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Abstract In recent years, 3D printing technology has become a sufficiently mature
technique to allow not only the production of objects starting from a design
modeling but also a possible customization through the introduction of functionality
by the end user. This rapid prototyping technique represents a very promising
technology for device fabrication with different application fields (e.g., biological,
environmental, food, aerospace), offering advantages over traditional manufacturing
methods.

Moreover, the 3D printing archetype has introduced novel opportunities for
the realization of smart devices, where the added value lies in their intrinsic
functionality. In fact, 3D-printed functional materials can transform their structure in
response to specific stimuli (e.g., temperature, pH, light radiation, etc.), adding to the
printed object interesting properties to take advantage of. Recently, this paradigm
has been explored and expanded by researcher’s/engineer’s community with the aim
of realizing 3D printable objects that present exploitable chemical functionalities.

In this chapter, functional 3D objects for bio-applications have been reported,
combining 3D printing technology with an accurate material engineering. The result
is a single step 3D-printed object with intrinsic chemical functionalities that could
be exploited to produce immunoassay-based and/or enzymatically active devices for
biosensing purposes and precision medicine.
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7.1 Introduction

The rapid evolution of 3D printing technology in the last 20 years demonstrated
that this technique has the potential to revolutionize the manufacturing processes
in many industrial fields such as automotive, aerospace and aviation, medicine, and
healthcare, as well as to be disruptive in academia [1]. 3D printing, or alternatively
mentioned as additive manufacturing (AM), is an umbrella term that comprehends
a wide set of technologies, which has in common the ability to produce 3D objects
starting from digital objects designed by computer-aided design (CAD) software
or 3D scanners. These models are then generally transformed in STL files (which
acronym stays for standard tessellation language or standard triangle language),
which are used by the 3D printer, after a slicing of the file in cross-sections, to define
the controlled deposition of material layer by layer, until the complete fabrication
of the object. One of the main advantages of 3D printing consists of the fast and
relatively cheap fabrication of prototypes, avoiding tooling and time-consuming
post processing. Furthermore, compared to conventional subtractive manufacturing
processes, it allows higher personalization and the fabrication of more complex
geometries [2]. Nowadays, 3D printing is mainly employed in manufacturing
of small series where the primary goal is to obtain nearly finished products,
because it allows faster modification and optimization of parts compared to high-
volume production [3]. For example, nanocomposite polymeric materials are often
employed in 3D printing to improve the mechanical properties of the final object [4].
Moreover, the use of engineered materials in 3D printing is exploited to fabricate
objects with additional properties, enhancing their functionalities adding another
grade of complexity to the structural or chemical properties. Those functional
materials are typically studied to provide new intrinsic properties to the components,
either with or without external stimuli; from this aroused the concept of 4D printing,
as further development of 3D printing [5, 6]. Under the umbrella term “4D printed”
are considered all the 3D-printed objects that can undergo shape-shifting in response
to an external stimulus, for example, pressure, temperature, magnetic fields, or light
[5–7]. Similarly, some authors proposed to use the same paradigm to objects that
possess intrinsic biochemical functionalities [6]. In this frame, active devices for
biotechnological applications have been reported, exploiting functional 3D objects
with biorecognition and/or catalytic capabilities.

In this chapter, different types of devices fabricated by 3D printing technology
exploited to perform bioanalytical analysis will be presented, focusing on the
materials’ design to achieve those smart objects exploiting intrinsic and/or tunable
functionalities. In fact, 3D printing field showed increasing attention to bio-
applications, most of all in tissue engineering and regenerative medicine [8, 9] or in
the rapid prototyping and fabrication of components for biomedical purposes [10–
13]. Recently, the field of fabrication of 3D-printed constructs for tissue engineering
and regenerative medicine has been comprehensively reviewed [14–17]. Instead,
this chapter aims to evidence the relationship between material design and the
presence of (bio)chemical functionalities in 3D-printed devices, which will be
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listed in different bio-applications such as biorecognition, biocatalysis, flexible and
wearable sensors, and precision medicine. Before, to deepen those aspects, the
working principles of the most common 3D printing methods will be presented,
describing advantages and limitations. At last, future perspectives of the most novel
trends in this advanced field will be discussed.

7.2 Additive Manufacturing (AM) Techniques for
Biomedical Applications

On the market, several 3D printing techniques to process polymeric materials are
present; nevertheless, those can be classified in three main categories, based on the
underlying mechanism: the extrusion-based methods, the powder-based methods,
and at last the light-induced methods (i.e., based on photopolymerization) [18–20].
Obviously, every 3D printing process presents its advantages and disadvantages if
compared with the others. When a type of printing process is chosen, it must be
taken into account the specific application as well as the materials to be used and
the resolution requested [21]. Coming back to the specific of the techniques, those
are usually defined as follows:

• Extrusion-based methods: AM process in which material is spread by means of
a nozzle or a printing head [18].

• Powder-based methods: AM process in which powders are locally soft-
ened/melted by a controlled heating [20].

• Photopolymerization (light-induced) methods: AM process in which liquid
monomer is rapidly solidified by light irradiation [21].

Each of these categories contains different equipment types, which may differ for
construction approaches or material deposition. The most common are summarized
in Table 7.1.

In the following paragraphs, the most diffused 3D printing methods used to
fabricate objects with built-in (bio)chemical functionalities for biotechnological
applications will be briefly introduced.

7.2.1 Additive Manufacturing: Extrusion-Based Methods

7.2.1.1 Fused Filament Fabrication

Fused filament fabrication (FFF) is the most diffused and acknowledged 3D printing
method, also commonly known with the name FDM™ (fused deposition modeling),
trademarked from Stratasys. At the present, FFF 3D printers are largely present in
day-by-day experience, from big industries to houses for DIY modeling. Those 3D
printers are employed in a wide range of applications, thanks to the large platelet of
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commercially available materials, to the large range of printing dimensions, and
to their user-friendly and affordability [22]. Nowadays, when one thinks to 3D
printing, FFF is the first technique to which the most refers to [23].

Feeding materials for an FFF 3D printer are wires or filaments, which are
softened/melted and extruded through a heated nozzle, depositing the material on
the build platform accordingly to the STL file. The softened filament solidifies
cooling down, allowing the fabrication of the object in a layer-by-layer fashion [18].

Only thermoplastic polymeric materials (i.e., not cross-linked macromolecules)
can be available for FFF because they must be softened; both amorphous (e.g.,
polystyrene, polycarbonate, ABS – acrylonitrile butadiene styrene) and crystalline
(e.g., PLA, polylactic acid; PEEK, polyetheretherketone; nylon) materials can be
processed [24].

The printing resolution belongs to the dimension of the extruding head, as well as
by rheological issues (viscosity, temperature, speed of printing, etc.). Considering
the 3D printers now available on the market, the highest declared resolution is about
10 μm, but for most of the equipment, it is about 50 μm. On the other hand, even
layer thickness (i.e., slicing of the virtual file) is directly related to the dimension of
the extruded filament, so the build rate decreases increasing the resolution, involving
a suitable trade-off must [25].

One of the limits of FFF is in the extent of available geometries that could be
printed, in particular regarding the hanging parts or large voids. In this case, the
fabrication is necessary to use supports, often using a second material, which must
be removed afterward with mechanical or chemical approaches.

Regarding the characteristics of the printed objects, interlayer adhesion, which
belongs on many factors including the temperature of extrusion, the heat transfer
of the material, the temperature of the build platform, and the geometry of the
object, can be an issue. Poor adhesion weakens the object, leading to low mechanical
properties and possible delamination. At last, the presence of porosity and defects
decreases the mechanical performances and ultimately brings to failure [23].

Besides, FFF presents several advantages when compared to other 3D printing
techniques. The most exploited one is to print multiple material in the same part
(multi-material printing). This is achieved by using multiple nozzles, each one with
a different filament: this enables a topological control of the chemical and physical
properties of the part [26, 27]. Furthermore, FFF is the most common choice for
rapid prototyping and hobby because of the low costs, the ease of use, and the
absence of hazardous raw materials. At the present stage, there is an almost infinite
range of FFF 3D printers available on the market, which cover a broad range of
materials, printing dimensions, and of course prices (from few hundreds of AC to
hundreds of thousands of AC for a single equipment) [28].

7.2.1.2 Direct Ink Writing

Another extrusion-based 3D printing technique is direct ink writing (DIW). Dif-
ferent from FFF, DIW 3D printer extrudes pastes or, in general, viscous liquids,
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so materials are already in a liquid form. The viscous inks can be different but
typically are constituted of solutions made of polymers in desired solvents (which
can be either water or organic solvents), oligomers (i.e., macromolecules with a
certain molecular weight) with suitable viscosity, or pastes that contain inorganic
fillers bounded with a certain amount of plasticizing macromolecules [29].

A motorized screw and a pressure pump are usually employed to control the
extrusion rate, which must be controlled to achieve a uniform extrusion of the
paste through the nozzles. Similar to FFF technique, once extruded, the ink is
deposited on the build platform, following the relative digital file. In case the
extruded material does not have sufficient thixotropic properties to be self-standing
and thus to form, layer by layer, the desired object, a rapid change of physical
state (i.e., solidification) is used to perform the 3D printing process [30]. Several
approaches can be employed; among the most common can be mentioned: rapid
solvent evaporation [31], thermal-induced cross-linking [32], chemical-induced
cross-linking [33], photo-induced cross-linking [34], and rapid phase transition [35].
There are also other examples since this 3D printing technique is in rapid evolution,
for instance, a new DIW approach called “immersion precipitating 3D printing”
recently has been introduced. By this method, a polymeric solution is extruded
in a non-solvent and rapidly precipitate [36]. This technique allows to produce
highly porous polymers, and it demonstrated to be suitable for many polymers in
3D printing.

The main advantages of DIW are its low cost and the compatibility with an
extremely wide range of materials, also customizable by the user, together with an
extremely flexible approach; also, DIW allows very high resolutions (<10 μm). The
main issues in DIW are instead related to the control of the rheological properties
of the inks, which is compulsory to obtain homogeneous extrusion and desired
precision. Moreover, the rate of solidification must be set according to the printing
process, since the fast change of physical state may cause nozzle clogging or
bad adhesion between layers, while a slow change can bring to poor mechanical
properties and lose of the geometries of the 3D-printed part. At last, operating even
with organic solvents, DIW is generally more hazardous than FFF [29].

DIW is used to print different class of materials, not only polymers but also
ceramics, colloids, and even wood. In case DIW is applied to soft and biological
matter, this technique is known as bioprinting, which will be described more in
details in the next paragraph.

7.2.1.3 Bioprinters

Generally speaking, the term “bioprinting” refers to a plethora of laboratory
technologies which aims at fabricating biological constructs, primarily to reproduce
living tissues [37]. Among the bioprinting equipment, it is worth to mention
laser-assisted 3D printers, stereolithography (SLA)-based, pressure-assisted, or
droplet-based [38].
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This means that bioprinting can be classified in more than one category of
the 3D printing techniques (Table 7.1). Nevertheless, the most developed one
is the pressure-assisted (extrusion), and the term “bioprinter” is generally used
for commercially available equipment able to extrude inks/gels/pastes through a
motorized syringe and containing cells. Some of the most diffused commercial
brands are EnvisionTEC; Organovo, Inc.; CELLINK; and Rokit Healthcare, Inc.

As all the extrusion-based techniques, bioprinting involves the selective depo-
sition in a layer-by-layer fashion of cyto-compatible materials directly laden with
living cells. Extrusion can be pneumatic, piston, or screw-driven, according to the
producer. Usually the bioink is a gel, which means that melting or softening is not
encompassed in the process even if, according to the equipment employed and to
the material specifications, heating or refrigeration can be considered both to the
material and on the build plate [39]. Furthermore, even modification of syringes
enabled the production of more complex constructs such as embedded printing [40],
coaxial printing [41], or in situ cross-linking [42].

Droplet-based bioprinting (DBB) is as well a very common method, even if it
could be mostly considered a deposition technique rather than an extrusion-based.
In fact, this involves droplet generation and deposition in a continuous or on-demand
manner employing a different driving force such as electrical, thermal, or acoustic.
Furthermore, DBB allows the printing of proteins or cells encapsulated in droplets,
which was also exploited for co-patterning with gel-based scaffold materials. As
ink-based technology, DBB is characterized by medium/high resolution (<10 μm
in some case) and suitable for high-throughput applications, due to high printing
speed. Conversely, the development of real 3D constructs (build on z-axis) is time
consuming and not favored [37].

Regarding the printable materials, the primary interest is to print gels able
to mimic the extracellular matrix, to aid cells’ colonization. Gels can be both
natural (e.g., collagen, gelatin, alginate, chitosan) and synthetic (e.g., poly(N-
isopropylacrylamide), PEG-based, etc.), or blends of the two [43].

Regarding the applications, as mentioned, the first goal is to embed cells or other
biological matter in order to artificially build controlled environments [44]. This
can lead to innovative biomedical and pharmaceutical studies, developing artificial
organs or tissues, that can be either scaffold-based or scaffold-free, fabricating
organ-on-a-chip devices [45], and even reproducing patients’ tissues, enabling a new
approach to in vivo-like studies [37]. Being specifically developed for bio-matter,
bioprinting allows the 3D shape of materials that cannot be processed with other
technologies, gathered with the bio-field requirements. The possibility to impart
3D structuration to biomaterial, with controlled morphology, can improve the cell
growth remarkably improving the results obtained in conventional bidimensional
cell culture [37]. As drawback, the resolution is usually relatively low due to
intrinsic material characteristics, and the suitable materials are limited by viscosity
and biocompatibility [43].
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7.2.2 Additive Manufacturing: Photopolymerization-Based
Methods

Photopolymerization-based 3D printing techniques use light as a stimulus enabling
the printing mechanism [22]. In fact, all the technologies encompassed in this
category use light to produce solid objects through a fast transition from liquid to
solid material, by light-induced polymerization mechanism. Many different light
curing technologies have been developed and will be described in the following
paragraphs [46].

Vat printing techniques are the most diffused light-induced 3D technologies.
Again, vat 3D printing includes different methods, but in all of those, the liquid
printable photocurable material is placed in a vat during printing procedure; stere-
olithography (SLA) and digital light processing (DLP) are in this context the two
more common technologies. Both are based on the spatially controlled solidification
of a liquid resin upon a selective exposure to light, even if performed with different
approaches [47]. SLA is historically the first additive manufacturing technology,
developed and patented by Charles Hull in the 1980s [48]. In SLA equipment, a laser
light source scan point by point the surface of the photocurable resins contained
in a vat, inducing controlled photopolymerization and solidification. The process
is the repeated layer by layer, moving downward or upward the build platform
along the z-axis, according to the printer configuration [22]. DLP is somehow an
evolution of SLA. In DLP, the light source (typically a LED centered at 365 nm
or 405 nm) illuminates a digital micro-mirror device (DMD), which shine all in
one the designed pattern on the bottom of the vat containing the light-sensitive
resin. The light source is usually placed below the vat, and in some equipment,
the LED/DMD illuminating system is replaced by a LCD screen. In any case, the
bottom of the vat must be transparent, and the printing direction is usually bottom-
up along the z-axis [22]. A more recent evolution of the DLP technology is the
continuous liquid interface polymerization (CLIP) [49] 3D printing, which shortens
the printing times exploiting oxygen-induced-free radical polymerization inhibition
to avoid the adhesion of the photocured layer to the bottom of the vat. This allows
the development of a continuous process in z direction, which is peculiar of this
technique. In the latest years, a further light-induced technology named volumetric
additive manufacturing (VAM) [50] has been also proposed. Different from the
other 3D printing technologies, this technique is not layer by layer but implies
the selective light-induced solidification within a contained volume, exploiting the
superimposition of patterned optical waves from multiple beams, enabling thus the
direct generation of 3D geometries. The best performing light-induced techniques
named so far can achieve resolutions at the micrometric scale [22]. Regarding
materials in light-based 3D printing, the most common are low molecular weight
(meth)acrylate monomers (e.g., polyethylene glycol(meth)acrylate, 1,6-hexanediol
diacrylate, bisphenol-A-ethoxylate diacrylate, pentaerythritol tri−/tetra-acrylate).
In any case, commercial resins are not detailed mixtures of monomers, formulated
to fulfill the desired characteristics together with high printing speed and resolution.
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A detailed list of the more commonly used materials can be found in literature [22,
46, 51]. Out of acrylate-based formulations, also thiol-ene/yne and epoxy monomers
are employed [24]. To activate the photopolymerization mechanism, the presence of
a proper photoinitiator is also necessary, in which range of reactivity should match
the wavelength of the 3D printer. Eventually dyes can be also used to improve the
printing resolution [22].

On the market, many SLA and DLP equipment are now present, which encom-
pass a large range of dimension and costs, from big industrial 3D printers to cheap
desktop ones. While a very important application still remains modeling/hobby
and prototyping [52], SLA and DLP equipment are largely used in jewelry [53]
and dentistry, due to their high precision and the possibility to create shapes not
achievable with other 3D printing technologies [54]. In the academia, they are as
well very used, with many reports which span over a broad range of applications
such as microfluidics [55], electronics, or sensing [56, 57]. DLP has been used as
bioprinting technique, employing an apparatus with light source with low energy
coupled with sterilization tools. This demonstrated suitable for the printing of cyto-
compatible scaffolds embedding living cells [5].

As mentioned, the high resolution that can be achieved is the most important
advantage of the light-based techniques, together with the accuracy and the smooth
surface obtained. Furthermore, functional molecules or fillers can be easily incorpo-
rated in the polymer due to the fact that starting materials are liquid, allowing highly
versatility in the development of 3D objects embedding intrinsic functionalities [58].
On the other hand, the main limitation is related to the use of single materials, at least
on x-y plane.

7.2.2.1 Two-Photon Polymerization

The 3D printing technology with the highest resolution is two-photon polymer-
ization (TPP), which is based on a nonlinear two-photon absorption process [59].
In TPP, the material reservoir is just a drop of liquid photocurable formulation.
Different than other light-induced technologies, here the polymerization mechanism
begins when two photons, usually with wavelength in the near-infrared spectrum,
are absorbed simultaneously by the photoinitiator, generating the reactive species.
This can occur only in a very limited spot (voxel) in which the light source, a
femtosecond pulse laser, is focused. This also means that TPP can polymerize the
material in any point of the drop, without the need of supports. Out of the focal
point, the polymerization does not take place; therefore, the light pass through the
material without inducing polymerization. TPP allows to create 3D structures with
resolution at the nanometric scale (<100 nm), even if obviously it cannot be used
for big object to the prolonged printing times [60]. Also in this case, the materials
used are usually (meth)acrylate resins [61].

TPP was proposed for various biological applications such as tissue engineering
[62] and medical sensors [63], as well as in other fields such as micromachining or
photonics [64, 65]. As mentioned, the main advantage of TPP is the high resolution
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that can be reached, while as main drawbacks, there are the very low yield of
production and the limitation of the dimensions of the printed objects [61].

7.2.2.2 Photopolymer Jetting

Photopolymer jetting (InkJet/PolyJet) is another light-based technique in which the
resin is injected from a printing head to create a two-dimensional pattern. Somehow
is like standard inkjet but the drops are thicker and more viscous, enabling a rapid
fabrication of a 3D object. After the deposition of every layer, light is provided
to solidify the material. Having multiple printing head, it is also easy to fabricate
multi-material objects [66].

This technology uses commercial photopolymer resins with precise viscosities.
The complex technology required by this equipment leads to nearly complete indus-
trial development, with the most of the marked occupied by Stratasys (PolyJet),
which materials are proprietary [67].

With PolyJet, it is possible 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 [68, 69].

7.3 3D-Printed Functional Materials for Bio-applications

7.3.1 Biorecognition and Intrinsic Functionality

Biosensors are devices with analytical capabilities that can be used in different
applications (i.e., diagnostics, food industry, environmental monitoring) for the
specific recognition of different analytes, mostly proteins and small molecules [70].
In this context, 3D printing demonstrated to be effective in the manufacturing
biosensing devices, showing several advantages for the fabrication of point-of-
care (POC) platforms, devices able to perform testing directly without the support
of laboratory equipment [71]. 3D printing has the potentialities to improve the
biorecognition and the overall performances (e.g., enhanced sensitivity) when
combined with other established recognition techniques, as well as to facilitate the
immobilization of the biorecognition elements, as reported in the following.

7.3.1.1 Improved Biorecognition

The synergistic effect of 3D printing together with other techniques may lead to
advancements in biotechnological applications, in this case sensing. Gomez and
coworkers developed a molecular imprinted polymer (MIP) formulation for TPP
[72], selecting N-carbobenzyloxy-L-phenylalanine as model template for the MIP
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synthesis. This was done because the fluorescent analogue dansyl-L-phenylalanine
is commercially available and allows an easy quantification of the binding properties
of the MIP. As a proof of concept, an array of 20 × 60 μm cantilever sensors with
embedded MIPs was fabricated (Fig. 7.1a). Incubating the array with the analyte,
a reversible shift of the resonant frequency of the sensors was obtained (Fig. 7.1b),
enabling the measurement of relative variations of about one order of magnitude
more than other commercial micro gravimetric equipment, such as quartz crystal
microbalance.

De Middeleer and coworkers used a similar approach to developed 3D-printed
solid-phase extraction (SPE) sorbent for mycotoxin analysis [73]. The authors
synthesized a MIP using metergoline as a model template for ergot alkaloid
recognition and immobilized the artificial receptors on 3D cylindrical poly-ε-
caprolactone (PCL) scaffolds, printed by melt extrusion. The functional analysis
demonstrated that by employing 3D-printed MIP-based scaffolds, a robust analytical
method for multi-mycotoxin testing was developed.

Another system helpful in the recognition of toxins was proposed by Gou et
al. In this work, the authors designed a hydrogel matrix embedding functional
polydiacetylene nanoparticles, which were exploited both for sensing and detoxi-
fication purposes [74]. The functional nanoparticles were synthesized with alkenyl
groups on their surface and then chemically immobilized in a 3D poly(ethylene
glycol) diacrylate (PEGDA) hydrogel printed using the DLP photopolymerization
technique, mimicking a liver structure (Fig. 7.2c, d). After the incubation of this
bioinspired device with 50 μg/mL of the toxin dispersed in murine red blood cells,
the specific recognition of a pore-forming toxin was demonstrated: thanks to its
large specific surface area, the functional 3D hydrogels captured and removed 100%
of the toxin, demonstrating thus also a remarkable detoxification efficiency.

Those strategies were not only used to enhance the biorecognition for sensing
purposes, but also in separation technology, for instance, chromatography. This
technology allows to directly prepare the stationary phase rapidly and without
further chemical modifications. In this context, Macdonald et al. reported the fabri-
cation of 3D-printed polymeric thin-layer chromatography (TLC) platforms which
were successfully applied for separating various dyes, proteins, and conjugates
without any additional surface functionalization [75].

These devices were produced by PolyJet printing employing the commercial
resin VeroClear RGD810. With a similar approach, Parker and coworkers reported
a 3D-printed microfluidic device incorporating immunoaffinity monoliths for the
extraction of preterm birth (PTB) biomarkers [76]. In this case, a glycidyl methacry-
late monolith was fabricated in the channel of a 3D-printed device fabricated
by stereolithography; the monolith was used as anchoring point for antibodies
against the PTB to be detected in human serum matrix. At last, Belka et al.
proposed alternative methods for solid-phase extraction of fabricating sorbents with
a scabbard-like shape by FFF using LAY-FOMM60, to be used for the analysis of
steroids in human plasma [77].



166 I. Roppolo et al.

A B

C D

Incubation

Frequency Frequency

A
m

p
li
tu

d
e

A
m

p
li
tu

d
e

Liver lobule

Bio-inspiration

Modified liver
lobule topology

Ultraviolet Liver structure Liver-mimetic structure

A B

C D

Incubation

Frequency Frequency

A
m

p
li
tu

d
e

A
m

p
li
tu

d
e

Liver lobuleO

OO

Bio-inspiration

Modified liver

lobule topology

Ultraviolet Liver structure Liver-mimetic structure

Fig. 7.1 (a) Steps of the photo-assisted MIP fabrication. (b) MIP cantilever fabricated by TPS and
schematics of the sensing principle (Adapted from Ref. [72] with the permission from the Wiley-
VCH Verlag). (c) Integration of nanoparticles in a photocured PEGDA hydrogel. (d) Liver-mimetic
microstructure used as detoxifier (top) and its 3D structure measured by laser confocal microscopy
and scanning electron microscope (scale bar 50 μm). (Adapted from Ref. [74] with the permission
from the Springer Nature)

7.3.1.2 Improved Immobilization

One of the key aspects to successfully obtain a performing sensing layer during
the development of biosensors is the controlled and stable immobilization of
biorecognition elements [78].
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Fig. 7.2 (a) Puzzle-shaped 3D-printed PEGDA hydrogels entrapping horseradish peroxidase and
glucose oxidase: (1) CAD of the 3D-printed objects and (2) imaging of the printed objects. (3)
Chemiluminescent measurements (3 min) in the presence of 100 mM glucose and 220 μM luminol
in Veronal buffer 30 mM and KCl 30 mM (Adapted from Ref. [81] Copyright 2016 American
Chemical Society). (b) Workflow of the fabrication of 3D-printed microcantilever arrays and their
vibrational characterization (Adapted from Ref. [82] Copyright 2017 American Chemical Society).
(c) Schematic of the colorimetric- and fluorescence-based binding assays grafting biotin on 3D-
printed microstructures (Reprinted from Ref. [83] with the permission from the WILEY-VCH
Verlag). (d) CAD, microscope images, and picture of the 3D-printed microfluidic modular LOCs.
(Adapted from Ref. [86] with the permission from the Royal Society of Chemistry)

Often, the surface functionalization is the most time-consuming procedure in the
fabrication of biosensors [79, 80]; this leads many efforts to the development of 3D-
printed objects that could be employed directly or with very limited (bio)chemical
modification.

For instance, Mandon and coworkers produced functional 3D-printed objects
entrapping biomolecules during the polymerization step [81]. For instance, they
chose puzzle shapes as a proof of concept of more complex structures such as a
multiplex biosensing layer. The PEGDA-based hydrogel was 3D printed using DLP,
fabricating puzzle pieces containing different enzymes (Fig. 7.2a). Once fit together,
glucose was used to observe the sequential activity of the two enzymes. Indeed, it
was exploited as substrate by the glucose oxidase, producing hydrogen peroxide,
which was subsequently used as substrate by the horseradish peroxidase to produce
chemiluminescence in the presence of luminol.
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Similarly, Stassi et al. fabricated 3D-printed functional microcantilever platform
in a one-step process with DLP, which was later used for mass detection [82].

This biosensor was built adding acrylic acid to the bisphenol A ethoxylate
diacrylate (BEDA) in a photocurable formulation, introducing a controlled amount
of carboxyl groups in the polymeric matrix, which then were exploited as anchoring
points for the immobilization of biorecognition elements. The proof of concept was
then tested by immunoassays performed on the surface of the microcantilevers (Fig.
7.2b).

Another example of bioactive 3D scaffolds integrated into a monolithic lab-on-
chip (LOC) was reported by Credi and coworkers by a stereolithography printing
process [83]. In this work, the authors designed a biotin-conjugated UV-curable
resin, which was used to produce scaffolds with features smaller than 100 μm and
with pore size of 400 μm. HABA (4-hydroxyazobenzene-2-carboxylic acid)/avidin
molecules were then employed as a standard biotin binding assay to detect biotin on
the surface of the 3D-printed structures. Afterward, the biotinylated scaffolds were
integrated in a microfluidic reactor, fluxing the HABA/avidin solution to perform
real-time analyses (Fig. 7.2c).

Aronsson and coworkers reported the development of a hybrid peptide-polymer
hydrogel, which combines covalent cross-linking with supramolecular interactions,
to tune the mechanical properties as well as the biochemical functionalities [84].
The authors used bicyclo[6.1.0]nonyne-modified hyaluronic acid together with
an eight-arm PEG bearing terminal azide groups, to take advantage of the click
reaction between the alkyne and azide, thus achieving covalent cross-linking.
Furthermore, a helix-loop-helix polypeptide able to dimerize into helix bundles
was also tethered to the hyaluronic acid backbone: this polypeptide was used to
change the cross-linking density and to impart desired mechanical properties to the
printed components. At last, biotin conjugation into the polypeptide loop was used
to immobilize a streptavidin-AP (alkaline phosphatase), monitoring its activity by
using a chromogenic probe.

Intrinsic functionalities embedded in 3D-printed objects were also studied to
upgrade well-established techniques, such as enzyme-linked immunosorbent assay
(ELISA). This is considered the gold standard for the detection of many analytes,
because of its remarkable sensitivity and sensibility [10]. Furthermore, being very
versatile (e.g., an antibody can be produced against a wide range of target analytes)
and its moderate price, ELISA is often applied in the food analysis to detect traces of
contaminants and of pathogens. Conversely, the strict protocol requirements (need
for laboratory equipment, protocol optimization related to target analyte, and the use
of commercial polystyrene labware) hardly allow to reach the flexibility required to
perform analyses outside of clinical or research environments [11].

3D printing technology has been recently investigated to solve these drawbacks,
enabling the possibility to implement the ELISA tool in open-field applications.
For example, centrifugal microfluidic devices were fabricated using ABS (acry-
lonitrile butadiene styrene) by PolyJet 3D printing, driven by a mini-centrifuge
and employed to perform an ELISA, as reported by Ukita and coworkers [85,
87]. In this study, the colorimetric reaction was evaluated both by means of a
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plate reader and a smartphone, showing comparable results. In this framework,
Chiadò et al. reported the DLP fabrication of polymeric microfluidic devices, which
were then used to detect biomarkers involved in angiogenesis [86]. The authors
fabricated modular LOCs with embedded chemical groups which were exploited to
immobilize biorecognition elements, thus producing biosensors which implement
an immunoassay as detection method. Carboxylic moieties were introduced by
adding acrylic acid in three different photocurable monomers that were compared in
terms of physicochemical properties and protein grafting capabilities. A formulation
with BEDA and 10% wt of acrylic acid was proved to be the best-performing
material among all the tested ones, and it was used for the fabrication of a sensing
platform composed of a microfluidic channel and an incubation well. The functional
polymer was printed only in desired areas, to confine the active material to specific
points, increasing the sensitivity and reducing the nonspecific binding on other
parts of the LOC (Fig. 7.2d). A sandwich immunoassay and a portable fiber optic
spectrometer were used to evaluate the optical density for the detection of vascular
endothelial growth factor and angiopoietin-2.

Another kind of sought-after improvement in ELISA-based bioassays is to
increase its sensitivity. This was achieved by increasing the available surface area,
as demonstrated by Singh and coworkers. They introduced a so-called 3D well, a
hollow cylinder-like structure made of ABS fabricated by FFF 3D printing, to study
the serological diagnosis of infectious diseases [87, 88]. After the printing process,
the surface modification was conducted by chemical etching to show hydrophilic
properties, achieving effective protein binding capability, which resulted in higher
sensitivity than standard 96-well ELISA toward rubella virus and measles virus
(2.25- and 3-folds, respectively).

7.3.1.3 Improved Functionality

The use of composite and nanocomposite materials has always been one common
strategy to improve the objects’ properties. This can also be applied to the 3D
printing field [21] where the addition of fillers into the printable matrices has
led to the production of three-dimensional objects with enhanced electrical [89],
mechanical [90], or functional [7, 91, 92] properties.

The use of conductive fillers in polymeric matrices (e.g., graphene/PLA or
graphene/ABS) has been proposed for the production of 3D-printed electrochemical
biosensors [93]. In these devices, oxidoreductase enzymes, coupled with conductive
electrodes, are able to transduce the biochemical interactions into a readable
electronic signal [94].

Graphene-PLA composite filaments were used to print, by means of an FFF
equipment, 3D working electrodes of an amperometric biosensor for glucose
monitoring in blood plasma using glucose oxidase (GOx) and ferrocene-carboxylic
acid as a mediator [95], with a simultaneous determination of uric acid and nitrite.
In this case, the COOH groups exposed on the surface of the 3D-printed graphene-
PLA were used to immobilize the GOx enzyme that was then cross-linked with
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glutaraldehyde (Fig. 7.3a). The reported results showed a satisfactory detection
of glucose at levels commonly found in blood samples: the chronoamperometric
measurements gave a linear response for increasing concentrations of glucose with
a limit of detection (LOD) of 15 μmol/L and LODs of 0.02 and 0.03 μmol/L for
uric acid and nitrite, respectively.

3D-printed graphene-PLA electrodes were also proposed by Manzanares-
Palenzuela et al. for the detection of 1-naphthol in contaminated wastewaters by
cyclic voltammetry (CV) [96]. The device exploited the controlled degradation of
PLA by using proteinase K, to activate the surface and achieve the controlled
patterning of the 3D-printed surfaces to be used as working electrodes.
Indeed, the as-printed surfaces are electrochemically irresponsive toward the
ferro−/ferricyanide redox pair, whereas the proteinase K-mediated PLA hydrolysis
exposes the embedded electroactive graphene and enhances the overall conductivity
of the 3D-printed material and switches on the biosensors. On this activated surface,
alkaline phosphatase was immobilized by adsorption to detect 1-naphthyl phosphate
in solution (Fig. 7.3b). More recently, a new biosensor exploiting 3D-printed
electrodes made of graphene-PLA was proposed by the same group [97].

This work described a 3D-printed electrochemical enzyme-based biosensor with
a third-generation scheme of detection. The sensor did not need mediators because
of the fast electron transfer between the redox enzyme and the electrode. The
graphene-PLA 3D-printed electrodes were immersed in dimethylformamide or
underwent the application of a constant potential to be electrochemically activated
to enhance their conductivity. Two different configurations were evaluated for the
detection of hydrogen peroxide: in one case, horseradish peroxidase (HRP) was
directly immobilized onto the electrode surface, and in the second case, HRP
was immobilized on the surface of the electrode previously decorated with gold
nanoparticles. Both the configurations gave promising results from chronoampero-
metric measurements at different H2O2 concentrations with a LOD of 11.1 μM and
9.1 μM.

�

Fig. 7.3 (continued) (a) Scheme of the two steps of redox reactions exploited by the graphene-
PLA composite biosensor to convert glucose into gluconolactone by using glucose oxidase and
ferrocene-carboxylic acid. Insets: amperometric measurements of glucose (0–6.3 mmol/L) (top),
cyclic voltammograms for 1.0 mmol/L uric acid (middle), and 1.0 mmol/L nitrite (bottom)
recorded on the “as-printed” G-PLA electrode (black), after mechanical polishing (green) and
solvent-treated after polishing (blue). Dashed lines correspond to the respective blanks (Reprinted
from Ref. [95] with the permission from the WILEY-VCH Verlag). (b) Workflow of the fabrication
steps of a 3D-printed graphene-PLA biosensor fabrication: the electrode is printed by FDM,
and then the proteinase K-mediated PLA hydrolysis activates the surface, by exposing the
electroactive graphene, because the as-printed electrodes are electrochemically irresponsive toward
the ferro/ferricyanide redox pair. The immobilization of alkaline phosphatase allows the 1-naphthyl
phosphate detection. (Reprinted from Ref. [96] with the permission from the Royal Society of
Chemistry)
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7.3.2 Flexible-Wearable Biosensors

A good part of the actually produced bioanalytical devices could envisage a great
improvement if transformed into flexible-wearable electrochemical biosensor [98].
Above all, when applications in small metabolite monitoring are considered (e.g.,
glucose, lactose, or choline), medical devices using noninvasive approaches are
requested. The possibility to make them wearable would represent a step forward
in their development. To make this possible, the first requirement is flexibility
that nowadays can be obtained by using smart textiles and stretchable electronics
[99], often obtained by 3D printing with the subsequent addition of CNTs (carbon
nanotubes), graphene, or metal nanoparticles [87].

The most suitable 3D printing technology to produce flexible electrodes and
devices is DIW; this technique allows the design and patterning of highly precise
enzyme-based POC (point-of-care) systems presenting uniform surface and few
defects [100].

One example of DIW-printed flexible sensor was proposed by Dong and
coworkers [101]. They produced a flexible amperometric lactate sensor based
on a three-electrode configuration. A silver nanoparticle-based ink was extruded
via DIW on a flexible polyethylene terephthalate (PET) substrate. A sulfonated
fluoropolymer-copolymer, Nafion, was coated on the working electrode followed by
the immobilization of the enzyme lactate oxidase. An oxidation peak at 0.25 V was
revealed by CV (capacitance-voltage) measurements conducted at different lactate
concentrations, and the amperometric biosensor gave a linear response as the lactate
concentration increased from 0 to 15 mM.

Another example was given by Nesaei et al. that produced a flexible glucose
biosensor [102]. A commercial carbon ink was modified with Prussian blue as
electron transfer mediator, and in parallel, a GOx enzyme solution combined
with tetraethoxysilane and hydroxypropyl cellulose to obtain a sol-gel printable
ink was prepared. Both inks were 3D printed using DIW method (Fig. 7.4a).
The chronoamperometric data revealed a linear oxidation current in the range of
glucose concentration between 100 and 1000 mM; it was estimated a sensitivity of
17.5 nA/mM and a LOD of 6.9 mM.

Pu and colleagues used a rotating inkjet printing apparatus to obtain a micropat-
terning on a nonplanar surface to produce an implantable flexible enzyme-electrode
sensor for continuous glucose monitoring [103]. A polyether ether ketone (PEEK)
cylinder modified with silane agents was used as depositing substrate; a silver ink
was used for the deposition of the counter and reference electrodes, while the
working electrode was produced with a 3D multilayered nanostructure alternating
the deposition of different inks containing gold nanoparticles, reduced graphene
oxide (rGO), and Pt nanoparticles (PtNPs). The GOx enzyme was then printed
onto the working electrode and covered by drop casting with Nafion to improve
its biocompatibility and stability. The biosensor resulted capable to detect concen-
trations of glucose up to 570 mg/dL; this value results suitable for the detection in
physiological conditions.
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Fig. 7.4 (a) Workflow of the fabrication of the printed electrode by using a direct ink writing and
an enzyme as printing materials on a flexible substrate (top); working principle of glucose sensing
(Reprinted from Ref. [102] with the permission from the Elsevier B.V.) (b) Fabrication process of
the PtNP-nanocomposite-based glutamate biosensor on a PDMS (polydimethylsiloxane) substrate
(top); working principle of the biosensor (middle); picture of the micro-glutamate biosensor on
PDMS substrate (scale bars: 5 mm and 200 μm). (Reprinted from Ref. [104] with the permission
from the Elsevier B.V.)

An implantable amperometric biosensor for the evaluation of glutamate release
from the spinal cord of a rat was also proposed in literature exploiting a similar
approach [104].

A flexible silicone rubber (Ecoflex™) was mixed to conductive poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), multiwalled carbon
nanotubes, and platinum NPs for the production of the printable ink that was
deposited by DIW on a flexible polymer substrate. Glutamate oxidase (GluOx) was
used as sensing enzyme and immobilized on the electrodes with glutaraldehyde.
This enzyme consumes O2 to generate H2O2 that can be used for the amperometric
evaluation of glutamate concentrations (Fig. 7.4b). It was observed that imposing a
potential of 0.5 V vs. Ag/AgCl reference electrode, H2O2 is oxidized by the PtNPs,
generating a current proportional to the concentration of glutamate, while at −0.2 V,
the O2 is reduced, generating a cathodic current that decreases when the enzyme
consumes the oxygen in the presence of glutamate. Also, this system showed a
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linear response in the range of 1–800 μM and a LOD of 0.5 μM when operated
at 0.5 V and between 10 and 600 μM with a LOD of 0.2 μM when operated at
−0.2 V.

The large number of printable biocompatible (nano)composites proposed for the
production of scaffolds for tissue engineering and regenerative medicine [4] has
opened the possibility to merge their properties with the versatility of the DIW
technique leading to the production of flexible biosensors applied to the monitoring
of cell culture metabolites. One example was given by Nolan et al. that produced a
flexible biosensor array for the simultaneous monitoring of glucose, lactate, and
glutamate from human astrocytes [105]. The active ink for the electrodes was
formulated using PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate), silicone, activated carbon, and Pt microparticles. The immobilized enzymes
glucose, lactate, and glutamate oxidases made the biosensor array selective toward
the analytes of interest from astrocyte cultures at 37 ◦C. It was also demonstrated
that the biosensor array can be printed onto different substrates such as cell culture
plates, sheets of flexible laminates, and glass slides. Neuronal electrophysiology was
also studied using a flexible biosensor exploiting a biocompatible graphene-based
platform by Guo and coworkers [34]. The graphene ink was ink-jetted on a Kapton
substrate where N27 neurons were cultured; the biocompatibility was assessed as
cell survival after 72 h (85%).

7.3.3 Biocatalysis

In the previous sections, the different applications of enzyme-based biosensors
and wearable electronics have been discussed. Enzyme-based devices demonstrated
considerable capability in monitoring specific biomarkers in body fluids (e.g., sweat,
saliva, tears, etc.) and in revealing environmental pollutants [106–109].

In the following paragraphs, biocatalytical devices will be discussed discerning
pure enzymatical systems from bioreactors used for energy harvesting or for fine
chemical synthesis.

7.3.3.1 Enzyme-Based Systems

Enzymes present catalytic activity and selectivity that can also be exploited for
the development of analytical 3D-printed devices for biocatalysis. As it will be
explained in the following paragraph, enzymes have been directly embedded in the
printable material or immobilized on confined parts of the 3D-printed structures.
Both strategies present some advantages and drawbacks.

Biosensors were built by 3D printing hydrogels embedding enzymes to obtain
bioactive constructs with biomimetic capabilities [110]. PEGDA hydrogels were
printed in the presence of alkaline phosphatase and thrombin as enzymes; AP
catalyzes the formation and precipitation of calcium phosphate while thrombin
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the formation of fibrin. The two enzymes co-immobilized into a bioinspired 3D
object (mimicking bone tissue) led first to the calcification of the structure and
subsequently to the covering of this last with a fibrin network, also able to entangle
living cells. Despite the easiness and rapidity of the process, one of the main
drawbacks of the direct incorporation of the enzymes in the printable materials
are the preservation of the catalytic activity and the low long-term stability of the
biomolecules.

Different studies were conducted, aiming to overcome these problems. One
example is the work developed at the Karlsruhe Institute of Technology [111]
where the stability problem was faced by testing different viscosity-enhancing addi-
tives. Polyxanthan, hectorite, and silica nanoparticles were tested to obtain stable
PEGDA-based formulation embedding β-galactosidase (β-Gal). While polyxanthan
and hectorite did not allow the formation of a mechanically stable 3D object, silica
NPs allowed the production of good structures; nevertheless, the enzyme activity
resulted to be only 10% compared to the free enzyme in solution, due to mass
transfer limitations.

As an alternative, Wegner et al. [112] proposed a water-in-oil internal phase
emulsion (HIPE)-encapsulating β-Gal as bioink for the 3D printing of scaffolds
containing enzyme-loaded hydrogels. In this case, the new material showed a
remarkable printability, with the possibility to print complex 3D geometries without
the need of support structures. Also, the activity assays were performed on 3D-
printed cylindrical-shaped constructs, evaluating the conversion of 2-nitrophenyl
β-D-galactopyranoside (ONPG) to 2-nitrophenol (ONP) by spectrophotometry.

Original solutions were also reported trying to arrange low-cost and user-friendly
apparatus, able to allow the 3D printing of enzyme-encapsulating materials for the
realization of automated high-throughput screenings. As an example, Radtke et al.
[113] implemented a common FFF printer for the encapsulation of active enzyme
into hydrogels. As a proof of concept, PEGDA-based hydrogels, containing β-Gal,
were again tested. In this case, a “mold-and-fill” procedure was followed in which a
sacrificial ink was firstly used for the printing of hollow cylinders in a 48-wells plate,
and then the space between the well rim and the printed cylinder was filled with
liquid precursor of the PEGDA hydrogel containing β-Gal that was subsequently
polymerized using a UV diode. The sacrificial structures could then be washed away
at low temperature to obtain hollow structures with a height of 8 mm and a thickness
of 1.6 mm. The catalytic activity of the enzyme was evaluated at different pH values
by monitoring the formation of ONP from the substrate with a spectrophotometer.

A different flow bioreactor for the in vivo monitoring of glucose and lactate
in the extracellular compartment of the rat brain was also printed by FFF by Su
and colleagues [114]. An ABS flow reactor with two parallel reaction chambers,
presenting a specific design aimed at enhancing the mixing effect and increasing
the surface area, was built (Fig. 7.5a). The GOx enzyme was then immobilized
onto the exposed surface in the inner part of the chambers, after its activation with
glutaraldehyde; in the meantime, lactate oxidase was directly immobilized without
the need for further modifications, thanks to the hydrophobic interactions with the
styrene moieties of the ABS structure. The bioreactor was connected to a micro
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Fig. 7.5 (a) CAD drawings of the flow reactor, next to a layer of ordered cuboids in the reaction
chamber. Below is a photograph of the printed reactor. (b) Scheme of the system for in vivo
monitoring of the concentrations of rat brain’s extracellular glucose and lactate. (Adapted from
Ref. [114] Copyright 2016 American Chemical Society)

dialysis sampling probe and a spectrofluorometer. Aiming to evaluate the presence
of glucose and lactate, the extracellular rat brain micro dialysate was mixed with
HRP- and a H2O2-sensitive fluorogenic substrate. In this way, during the flux, HRP
could recognize the H2O2 generated by the oxidation of glucose/lactate giving a
fluorescence signal, thanks to its catalytic activity. The LOD of this detection system
was assessed at 60 μM for glucose and 59 μM for lactate (Fig. 7.5b).

7.3.3.2 3D-Printed Bioreactors

Among the possible evolutions of 3D-printed materials embedding biocatalyst,
the development of continuous-flow bioreactors for chemical synthesis or energy
harvesting can surely be foreseen. The integration of enzymes that can provide high
regio- and stereoselectivity, coupled with the enhanced 3D design, can become a
point of innovation [115].

For this purpose, the deep understanding of the enzymes’ behavior, including
kinetics, stability, and immobilization strategies, is mandatory for the correct
development of performing devices that can operate in continuous processes [116].

Starting with energy bio-applications, in most of the proposed case studies, the
researchers proceed with the design and printing of the device with a subsequent
functionalization and immobilization with the desired enzyme to obtain the required
functionality. One example is the work proposed by Rewatkar and Goel. Here the
researchers developed enzymatic biofuel cells (BFC) using a dual-extruder FFF
3D printer [117]. The BFC was designed as a Y-shaped microfluidic device in
which the microchannels were produced with a simple PLA filament, while the
electrodes were built from a conductive graphene/PLA composite (Fig. 7.5a). The
graphene/PLA electrodes underwent an activation procedure in DMF [93] and
were then modified by the immobilization of two enzymes: GOx was used on
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the bioanode, while laccase was chosen for the biocathode. The performed tests
revealed that the device presented 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.

3D printing technology can also allow the design of reactors in which separated
reactions can take place building up sequences of multistep biocatalytic reactions
assuring the best reaction conditions for each step and avoiding unwanted side
reactions or product inhibition.

Maier et al. produced 3D flow-reactor cartridges [118] by the FFF 3D printing
of agarose-based enzyme-integrated hydrogels. As explained in the previous para-
graphs, FFF requires relatively high processing temperatures to allow the deposition
of the filament and the adhesion between layers; this can result problematic when
enzymes must be embedded into the filament. For this reason, thermostable enzymes
were chosen by Maier and coworkers, or other enzymes were modified by protein
engineering methods to make them stable at the needed temperature. Firstly, agarose
bioinks were prepared embedding an esterase (EstII) or an alcohol dehydrogenase
(ADH) from the thermophilic microorganism Alicyclobacillus acidocaldarius; this
ink was used to produce different structures. As proof of concept, the catalytic
activity of the embedded enzymes was tested following two processes: in one
case, the EstII activity was followed by immersing the loaded hydrogel in a
solution containing 5(6)-carboxyfluorescein dihexyl ester as fluorogenic substrate
and monitoring its de-esterification; in the meanwhile, ADH activity was assessed
evaluating the catalyzed reduction of isobutyraldehyde to yield isobutanol.

The results showed that the catalytic activity of the two enzymes was not
damaged by the deposition procedure that took place at 60 ◦C. As further step,
a different enzyme, ketoisovalerate decarboxylase (KIVD) from the mesophilic
organism Lactococcus lactis, was also modified by computational methods, random
mutagenesis, and screening of a clone library to obtain thermostable variant suitable
for the application in FFF printing. The selected mutation of the enzyme was
embedded into the cartridge of a flow reactor aiming to get the ketoisovalerate
conversion into isobutyraldehyde.

Exploiting the same concept, a 3D-printed enzyme-loaded agarose hydrogel was
used to build part of a modular flow reactor for the production of a chemoenzymatic
reaction cascade [119].

Phenacrylate decarboxylase from Enterobacter sp. was chosen as enzyme for
the first reaction step of the reactor to catalyze the formation of 4-vinylphenol
from p-coumaric acid; subsequently, a palladium-catalyzed Heck reaction promoted
the coupling with iodobenzene for the formation of 4-hydroxystilbene showing the
possibility to obtain cascade reactions. Despite the intriguing approach, the total
yield of the reaction was relatively low (15%) (Fig. 7.6b).

A step further in the production of multi-reaction flow bioreactor is represented
by the possibility of combining different enzymes in sequential reaction chambers,
obtaining a real cascade bioreactor. This was reported by Franzreb group [120]. A
reactor chamber (13 × 13 mm2) was firstly built by PolyJet 3D printing using a
polypropylene photopolymer and loaded with PEGDA-based hydrogels embedding
three different enzymes that were printed with an extrusion-based machine (Fig.
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Fig. 7.6 (a) Reactor assembly, where the hydrogel structure is inserted in the reactor housing
with connection to the fluidic system (Adapted from Ref. [120]). (b) Schematic setup of the flow
reactor for flow experiments with one reactor module, next to a conversion of p-coumaric acid in
a biocatalytic flow setup (Inset: 3D-printed reactor modules prior to assembly into the reactor).
(c) Flow reactor setup of one out of four parallel reactors to produce 4-vinylphenol. The flow
reactor next to the 50 mL collection tube is perfused with substrate solution by a syringe pump.
On the right, the purified 4-vinylphenol (top) and, after subsequent Heck coupling, the purified
4-hydroxystilbene (bottom) are obtained as white crystals. (Adapted from Ref. [119] with the
permission from the John Wiley and Sons)

7.6a). β-Galactosidase from Aspergillus oryzae (β-Gal), benzoylformate decar-
boxylase from Pseudomonas putida (BFD), and ADH from Lactobacillus brevis
were chosen as enzymes. The first one allowed the selective hydrolysis of 2-
nitrophenyl-β-D-galactopyranoside to 2-nitrophenol and galactose, while BFD and
ADH were combined in a two-step reaction: firstly, BFD catalyzed the production
of the intermediate (S)-2-hydroxy-1-phenyl-propanone by the carboligation of
benzaldehyde and acetaldehyde; and then, the intermediate was 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.

7.3.4 Precision Medicine

Patient-centered healthcare will represent the future of medicine, and for this reason,
it has caught the attention of researcher operating in different biomedical sectors.
Indeed, the possibility to provide customized treatments based on biological,
physical, and medical differences of each individual is a challenging task that
will greatly improve the success of medical treatments [121]; among the different
possibilities, the patient-designed optimization of the dosage of a drug or medication
has recently been considered. In this frame, 3D printing has been proposed for
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the fabrication of tablets with customized dosage, multiple active pharmaceutical
ingredients, and release profile [122].

7.3.4.1 Smart Tablets

Enteric, coated tablets were produced exploiting a dual-nozzle single step FFF
3D printing process [123]. The smart tablets were designed with a core-shell
structure where the outer part, gastric-resistant, was produced with a methacrylic
acid copolymer, presenting pH-dependent properties, while the inner structure was
made of polyvinylpyrrolidone, using theophylline as a model drug. Budesonide and
sodium diclofenac were also tested as drugs embedded in the core part, displaying
a pH-sensitive drug release rate (Fig. 7.7a).

Fully customizable 3D-printed drug tablets were also proposed by Tan et al.
[124]. Disc- and capsule-shaped tablets were produced using an extrusion-based
3D printer; the tables consisted of two surface-deteriorating matrices, one of those
was incorporating the drug.

A biodegradable coating was deposited on the surface of the tablet excluding
one side that was then directly exposed to the surrounding medium when in use.
In this way, a precise control of the drug release profile over time could be
achieved. The free surface, not loaded with the drug, was printed with different
shaped cavities and used as a mold for the deposition of the drug-loaded matrix in
order to provide a specifically designed release profile to the tablet. Paracetamol,
phenylephrine hydrochloride, and diphenhydramine hydrochloride were tested as
drugs demonstrating the possibility to achieve controlled release profiles. In the end,
the customized and simultaneous release of two drugs, each with its own unique
release profile, was also demonstrated (Fig. 7.7b).

Smart tablets have also been engineered aiming to achieve a better control
over opioid abuse. Ong and coworkers fabricated tramadol tablets with alcohol-
resistant and abuse-deterrent properties by direct powder extrusion 3D printing
[125]. Hydroxypropyl cellulose was mixed with D-mannitol used as plasticizer, and
tramadol hydrochloride was chosen as the active ingredient; polyethylene oxide was
then added to the printable formulation as abuse-deterrent agent. The printed tablets
demonstrated an abusive limitation potential of 13% when used with an intravenous
route and of 70% with a nasal route, without alterations of the release profile in the
presence of alcohol.

7.4 Conclusion

To summarize, in this chapter, the recent advances concerning 3D-printed devices
with built-in (bio)chemical functionalities have been described, with particular
emphasis on those exploitable to produce bioassay or enzyme-based objects for
biotechnological applications. New potentials have been so demonstrated in several
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Fig. 7.7 (a) Schematic of shell-core designs with increasing shell thicknesses (0.17, 0.35, 0.52,
0.70, and 0.87 mm) and images of 30% completed shell-core designs with theophylline core and
increasing shell thickness (Adapted from Ref. [123] with the permission from the Springer Nature).
(b) Schematic of fabrication of the fully customizable drug tablet via 3D printing. (1) The matrix
that contains the drug, (2) the matrix that does not contain the drug, and (3) the outer coating of
white wax. Below is the process of fabricating the components via the molds and assembling the
individual components into the drug tablet. (Reprinted from Ref. [124] with the permission from
the Elsevier B.V.)

bio-application fields, such as biosensing or catalysis even in view of a broader
implementation of precision medicine. The combination of functional materials
with 3D printing generates different advantages, such as the rapid and versatile fab-
rication of items with fine-tuned materials, whose functionalities are designed taking
in consideration the final use. This is mostly true in the development of bioanalytical
LOC, which involve a careful blend of material and microfluidic design, trying to
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improve recognition, immobilization, and stability of the biosensing elements. For
instance, concerning immobilization, the entrapment of biological molecules in the
whole polymeric matrix, or in selected parts of the object, can be obtained without
any complex process, thanks to the layer-by-layer process.

In a nutshell, the structural and functional design of new devices is then expanded
by the integration of both approaches, considering the benefits those techniques
can offer when employed separately. Moreover, this strategy can be helpful also
to improve the performance of routine methods in research laboratories, as reported
for the well-known ELISA test. Nevertheless, even if different advantages can be
listed out, some important challenges need to be resolved [126].

First of all, the physical and chemical properties of the materials should match
with the printing mechanism. Therefore, a lot of work should be addressed to
enhance the printability of materials containing the biomolecules responsible for
the biochemical functionality of the object. Catalytical or biorecognition properties
should be retained. At the same time, stability and processability should be
preserved as well. Photopolymerization- or extrusion-based 3D printers, among
the most exploited techniques, need harsh conditions such as high temperature
or generate radical species, which are poorly compatible with the presence of
antibodies, enzymes, nucleic acid probes, etc. Therefore, an effort to enhance the
biocompatibility is awaited, in terms of stability (e.g., retained biological activity),
or to cut mass transfer limitations off and keep the functions of the biomolecules.
It must be noted that these aspects involve both the development of materials (e.g.,
novel photoinitiators) and biomolecule engineering (e.g., thermostability).

A secondary point is that on the market, there are specifically designed 3D
printers for bio-application, the so-called bioprinter, but these are still costly and
not intended for assembly production. In this view, any attempt such as the biomaker
[113] reported above is welcomed.

At the same time, a further development can entail the combination of different
3D printing techniques in the same machine. Indeed, each technique shows its
pros and cons. Then, the merging of various strategies may lead to multi-material
objects with complexity tailored according to the final use. In this framework,
well-established nanomaterials, already exploited in the conventional fabrication of
bioanalytical devices, such as quantum dots or photonic crystals, have been only
recently joined with 3D printing, giving rise to brand new technologies [127–129],
or are still waiting for their integration with additive manufacturing. Finally, 3D
printing offers the opportunity to get insights from the interaction between biology
and material science, so that synergistic improvements are expected to foster fast
and relevant unexplored advances in bio-applications.
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