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Three-dimensional (3D) printing technology, also known as additive manufacturing (AM), has emerged as an attractive
state-of-the-art tool for precisely fabricating functional materials with complex geometries, championing several
advancements in tissue engineering, regenerative medicine, and therapeutics.
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| 1. Introduction

The demand to produce sensing devices rapidly and cost-effectively for medical diagnostics, environmental monitoring,
and process industries is on the rise. In recent decades, research on biosensor technology has witnessed tremendous
progress in response to the increasing spectrum of clinical and environmental analytes, necessitating the need for more
rapid and affordable analytical tools. Modern and conventional analytical techniques can offer appreciable accurate and
sensitive detection of clinical and environmental analytes. Still, most of these techniques are limited by cost, the need for
trained personnel, and impracticability for onsite analysis 1l. Biosensors are seen as the tools of choice to match the rising
need for diagnostics and monitoring, as they are inexpensive, seamless to construct, and, most importantly, can be
miniaturized into portable formats.

Biosensors are compact analytical devices incorporating a biological sensing element. Biosensors can detect
biomolecules in a complex sample by converting the physical or chemical signal into an optical or electrical signal, which
can be further processed to yield the analyte concentration, quantitative or semi-quantitatively [&. Biosensors offer several
advantages over conventional analytical methods, such as speed, ease of use, low cost, non-destructive properties, and
on-site detection, making them indispensable tools in various fields . They comprise the biological recognition element
(BRE), signal transducers, and display units. Biosensors can be classified based on the type of biorecognition element or
the nature of transducers used in the device’'s development. Based on the kind of biorecognition, biosensors can be
classified into catalytic (such as enzymes and catalytically active polynucleotides—DNAzymes) and affinity types such as
nucleic acid biosensors and immunosensors). In some whole-cell biosensors, living cells and microorganisms can act as
recognition elements (bioreporters) responding to trigger molecules such as inducers) by expressing specific (indicator)
genes. The BRE, such as hormones, receptors, antigens/antibodies, enzymes, living cells, nucleic acids, carbohydrates,
and tissues, specifically recognize the analytes via catalysis or affinity interactions, which can be further processed to
quantify the amount of the analyte in a given sample 1. Enzyme-based biosensors use specific biochemical recognition
and high-efficiency catalysis, leveraging high catalytical power to produce a biosensor with high selectivity and ultra-low
detection limits. Other biorecognition molecules such as antigen/antibody, nucleic acid/complementary sequences, and
protein/receptor interactions employ a high affinity specific binding interaction as molecular recognition, forming a stable
complex. Biosensors can also be classified as optical [, electrochemical (label-based or label-free), mechanical [, and
conductometric @ biosensors. Also, based on the signal transducers, biosensors can be classified as thermal,
electrochemical, piezoelectric, magnetic, optical, mechanical, or radioactive sensors (Figure 1).



Figure 1. The classification of biosensors based on the types of transducers.

| 2. Three Categories of Biosensors Based on the Types of Transducers
2.1. Optical Biosensors in Additive Manufacturing Processes

Optical biosensors are widely adapted analytical techniques for the real-time detection of analytes in clinical and
environmental samples owing to their high sensitivity and selectivity, ease of deployment, and cost-effectiveness. In this
type of biosensor set-up, the information is transduced in the form of photons as absorbance, reflectance, luminescence,
or fluorescence emissions over the ultraviolet (UV), visible, or near-infrared regions of the electromagnetic spectrum. By
far, fluorescence is the most applied optical detection method and comes in different measurement formats, including
fluorescence intensity, quenching efficiency, anisotropy, and decay time, among others.

The easiest way to achieve specificity in an optical biosensor is by using more or less specific biorecognition elements
such as enzymes, antibodies, oligonucleotides, or whole cells and tissues &. Enzymes catalyze reactions with a high
degree of specificity, and the products of these reactions (or of reactants consumed) are monitored directly if they are
luminescent or colored or by using optical transducers. The steady-state concentration of detectable species is, thus,
related to the concentration of the analyte 2. A cross-section of an optical enzymatic biosensor based on fiber optic
comprising an enzyme layer, an oxygen/pH-sensitive indicator layer. The indicator layer is prepared by either dissolving
an indicator dye directly in the polymer matrix or covalently or physically adsorbed onto the surface of microbeads, which
can be mixed with the polymer matrix afterward. The indicator layers sense the product’s generation of substrate
consumption during an enzymatic reaction.

The enzyme(s) can be immobilized onto the surface of the polymer membrane chemically or physically by entrapment into
a polymer network such as hydrogels. a sandwich sensor is mounted on the tip of an optical fiber that transmits excitation
light from a light source to the sensor foil and emits (reflected) light back to a photodetector [&. A variation of the optical
sensors that exploit chemiluminescent and bioluminescent reactions is usually more straightforward because no indicator
layer is required. They are widely used to monitor highly significant analytes in clinical medicine, food and environmental
analysis, and bioprocess monitoring. An affinity-based optical sensor is exemplified using an immunosensors format. In
theory, an antigen-antibody binding event is a reversible non-covalent interaction. Still, in practice, most immunoreactions
are irreversible due to the significant association constants and very slow dissociation rates 2. However, efforts have
been directed towards the search for reusability of the immunosensors by washing with solutions of high osmolarity, high
ionic strength, or low pH, which allows for multiple measurements with a single sensor.

Due to the easy operating principle and quick fabrication of complex 3D models, the additive manufacturing technique has
extended to a broad spectrum of biosensing applications, including optical sensors. Three-dimensional (3D) printed
structures with integrated sensing components have been widely applied to detect physiological parameters, including
blood pressure, heart rate, body motion, respiration rate, brain activity, and skin temperature 8. Generally, the 3D printed
sensors are fabricated by integrating the sensor in the printed platform or directly printing the sensing component.

2.2. Electrochemical Biosensor

In an electrochemical biosensor, biological response is converted into an electrical signal for the detection of specific
analytes in a wide range of applications, including pathogen detection, disease diagnosis, food safety, and environmental
monitoring &, by integrating the sensitivity of electroanalytical methods with the biological selectivity of the biological
component 19, Like other types of biosensors, electrochemical biosensor typically consists of a biorecognition element



that recognizes its analyte, resulting in a catalytic or binding event that ultimately produces an electrical signal that is
proportional to the concentration of the analyte, as monitored by a transduction element.

Electrochemical biosensors fall into two main categories—biocatalytic devices and affinity sensors, depending on the
nature of the biological recognition processes. Biocatalytic devices incorporate enzymes, whole cells, or tissue slices that
recognize the target analyte and produce electroactive species. Affinity sensors rely on a selective binding interaction
between the analyte and a biological component, such as an antibody, nucleic acid, or receptor. Biocatalytic biosensors
leverage the catalytic power of enzymes to achieve ultra-low detection limits. They are widely used, but because many
biochemical analytes are not amenable to enzymatic detection due to a lack of sufficiently selective enzymes, the analytes
and affinity biosensors have appeared as an alternative method. Affinity sensors use the selective and robust binding of
biomolecules, such as antibodies (Ab), membrane receptors, or oligonucleotides, with a target analyte to produce a
measurable electrical signal 2%, The molecular recognition in affinity biosensors is mainly determined by the
complementary size and shape of the binding site to the analyte of interest. The high affinity and specificity of the
biomolecule for its ligand make these sensors very sensitive and selective 111,

Many physical and chemical approaches have been studied to immobilize the biomolecules onto the electrochemical
transducer to achieve the closest proximity between the biomolecules and the transducer’s surface. A desirable
immobilization method would be one that stably retains the structure and function of an immobilized biological entity.
Immobilization should be able to achieve enhanced stability, recyclability, and selectivity. Commonly employed
immobilization strategies are elucidated by 29,

The most accessible approach has been physically immobilizing the biomolecules on the electrode surface. Physical
immobilization does not involve covalent bond formation; as such, the native structure of the biomolecules is preserved.
Chemical immobilization usually involves covalent bond formation between the functional groups (NH,, COOH, OH, and
SH) biomolecules and the electrodes. Standard enzyme immobilization methods include enzyme entrapment against the
electrode using a preformed membrane, encapsulation, inclusion in a gel or electropolymerized film, incorporation in a

carbon paste, and using bio-specific interactions such as biotin—avidin binding, adsorption, cross-linking, and covalent
attachment [LAL213],

Electrochemical techniques are generally organized into three main categories of measurement: current, potential, and
impedance. The following electrochemical detection methods—voltammetry/amperometry, electrochemical impedance
spectroscopy (EIS), conductometry, and potentiometry—have been employed to varying degrees of popularity depending
on the analytical needs.

Electrochemical techniques can significantly benefit from using 3D printing technologies in terms of the relatively lower
construction costs of custom-made, complex measurement systems and the great flexibility offered by 3D printing
technologies 4. Specifically, 3D printing can be used to create conductive electrodes with unique shapes or
compositions. These electrodes can be utilized for redox and catalytic processes that are useful in electrochemical
sensors, presenting a promising avenue for developing novel biosensors 22, This approach enables the integration of
bioelectronics with a three-dimensional environment for conducting biological assays, thereby enhancing the sensitivity
and accuracy of the sensor 156l The scalability of this approach further contributes to the production of biosensors with
improved capabilities for various applications. For instance, Cantu and colleagues reported the realization of miniaturized
sensitive electrochemical platforms for protein detection developed through aerosol jet 3D printing 4. The authors
showed the possibility of improving the reliability and repeatability of measurement techniques integrable in several
biotechnological applications using 3D printing technologies.

2.3. Physical Sensor

A physical sensor is a device that detects and responds to material inputs, converting them into analog or digital forms.
Physical sensors can detect physical quantities based on various physical effects such as force, heat, light, electricity,
magnetism, and sound. An example of a physical sensor that involves mass change or calorimetry is the micro-electro-
mechanical systems (MEMS) resonant mass sensor. This sensor has been developed to directly measure single adherent
cells’ biophysical properties, mass, and growth rate, demonstrating its capability to detect mass changes 28!, An example
of a physical sensor is the magnetoelastic sensor. Magnetoelastic sensors have attracted considerable interest within the
sensor community as they form an excellent sensor platform that can be used to measure a wide range of environmental
parameters, including pressure. Magnetoelastic sensors have been used by applying a mass-changing chemically
responsive layer to monitor chemical analyte concentrations, including glucose, carbon dioxide, ammonia, and pH 19,
Coating the magnetoelastic sensor with a mass-changing, chemically responsive layer enables the realization of chemical
sensors 19,



Piezoelectric sensors are another class of physical sensors that have found a broad application in biomedical engineering
and health monitoring due to their high sensitivity and fast response time. Piezoelectric sensors operate based on the
interconversion of electrical and mechanical energies; as such, there has been a growing interest in the use of
piezoelectric polymer sensors for energy harvesting and self-powered sensing, leveraging their flexibility, low density, and
high piezoelectric constant 29, This kind of sensor technology demonstrates a high versatility and adaptability towards the
fabrication of self-powered and label-free biosensors for the detection of biomarkers, with a wide range of sensing and
actuation applications [211122],

Acoustic wave sensors are among the physical sensors that have emerged as versatile and indispensable tools with
applications ranging from biosensing and medical diagnosis to industrial monitoring and safety assurance. These sensors
leverage the principles of acoustic wave propagation to detect and analyze physical, chemical, and biological parameters.
For instance, surface acoustic wave (SAW) sensors, including Love mode acoustic wave sensors, have been proven to be
highly sensitive and reliable for biosensing applications 2324, This sensing approach involves the transmission of an
acoustic wave across the surface of a device substrate to an interdigitated transducer, where it is converted back into an
electric signal through the piezoelectric effect, whereby any alterations to the mechanical wave are reflected in the output
electric signal, allowing for the quantification of changes in the surface properties of the device substrate 251281 The
preceding principle forms the basis for acoustic wave sensors where the SAW is adjustable by adding mass to the surface
or by changing the length of the substrate and the spacing between them 22, Also, film bulk acoustic wave resonators
(FBARS) have received specialized attention in electronics and communications for sensing physical parameters such as
temperature, pressure, and humidity and for detecting various biochemical substances 27,

| 3. Bioprinting Method Applications in Biosensors

Three-dimensional (3D) printing technologies will soon impact the biosensor community at the sensor and sensing layer
organization level. Many sensors are intrinsically sophisticated and are often arranged into composite architectures
constructed from multiple components 28, Therefore, new fabrication methods that could be used to create complex
sensors rapidly are desired. Many thanks to the rapidly advancing field of additive manufacturing that can enable printing
different biomaterials into intricate 2D and 3D architectures, which could be used for sensing.

The convergence of additive manufacturing processes with biomaterials has introduced a new paradigm in the
biotechnology engineering community. Indeed, the emergence of new printing materials and a variety of 3D printers for a
seamless fabrication of complex hydrogel scaffolds that permit the incorporation of sensing layers within the scaffold with
complex geometries have brought new perspectives to most biosensors’ developers 29, whereby 3D bioprinting is now
being extended to include critical biotechnological applications such as incorporation of active biomolecular recognition
element into the 3D printed objects for (bio)sensing purposes.

Many bioprinting techniques, such as electrodeposition, ink-jet printing, microcontact printing, and extrusion, can be
adapted for use in the development of biosensors by a precise, rapid deposition and patterning of the printing material
laden with reporter biomolecules. The library of biomolecules that have been bio-printed ranges from biomolecules such
as proteins, enzymes B9 nucleic acids, polysaccharides, and bacterial cells to whole cells such as mammalian cells,
algae, and bacteria 311,

Three-dimensional (3D) bioprinting of biosensors can benefit from the capability for multiplexing and high-throughput
analysis for rapid multianalytes screening. Concerning tissue engineering, the incorporation of sensing capability into 3D
printing materials could facilitate a rapid patterning of different sensor molecules over a wide range of concentrations to
allow for the detection of threshold levels of biomarkers of cellular responses, thereby allowing for a kind of spatial-
temporal monitoring of cellular environment in parallel experiments. The transduction properties of the various
biomaterials used as bio-ink are essential when bioprinting is aimed at biosensing applications. The immobilization of BRE
is critical in fabricating a sensorized 3D construct. Different fabrication approaches have been employed to date.

| 4. Approaches of Introducing Biosensors 3D Bio-Printed Biosensors

The ability to rapidly manufacture functional sensors would benefit numerous healthcare and environmental monitoring
applications. There are different strategies for introducing sensor units to 3D fabrication. The biomaterials could be
functionalized with the BRE during the bio-ink preparation before printing or simultaneously during printing. At the same
time, it is also possible to functionalize the 3D construct post-fabrication (Figure 2). the additive manufacturing process
offers the unique ability to seamlessly integrate complementary fabrication processes or subcomponents manufactured
using traditional methods. This allows for the fabrication of 3D-printed sensors by embedding a sensor unit directly into



the printed structures during a process interruption, or the sensors can be entirely printed as an intrinsic feature of the
structure B2, Integrating sensing into customized complex geometries is beneficial for many applications, such as patient-
specific 3D biomedical devices, point-of-care diagnostics, and spatial-temporal monitoring of cellular environment in tissue
engineering, to name a few.
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Figure 2. Two strategies for introducing sensing capabilities in additive manufacturing processes. In one approach, the
bioink is functionalized with the sensing unit before the 3D printing process, while the second approach entails the
functionalization as a kind of post-printing processing.

In 2018, Trampe et al. demonstrated the possibility of combining 3D printing with incorporated sensor particles into the
bio-ink by functionalizing the bioink with luminescent oxygen sensors 23, The authors developed a simple method to
functionalize an alginate-based bioink with luminescent O,-sensing nanoparticles, showing excellent printability and
biocompatibility when fabricated microalgae and/or mammalian cell-laden scaffolds. The 3D-printed optical sensor was
applicable for spatiotemporal imaging of oxygen within the printed—construct to facilitate a rapid evaluation of cell activity
in printed constructs as a function of structural complexity, metabolic interactions in mixed-species bio-prints, and
response to external incubation conditions. However, successfully printing the scaffold with active biomolecular
recognition requires optimized temperature and aqueous environment conditions, especially when the recognition
molecules of interest are enzymes, antibodies, or other structurally complex macromolecules 33,

The O,-sensitive nanoparticle-functionalized bioinks were subjected to printability and viability tests, after which the
3Dprinted construct was calibrated. This extensive calibration experiment showed that the ratio of the red and green
channels in the acquired images could describe the O2 dependence of the nanoparticle luminescence in the matrix.
Furthermore, the authors observed the absence of nanoparticle leakage from the printed hydrogel scaffold into the
surrounding medium during several days of incubation. Moreover, no significant photobleaching was detected under the
experimental irradiance levels employed 22,

Interestingly, the work of Trampe et al. demonstrated the possibility of mapping local differences in O, concentrations due
to different metabolic activities in hydrogel compartments with mammalian and microalgal cells. More complex 3D-printed



hydrogel scaffolds comprising sensor nanoparticle-laden hydrogel strands with either microalgae, mammalian cells, or
without cells were analyzed to demonstrate the ability to map local differences in O, concentrations due to different
metabolic activities in hydrogel compartments with mammalian and microalgal cells.

The approach is a landmark and opens a window of opportunities to design unique scaffolds enabling optimal O, supply
to mammalian cells growing in the 3D constructs. The ability to conduct online imaging of dynamic changes in O,
concentration as a proxy for metabolic activity is a powerful tool in tissue engineering. The use of sensor-functionalized
bioinks has a wide range of applications in 3D bioprinting and additive manufacturing, as it enables simple, rapid, and
noninvasive mapping of the chemical microenvironment and activity of embedded cells in printed scaffolds 22, Another
sensor molecule, such as a pH-sensitive molecule, can be incorporated in hydrogel-based bioinks, individually or in
combination with O2 nanopatrticles, in an attempt to create multiparameter measurements and mapping of chemical
microenvironments, concentration gradients, and dynamics in 3D-bioprinted constructs with living cells 24!,

Due to the detrimental effects of excessive exposure to ultraviolet (UV) radiation on human health, an affordable, simple
sensor for monitoring UV radiation is desirable. In 2020, Finny et al. 53] prepared a hydrogel-based 3D printing ultraviolet
(UV) sensor to quantify exposure. In their study, a color-changing hydrogel ink containing alginate, gelatine, photoactive
titanium dioxide nanoparticles, and dyes (methyl orange, methylene blue, and malachite green) was first developed and
3D printed 8, The nanoparticles initiate photocatalytic degradation of dyes, leading to dye discoloration. The authors
show that TiO, nanoparticles conserve their photocatalytic properties inside transparent hydrogels, retaining their stability
upon exposure to UV light.

Attempts were made to assess the photo discoloration rate under outdoor exposure conditions and determine the
correlation between discoloration and UV exposure. The sensors prepared from the three dyes were exposed to outdoor
sun under the recorded weather conditions and UV index.

The viscosity and composition of the ink were optimized to achieve printability, which resulted in a one-step fabrication
approach. The resulting sensors are inexpensive, stable, extremely robust, biodegradable, and easy to use B2, The
hydrogel, comprising alginate and gelatine biopolymers, provided an excellent medium for stabilizing the nanoparticles
and the dyes. The hydrogel composition was optimized for room temperature gelation and to facilitate 3D printing of
mechanically stable, robust, and reproducible constructs. The ink’s tunability, biocompatibility, and printability offer
excellent potential for developing advanced 3D printing methods that, in addition to UV sensors, can be applied more
broadly to fabricate other sensing technologies for various other applications.

Worthy of mention is the work of Liu and Li 28], who reported a 3D printing-based strain sensor using an ultra-stretchable
and self-healing double-network hydrogel. Leveraging the thermoreversible sol-gel transition behavior of k-carrageenan in
water, a double-network (DN) hydrogel was prepared by combining an ionically cross-linked k-carrageenan network with a
covalently cross-linked polyacrylamide (PAAm) network, showing an enhanced self-healing feature and excellent
recoverability. The warm pre-gel solution of the dual network was 3D printable.

Also, a printable hydrogel microarray-based drug-screening platform capable of unambiguously differentiating true
enzyme inhibitors from false inhibitors has been developed, by immobilizing the enzyme through entrapment within the
hydrogel 4. A drop-on-demand syringe solenoid printer was used to print hydrazide (POH) and aldehyde sequentially
(POA) functionalized poly(oligoethylene glycol methacrylate) (PO) precursor polymers, previously shown to rapidly gel
upon mixing via hydrazone bond formation B8 on a nitrocellulose substrate. To demonstrate the potential of printable
hydrogel-enzyme thin films for practical biosensing applications, TEM-1 B-lactamase was printed in a POA/POH hydrogel
array onto the microzones of a 96-well nitrocellulose wax-printed template. This process created a microplate mimic
adaptable to current high-throughput screening protocols BZ. Inhibitor solutions and nitrocefin (a colorimetric B-lac
substrate) were deposited on the microzones at different concentrations using a high-throughput dispensing robot. The
resulting colorimetric read-out of B-lac activity was quantified via image analysis B4, This report elucidates a novel
technological advancement in drug discovery that employs a printed hydrogel screening assay instead of the conventional
microplate assay platforms. This innovative method circumvents the primary limitations of the existing microplate assay
platforms by substantially reducing reagent volumes, negating the costs associated with microtiter plates, and augmenting
the assay’s sensitivity.

Recently, a gelatine methacrylamide-based hydrogel harboring a sugar-sensitive fluorophore has been printed as a 3D
sugar-sensing hydrogel B2, This was based on the possibility of fluorescently monitoring the reversible binding ability of
boronic acids (BAs) with diols such as sugars. The author reported an extrusion-based 3D-printed sugar-sensing
hydrogels by incorporating a boronic acid—fluorophore (BA-fluorophore) pair in a gelatin methacrylamide-based matrix.



The principle behind the sensing system is based on the intermolecular interaction between BA and fluorophore, resulting
in a quenched state of fluorescence B4, But in the presence of sugar, cyclic BA-ester forms, which can induce a structural
change around boron, thus weakening the interaction between the BA unit and fluorophore, and thereby restoring the
fluorescence. B9 In so doing, saccharide concentration can quantitatively modulate the fluorescence response.

Accurate and reproducible fluorescent detection of saccharides over physiologically relevant concentration ranges (up to
40 mM) has been demonstrated. The hydrogel fluorescence emission increases linearly in the presence of glucose (1.72-
fold) or fructose (2.65-fold) up to 100 mM.

Mandon et al., 3D printed objects with entrapped sequential enzymatic reactions (glucose oxidase and peroxidase) and
entrapped the antibody for a sandwich immunoassay to detect brain natriuretic peptide (231,

Most recently, Leggett and colleagues 2% 3D printed pH-indicating filaments of poly-lactic acid by using a fused filament
fabrication (FFF) approach. polylactic acid (PLA) and poly-(ethylene glycol) (PEG) were blended with pH indicator powder
to prepare filaments with environmental sensing functionalities. The novel PLA-PEG-indicator sensor filament was robust,
with characteristic color changes in different pH conditions tested, thermally stable, and biodegradable. The fabrication
approach entailed pre-mixing the components—PLA, PEG, and the indicators (bromothymol blue, phenolphthalein, and
thymol blue) before extrusion. A particular type of extrusion-based 3D printing—the direct ink-write technique—was
employed to additively manufacture complex geometrical structures with an embedded wireless temperature and relative
humidity (RH) sensor during the 3D-printing process 1. The printed sensor object could read up to 65 RH and
temperatures of up to 85 °F from a maximum distance of 141.7 m.

A reagent-less additively manufactured sensor for multi-analytes has been developed by Finny and colleagues 42, The
hydrogel-based (bio)sensors with incorporated receptor molecules and transduction interfaces were 3D printed by
extruding the bioink formulation comprising enzymes and catalytic and photoactive properties. The 3D-printed biosensors
were a lactate sensor for measuring physiological activity in the sweat and a UV sensor for quantifying harmful UV
radiation exposure.

The facile integration of chemical sensing technologies into 3D-fabricated manifolds, which can garner quantitative,
measurable responses to the local environment, remains an unmet need of tissue engineering. For example, the
incorporation of sensing units into a hydrogel for glucose detection in cancer cells 43 and tissue culture 4445 has been
reported. Glucose detection in solution has been well documented using boronic acid (BA) that binds reversibly to diols of
glucose and fructose, leading to a quantitative fluorescent response. A transition from solution-based methodologies to a
solid, insoluble platform must be made for the practical realization of this technology. Therefore, Bruen and colleagues 2
researched how to create a 3D-printed hydrogel-based sugar sensor. BA—fluorophore pair was incorporated into a gelatin
methacrylamide-based matrix and fabricated by extrusion-assisted 3D printing. The resulting extruded structured porous
hydrogels displayed a measurable and reproducible linear fluorescence response to glucose and fructose up to 100 mM.
This is a landmark attempt to generate a 3D-printed structure with chemical sensing capability, and as such, could provide
a viable route for applying spatiotemporal sensing capabilities to emerging 3D cell culturing environments B4,
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