain (Su et al., 2016). An FFF 3D-printer was employed for the fabrication of the ABS flow reactor, which included two parallel reaction chambers, aligned in series and connected by a hollow channel. The internal arrangement of the reaction chambers consisted of ordered cuboids (1 × 1 × 0.8 mm3) that overlapped by a square of 0.1 × 0.1 mm2 at each edge, to enhance mixing effects and increase the available surface area. A glutaraldehyde activation step was performed prior to GOx immobilization to the reactor inner surface, while lactate oxidase was directly immobilized without the need for further modifications because of its hydrophobic interactions with the styrene moieties of the ABS structure. The flow bioreactor was interfaced with a micro dialysis sampling probe and a spectrofluorometer. Indeed, the extracellular rat brain micro dialysate was mixed with HRP and a H2O2-sensitive fluorogenic substrate, so that passing through the reactor chambers, the H2O2 generated by the oxidation of glucose/lactate was revealed by the presence of HRP whose catalytic activity generated a fluorescence signal. The LOD of this detection system was assessed at 60 µM for glucose and 59 µM for lactate. 
Another advantage of 3D printing technology is that it can be employed for the compartmentalization of (bio)chemical reactions, rearranging sequences of multistep biocatalytic reactions, thus preventing incompatible reaction conditions, unwanted side reactions, or product inhibition. In this context, Maier et al. reported agarose-based enzyme-integrated hydrogels realized by FFF 3D printing for the production of flow-reactor cartridges (Maier et al., 2018). The high temperature required by this 3D printing technique, forced the selection of naturally thermostable enzymes and/or the modification of conventional enzymes by protein engineering methods, in order to make them thermostable. Therefore, in a first attempt, the agarose bioinks were prepared with an esterase (EstII) or an alcohol dehydrogenase (ADH) from the thermophilic microorganism Alicyclobacillus acidocaldarius and were employed for the fabrication of different grid-structured circles and polygons. The catalytic activity of the enzymes was tested after the printing process by incubating the EstII-loaded hydrogel in a solution containing the fluorogenic substrate 5(6)-carboxyfluorescein dihexylester and evaluating the de-esterification of this fluorescein derivative. At the same time, the ADH-loaded hydrogels were monitored for the catalyzed reduction of isobutyraldehyde to yield isobutanol. In both cases, a printing procedure of 240 minutes at 60 °C did not significantly altered the catalytic activity of the two enzymes. To broaden their application, the authors demonstrated also the successful modification of a mesophilic enzyme into a thermostable variant that can be used for the FFF process. In particular, ketoisovalerate decarboxylase (KIVD) from the mesophilic organism Lactococcus lactis was modified by computational methods, random mutagenesis and screening of a clone library and the selected mutate enzyme was used for the realization of a simple flow reactor composed by a cartridge that held an enzyme-loaded agarose disc to get the ketoisovalerate conversion into isobutyraldehyde (Fig. 7 A). 
The same approach was used by the same group to produce 3D printed biocatalytic agarose hydrogels obtained by extrusion and used as flow reactor modules to be integrated in a chemoenzymatic reaction cascade (Peng et al., 2019). In this case, the authors exploited a phenacrylate decarboxylase from Enterobacter sp. in order to catalyze the formation of 4-vinylphenol from p-coumaric acid; then, the coupling with iodobenzene promoted by a palladium-catalyzed Heck reaction led to the formation of 4-hydroxystilbene and highlighted the feasibility of the process. Unfortunately, the total yield was only 15% (Fig. 7 B). 
An extrusion-based 3D printer was used also by Schmieg and colleagues (Schmieg et al., 2019) to prepare PEGDA hydrogels containing three different enzymes: β-galactosidase from Aspergillus oryzae (β-Gal), benzoylformate decarboxylase from Pseudomonas putida (BFD), and ADH from Lactobacillus brevis. These enzymes were physically entrapped in three distinct biocatalytic PEGDA-based hydrogels to be used in a continuous flow reactor. β-Gal was used for the selective hydrolysis of 2-nitrophenyl-β-D-galactopyranoside to 2-nitrophenol and galactose; BFD and ADH were combined in a 2 steps cascade: BFD catalyzed the carboligation of benzaldehyde and acetaldehyde to yield the intermediate (S)-2-hydroxy-1-phenyl-propanone, which can be further reduced to the product (1S,2S)-1-phenylpropane-1,2-diol by ADH. Finally, ADH was used for the enantioselective reduction of acetophenone to (R)-phenylethanol. Nevertheless, a squared reactor chamber (cross section 13 × 13 mm²) made of a commercial polypropylene photopolymer was fabricated using a Polyjet 3D printer and loaded with hydrogel structures, in order to assemble flow reactors for the three different kinetic reactions (Fig. 7 C).
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Figure 7 A) Top and side image of 3D printed grid like scaffolds based on 3% (w/v) agarose hydrogels. (Maier et al., 2018); B) Schematic od the manufacturing process leading to a biocatalytic reactor agarose-based (Peng et al., 2019); C) Images of the reactor assembly, where the hydrogel structure is inserted in the reactor housing with connection to the fluidic system. (Schmieg et al., 2019).
3.4. 3D-printed functional material for precision medicine 
Latest advancements in pharmacogenetics and personalized medicine have drawn attention to a more patient-centered healthcare, which can provide customized treatments based on the biological, physical and medical differences of each individual (Awad et al., 2018). One of the most important aspects is the dosage form (i.e. physical form of a dose used as a drug or medication), which is mainly represented by the over the counter drug tablets in current practice. The use of bench-top 3D printers has been explored with the purpose of overcoming the challenging task of fabricating tablets with customized dosage, multiple active pharmaceutical ingredients and release profile (Alhnan et al., 2016). 

3.4.1. Smart tablets 
Under this perspective, Okwuosa and colleagues reported the realization of enteric, coated tablets using a dual-nozzle single step FFF 3D printing process (Okwuosa et al., 2017). The gastric-resistant tablets were engineered with a range of core-shell designs, in which the shell structure was made of a methacrylic acid co-polymer, which gave it pH-dependent properties, while the core structure was made of polyvinylpyrrolidone, using theophylline as a model drug. Both budesonide and sodium diclofenac were then employed as drugs in the core structure, displaying a pH-sensitive drug release rate (Fig. 8A). 
With a similar approach, fully customizable drug tablets fabricated by 3D printing technology were reported by Tan and coworkers (Tan et al., 2020). An extruder-based 3D printer was used to produce disc- and capsule-shaped tablets consisting of two surface-deteriorating matrices, one that contained the drug and the other one that did not.. Then, a biodegradable coating which protected all the sides of the tablet except for one being exposed to the surrounding medium. In such a way, the tablets could be degraded through a single side with the aim of achieving a precise control of release profile over time. The drug-free surface-eroding matrix was printed with different shaped cavities and used as a mold for the printing process of the matrix containing the drug; this latter was then printed into these cavities assuming the underlying geometry, in order to provide a specifically designed release profile to the tablet. The authors were able to produce tablets containing paracetamol, phenylephrine hydrochloride, and diphenhydramine hydrochloride drugs showing constant, increasing, decreasing and 2-pulsed release profiles. Finally, they demonstrated the customized and simultaneous release of two drugs, each with its own unique release profile (Fig. 8 B). 
Curiously, the smart tablets have been engineered not only to get a better administration of a drug, but also to reduce the prevalence and risks of opioid abuse. With this aim, Ong et al. reported the fabrication of tramadol tablets with alcohol-resistant and abuse-deterrent properties by direct powder extrusion 3D printing, with the aim of hindering opioid abuse (Ong et al., 2020). Hydroxypropyl cellulose was selected as main polymeric matrix, with D-mannitol as plasticizer and tramadol hydrochloride as the active pharmaceutical ingredient; polyethylene oxide was then added to the printable formulation as abuse-deterrence agent. The tablets showed a 13% drug abuse to syringeability tests, about 70% for the nasal route, and no alterations of the release profile in the presence of alcohol.
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Figure 8 A) Schematic of the fabrication of 3D printed enteric tablet (Okwuosa et al., 2017); B) Design of the fully customizable drug tablet (Tan et al., 2020).  
3.4.2. Implantable 3D printed functional systems
3D printing technology can provide a series of methods for manufacturing implantable drug delivery systems with intrinsic functionalities that are helpful in enhancing the efficiency of drug administration, reduce systemic toxicity and side effects (Chen et al., 2020). 
Salimi and colleagues designed and fabricated a biomedical implant device using a thermal reversible polymer that could be employed in hot-melt extrusion 3D printing (Salimi et al., 2020). The authors chose a dynamic supramolecular polyurethane molecule as matrix polymer because of its ability to self-assemble through hydrogen bonding and π-π stacking interactions, which showed good mechanical properties after the printing process. A prototype implant device was printed containing paracetamol and poly(ethylene glycol) (PEG) as an excipient, in order to control the drug release profile. Paracetamol was released from the device within a 168 hours test, which displayed a first-order drug release model (Fig 9 A). 
To be honest, most of the emerging systems for drug delivery that rely on 3D printing are intended for cancer treatment. For instance, Wang et al. reported the realization of an implantable drug delivery system for osteosarcoma chemotherapy (Wang et al., 2020). Cylindrical- and spherical-shaped drug carriers were produced by SLA using PLA as matrix polymer. The implants were then loaded with standard osteosarcoma drugs (i.e. ifosfamide, methotrexate and cisplatin) and used for clinical chemotherapy, demonstrating their suitability for multiple drugs loading. Indeed, the release profiles of the 3D printed drug-loaded implants were evaluated in animal models. The concentration of all the four drugs reached the peak value after approximately two weeks and the sustained release of the PLA drug carriers could last for more than twelve weeks. Moreover, the concentration of the drugs at the site of implants was higher than the levels detected in the blood stream, implying reduced adverse effects for the non-tumoral tissues. 
In another work, an implantable drug delivery system for orthotropic breast cancer therapy was reported by Yang and colleagues (Yang et al., 2020). The authors manufactured poly-lactic-co-glycolic acid (PLGA) carrier scaffolds loaded with 5-fluorouracil and NVP-BEZ235 by using a custom-built E-jet 3D printing system. The drug release behavior from the scaffold occurred first through a burst release, followed by a slow release and, finally, a fast release again. The therapeutic effects induced by the implantable scaffolds were evaluated through in vivo experiments that showed longer tumor growth inhibition than intraperitoneal injection treatments. 
Another interesting implantable system for localized treatment of breast cancer was presented recently by Wei and coworkers, which used a hydrogel-based drug delivery approach whose release can be controlled by a laser (Wei et al., 2020). The authors reported the fabrication of core-shell fibers made of polydopamine (PDA) and alginate as shell part and gelatin hydrogels as core part, by injection and extrusion-based 3D printing using co-axis core/shell nozzles with a different size. Doxorubicin (DOX) loaded into the core hydrogels of the fiber scaffolds were used for in vivo experiments by implanting them into the subcutaneous area of mice. Upon irradiation with a NIR laser, PDA/alginate shell with good photothermal effect induced the gel-sol transition of the drug-loaded core hydrogels and the subsequent on-demand drug release from the open ends of the fibers. This DOX loaded PDA/alginate shells were then able to significantly reduce the tumor volume, with no chemotherapy-related side effects (Fig. 9 B) 
Other drug delivery systems intended for breast cancer treatment are instead directly controlled by the microenvironment that the tumor creates in the localized portion of the body. In this context, not long ago Ceylan et al. reported the fabrication of a hydrogel-based, biodegradable micro swimmers with embedded therapeutic and diagnostic capabilities, triggered by the sensing of Matrix Metalloproteinase 2 enzyme, which plays an important role in the process of tissue remodeling and in the metastatic behavior of several tumors (Ceylan et al., 2019). The helical micro swimmers were produced using a starting formulation consisting of fluorescent a-ErbB2 antibodies conjugated to iron oxide nanoparticles and dispersed in methacryloyl gelatin; thanks to the iron oxide nanoparticles the antibodies can be remotely controlled by rotating magnetic fields. Therefore, in the presence of pathological concentrations of the Matrix Metalloproteinase 2, the hydrogels are enzymatically degraded, releasing the functional nanoparticles that are able, then, to specifically target the ErbB2 overexpressing SKBR3 cancer cells (Fig. 9 C). 
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Figure 9 A) Schematic of the 3D printing of  drug-release implant based on supramolecular polyurethane, Poly(ethylene glycol) and paracetamol as drug model (Salimi et al., 2020); B) Schematic co-axial 3D printing of core-shell fibers for confined cancer therapy. The drug is released form the core parts of the fibers after NIR irradiation, which induced a reversible sol-gel transition (Wei et al., 2020); C) 3D Two-photon polymerization used to fabricate magnetic induced micro swimmers (Ceylan et al., 2019). 
4. Summary and Conclusions
In this review, we reported recent advances in the realization of 3D printed objects with built-in (bio)chemical moieties, that could be exploited to produce bioassay-based and enzymatically active devices for biotechnological applications. This approach demonstrated new potential ways to fulfill the demands of several bioanalyses, such as specific biorecognition of analytes of interest, flexible wearable biosensors, bioreactors and personalized medicine. Major advantages of 3D printing and functional materials association lie in the conjugate convenience that both methodologies provide, i.e. high flexibility and rapid fabrication of 3D printed objects and the functionality of the material, which can be developed taking in consideration the final application. Thus, it adds up to a higher degree of freedom in the design and engineering of the device under structural and functional point of views, with respect to the benefits those techniques can provide when employed individually. Moreover, this strategy is helpful not only in the development of devices with innovative analytical mechanisms but also to improve the performance of methods routinely employed in several laboratories, without the need for a complete overhaul of long-established practices.

5. Future Perspectives
The development of 3D printed devices with intrinsic functionalities for bioanalytical applications is relatively recent and some important challenges need to be overcome. Particularly, printing mechanism may need to be adjusted to comply with the physical and chemical properties of the materials employed. The adaptation of the available 3D printing technology should be pursued to enhance the printability of materials containing biomolecules responsible for the object functionality (Figure 10). Nowadays on the market are present some 3D printer specifically designed to be used in for bio application (so called bioprinter), nevertheless those are still pretty expensive and more adapt to lab-research than for applied production. Another aspect worth further development is the need for materials with good sensing performance and stability, while maintaining high processability. For instance, extrusion-based and VAT photopolymerization-based 3D printers, two of the most commonly used printing techniquesnologies, require high temperature or the generation of radical species, which are incompatible with the presence of enzymes, antibodies, nucleic acid probes, etc. One other further development can consist in merging different 3D printing techniquesologies in the same device. As introduced, each techniqueology presents its advantages and drawbacks, the possibility to combine different strategies in the same component may lead to multi materials objects with tailored level of complexity according to the specific use. In this context, the modification of biological molecules with improved stability is a hot research trend. Moreover, Some of the approaches already well established in conventional production of bioanalytical devices such as molecular imprinting, photonic crystals, quantum dots, nanoparticles and aptamers still have to find their development in 3D printing and lead to novel sophisticated technologies. At last, 3D printing can offer the opportunity to gather different aspects such as biological studies with materials and technological developments. It is thus important that all this communities try to create synergistic improvements, which effects may lead to fast and still unexplored advances in the fields here mentioned.
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Figure 10 Schematic representing the different areas of development for 3D printed devices with intrinsic functionalities in bioanalytical applications 
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