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Abstract

Electrochemical sensors are widely used to monitor biomolecules. However, limitations
in sensor geometry has restricted the scope of currently utilised electrochemical
sensors. 3D-printing has emerged as a promising manufacturing approach, to robustly
make electrochemical sensors, that can stably measure in biological environments. This
review highlights the recent trends in the development of 3D-printed electrodes and
biosensors for measurement of biomolecules. Novel geometries of 3D-printed
electrodes have provided the means to conduct ex vivo measurement in the intestinal
tract and in vivo measurements in the brain. 3D-printing is providing the ability to
manufacture electrochemical sensors that can measure biomolecules in diverse areas
of the body.
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Introduction

Measurement of biomolecules is of significant interest, given the important roles they
play in governing physiological functions. Changes in the levels of biomolecules often
occur during the onset of disease. Hence, any approach capable of measuring the
concentration of biomolecules can be utilised as vital diagnostic technology. However,
measurement of biomolecules is a significant challenge, as these molecules are
released rapidly in small concentrations from specific locations within a complex
environment [1]. Electrochemical techniques have emerged as the leading approach to
meet such complex measurement needs [2]. Due to the diverse nature of environments
in which measurements are conducted, a wide range of electrochemical sensors have
been developed for biomolecular detection [3, 4]. However, the fixed geometry of these
electrodes, reduce their scope for bioanalytical monitoring. At present the range of
geometries that electrodes are made of are limited and often electrochemical sensing
devices are not fabricated to interface with the biological environment. There is also a
limitation in the range of conductive materials that can be used to fabricate electrodes.
Therefore, complex modifications of the electrode surface are conducted to enhance its
electrochemical activity for detection of specific biomolecules. To overcome these
limitations and enhance the horizon in which electrochemical measurement can be used
for biomolecular detection, 3D-printing has risen as the potential alternative. Its use in
the generation of electrochemical sensors and devices can broaden the types of
biomolecules detected in varying biological environments. This review will explore the
range of sensors that have been fabricated using 3D-printing for biomolecular
measurement and the potential opportunities this offers for future measurements in

biological environments.

3D-printing is an approach in which digitally generated design can be manufactured into
a physical object by printing [5]. 3D-printing of electrodes is most widely conducted
using fused deposition modelling (FDM) through the use of commercially available

conductive thermoplastic [6-8]. In this approach, conductive thermoplastic is heated to



a semi-molten state and extruded at a dispenser nozzle. The extruded conductive
thermoplastic is deposited layer by layer to generate the 3D-structure. The resulting
sensor is either used as manufactured, or pre-treated through different mechanical,
chemical, electrochemical, and biological methods to enhance its selectivity to specific
molecules [9-12]. These different pre-treatment methods are used to enhance the
conductivity and electrochemical performance of 3D-printed sensors to make them

suitable for biological measurements.

The potential of 3D-printed electrodes as biosensors

Electrochemical biosensors are chemical sensors where a biological macromolecule
acts as a sensing element. This element is coupled to an electrode, for the purpose of
detecting the concentration or activity of a specific analyte in a sample matrix. A variety
of biological macromolecules have been utilised within biosensors such as nucleic
acids, antibodies and enzymes, of which the latter is the most widely used biological

sensing element [13].

The La Belle group printed graphene/PLA sensors onto a mylar substrate which was
then dipped into a glucose dehydrogenase solution to make the first ever
electrochemical 3D-printed glucose biosensor [14]. Another type of enzymatic biosensor
immobilized horseradish peroxidase onto the surface of graphene/PLA sensors. This
sensor was able to selectively detect peroxide in human serum and was stable for a

period of 7 days [15].

Another important advance is the development of a DNA biosensor. A 3D-printed helical
electrode was electrodeposited with gold and thiol single stranded DNA which was
attached to the surface of the electrode. The biosensor showed exceptional promise to
identify complementary DNA in the presence of non-complementary DNA (Figure 1)
[16].

The ability for biological entities to be stable on 3D printed electrodes indicates that they
are biocompatible. Therefore 3D-printing provides an economical and robust alternative

to current strategies for biosensor fabrication. However, to fully understand the potential
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of these types of biosensors, a comparison to other approaches for biosensor

manufacture is critical.

Interfacing 3D-printed electrodes in biological fluids

Biological fluids are complex measuring matrices due to the presence of a variety of
large proteins, which foul the electrode surface [17]. This poses a signficant challenge

for conducting stable electrochemical measurements over time.

The Bonacin group utilised a pre-treated graphene/PLA electrode for the measurement
of key neurotransmitter dopamine. They were able to monitor dopamine in human blood
serum spiked samples with good recovery [11]. Their sensors were reproducible,
selective against uric acid and ascorbic acid, which are common biological interferents,
and had low limits of detection which is critical in measurements in biological
environments. However, the measurement of this molecule without time consuming
activation of the surface is difficult. One group solved this by manufacturing their own
graphene loaded PLA filament and showcased that untreated 3D printed electrode has
superior performance to glassy carbon electrodes for the measurement of dopamine
[18].

Using graphene/PLA electrode in a fully 3D printed electrochemical cell, simultaneous
detection of nitrite and uric acid in pure and spiked samples of human urine and saliva
was achieved [19]. The same electrochemical flow cell was utilised, where the
graphene/PLA electrode was modified to an enzymatic biosensor for the detection of
glucose, where measurements were conducted in spiked samples of bovine plasma.
This 3D printed biosensor was highly stable and showed no interference from sodium,

potassium or urea, which are commonly found in blood plasma [20].

These studies show that 3D electrodes can conduct robust measurements in complex
biological fluids such as plasma, urine and saliva. These studies indicate that 3D-printed
sensors can be an ideal platform for monitoring biomolecules in harsh biological fluid

samples.



Ex vivo and In vivo measurements using 3D-printed sensors

Measurements of biomolecules ex vivo and in vivo pose a significant challenge due to
the restricted geometries required to interface with tissues, large number of
interferences, the small concentrations of biomolecules released and the dynamic
nature of measurements [21, 22]. Two studies that overcame these challenges were
accomplished by the Patel group where in one a 3D-mould packed with carbon
composite electrodes was developed. This was utilised for detection of serotonin
overflow from the entire murine colon [23]. This approach highlighted the ability to use
3D-printing to generate devices that provided the means to monitor biomolecules from
large tissue regions. The second study showed the first ex vivo tissue study conducted
with a completely FDM 3D-printed electrochemical sensor. The electrode was uniquely
manufactured to mimic the shape of a feacal pellet, which is critical in order to provide a
natural physiological stimulus. This 3D-printed device was then inserted into the lumen
of the anorectum in order to simultaneously detect serotonin overflow and circular
muscle contractility (Figure 2) [24]. This study directly shows that 3D-printing provides a
beneficial platform to create varying electrode geometries that are best suited to

naturally interface with biological systems.

Although most studies reviewed so far have been conducted with FDM, this mode of
3D-printing is not ideal for development of sensors with sub-micron dimensions. Using
two-photon lithography methods, various studies have developed microelectrodes. A
study by the Venton group used this approach, where two-photon lithography was used
to 3D-print photoresist on the tip of metal electrodes. This was then carbonized to
create sphere microelectrodes [25]. Figure 3 shows these 3D-printed electrodes being
utilised for in vivo detection of dopamine in vivo in the caudate [26]. Dopamine release

as low as 92 nM was successfully detected in vivo. This approach provides the ability to



revolutionize electrode fabrication by creating electrodes of varying geometries for

implantable sensors.

Conclusions & outlook

3D-printed electrodes have shown the ability to conduct sensitive and robust
measurements of biomolecules and as biosensors. Given that 3D-printing provides the
scope to generate sensors of varying shapes and sizes, novel electrode geometries

have been fabricated so that they can interface with biological environments.

The outlook for biomolecular detection is highly promising. 3D-printed electrochemical
sensors can be made with any dimension and geometry, allowing for sensors to be
interfaced in any biological system. Additionally, 3D-printable filaments can be made
using a wide array of conductive materials, opening new avenues for biomolecular
detection. Furthermore, the ability to have such complex devices made at scale in a
robust fashion allows added benefits. With all these potential benefits, the scope of 3D-
printed electrodes for providing new insight into the role and function of biomolecules is
profound. Future medical diagnostic devices could be completely additively

manufactured, where electrochemical sensors could serve as the detection technology.
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FIGURE 1. Development of a biosensor on a 3D-printed electrode (A) Schematic
representation of the DNA biosensor developed on gold electroplated 3D-printed helical
stainless-steel electrodes. (B) Graph showing the methylene blue reduction peak
current values obtained after hybridization with complementary or non-complementary
DNA targets. The inset demonstrates the respective differential pulse voltammograms
acquired. Reprinted with permission from Ref. [16]

Gold-plated
3D-printed
helix

s8-8t

N\S"\ SH-Lprobe /\/"\. DNA target D Methylene blue

B 120

'Y S——

A

-30

. /
g ™ A\ —
= - 90 B
c 2 Pyt
Q 60+ 00 -01 02 03 04 25
E (V)
=
o
% 30
S -
o
v +
Complementary Non-complementary

DNA target

11



FIGURE 2 Fabrication of 3D-printed electrochemical sensor. (A) Schematic visualization
of the electrochemical sensor, showcasing how connection of the sensor was achieved.
(B) Final 3D-printed electrochemical sensor with a geometry that mimics a faecal pellet,
where (1) is the carbon black/PLA electrode and (2) is the PLA sealing cap. (C)
Simultaneous monitoring of 5-HT overflow and circular contraction from the anorectum,
where recordings on the force transducer (red) and electrochemical sensor (blue) are
shown. Gray bar indicates the duration that 1 uM fluoxetine was added. Reprinted with

permission from Ref. [24]
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FIGURE 3. 3D-printed microelectrodes for detection of dopamine in vivo. SEM images
of 3D-printed sphere (A) before and (B) after pyrolysis. (C) Evoked dopamine current
versus time (60 stimulation pulses, 60 Hz, 300 yA biphasic stimulation pulses applied at
55s). (D) Cyclic voltammogram of stimulated dopamine. Reprinted with permission from
Ref. [26]
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