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Abstract

Drug delivery devices which can control the release of drugs on demand allow for
improved treatment to a patient. These smart drug delivery devices allow for the
release of drugs to be turned on and off as needed, thereby increasing the control over
the drug concentration within the patient. The addition of electronics to the smart
drug delivery devices increases the functionality and applications of these devices.
Through the use of 3D printing and 3D-printed electronics, the customizability and
functions of such devices can also be greatly increased. With the development in
such technologies, the applications of the devices will be improved. In this review
paper, the application of 3D-printed electronics and 3D printing in smart drug
delivery devices with electronics as well as the future trends of such applications are
covered.
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1. Introduction

Drug delivery devices are used to transport a drug either into a patient or to specific sites
within a patient’s body. This can be achieved through different routes and methods. The
role of a drug delivery device is also to ensure that the drug concentration within the
patient or at the specific sites is within a certain functional range known as the therapeutic
window!". The therapeutic window refers to a range of drug concentration within a
patient which allows for the optimal treatment. Above this range, the drug becomes
toxic or causes intolerable adverse side effects and below which the drug is ineffective
and unable to produce the desired effects’?. Thus ensuring that the drug concentration
stays within the therapeutic window is essential for providing effective treatment to the
patient. Traditional drug delivery devices, however, once administered would not be
able to control the amount and duration of drug release. This would affect the control of
drug concentration within a patient®. Drug delivery devices which can directly control
the release of drug allow for the better control over the drug concentration that is within
the patient or at the specific sites!*..
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1.1. Smart drug delivery devices

Smart drug delivery devices are a type of drug delivery
devices which can trigger the release of drugs as needed
from the device. These devices can control when the start
and end of the drug release from the device is, allowing for
the drugrelease to be turned “on” and “off” as needed. Thus,
the duration, the rate, as well as the location of the drug
release can be controlled. This improves the control over
the concentration of drugs within the patient, increasing
the effectiveness of the drug therapy and decreasing the
possibility of adverse side effects.. There are mainly two
categories to classify smart drug delivery devices. These
two categories are as follows.

The first category is smart drug delivery devices with
a “passive” triggering of drug release from the device. For
these “passive” devices, the trigger of the drug release
from the device requires an external stimulus. External
stimuli such as infrared light (IR), ultraviolet light (UV),
ultrasound, magnetic field, or heat can be used*’!. Besides
these external stimuli, a microchip can also be used to
trigger the drug release. The microchip allows for either
the manual or wireless control of the drug release by the
doctor and nurse or by the patient!"”l. For this type of smart
drug delivery device, while it allows for the control of drug
release, it requires an external source to trigger the drug
release. Without any external interference, drug release
would not be triggered by the device.

The second category of smart drug delivery devices is
“active” smart drug delivery devices. Drug release from
“active” smart drug delivery devices does not require an
external stimulus or external interference. Instead, changes
in the physiological conditions of the patient or in the
surrounding area of the device can cause the triggering of
the drug release. One way that the physiological condition
changes can be used to trigger the drug release is through
the use of electronic sensors. The sensors can detect these
physiological changes and control the drug release through
amicrochip!"'. “Smart” materials can also be used to detect
changes in physiological conditions and trigger drug
release!'”. For the “active” smart drug delivery devices,
the drug release can be triggered and controlled in a self-
regulated, closed loop system. These devices can detect
changes in the patient or in the surrounding area of the
device and trigger the drug release as needed without any
external interference!'?l.

“Smart” materials are materials which undergo a phase
or property change when subjected to certain stimulus. For
the purpose of drug delivery, these could be physiological
stimuli such as changes in body temperature, pH, enzymes,
or biomarkers!"*'*.. Other non-physiological stimuli such
as ultrasound, magnetic fields, IR, and UV lights could also

be used"®!”. When exposed to such stimuli, these “smart”
materials would undergo changes to their properties such
as phase, solubility, or shape. These property changes can
then be used to control or trigger the release of drugs
when the “smart” material is exposed to the necessary
stimuli. The drug intended for delivery could be directly
loaded into the “smart” materials for release or the “smart”
material can function as a controlling mechanism to
control the release of drugs stored in a drug reservoir!'®.
For non-physiological stimuli-triggered “smart” materials,
an external interference or source would be needed
to trigger the drug release. However, for physiological
stimuli-triggered “smart” materials, the drug release can be
self-regulated by changes in the physiological conditions of
the patient or in the surrounding area of the material ™.

1.2. Addition of electronics to smart drug delivery
devices

For the “active” category of the smart drug delivery devices,
electronics can be added for use as both the monitoring
and triggering components of the device. Doing so would
increase the areas of application of the devices and would
also confer several advantages to the devices. The addition
of electronics and sensors to the smart drug delivery device
would allow for the patient’s wound or medical condition
to be monitored. This could be done by tracking the
certain physiological conditions such as pH, temperature,
or the amount of various biomarkers of the patient or in
the surrounding area. The information on the patient’s
condition can then be directly sent to the healthcare
professional taking care of the patient or to the patients
themselves. This allows for the healthcare professional to
have more information on the patient’s condition and to
provide better care for the patient. It would also allow
for the patients to keep track of their own physiological
information which could help the patients better monitor
their own conditions™'!. The electronics which are added to
the devices can also be used to control the drug release. This
can be done either through information from the sensors or
directly by the healthcare professional or patient®. Using
sensors to monitor the condition of the patient and supply
the necessary dose of drug as needed would also increase
the compliance of the patient. This is especially applicable
for illness which requires multiple drug doses daily such as
diabetes™!. The electronics can also control the start and
end of drug release, controlling the timing, duration, and
amount of drug released. This would allow for the precise
control over the amount of drugs which enter a patient’s
circulatory system so as to reduce possible side effects*].

The focus of this review paper is on the smart drug
delivery devices which have electronics. The review paper
will cover the use of 3D printing for smart drug delivery
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devices which contains or are designed to be used with
electronics as well as 3D printing fabrication of electronics
that are used in smart drug delivery devices.

2. Applying 3D printing to smart drug
delivery devices with electronics

2.1. 3D printing

Three-dimensional (3D) printing is a fabrication technique
which uses layer-by-layer deposition to fabricate the final
product. The 3D printing techniques used in smart drug
delivery devices can be classified into three main categories
based on the method of deposition. These categories are
extrusion-based, droplet-based, and vat-based 3D printing.

In extrusion-based 3D printing, mechanical force is
used to extrude material out through a nozzle. Different
methods can be used to provide the necessary mechanical
force to extrude the material such as pneumatics, screw-
based, or mechanical pistons®?*. For extrusion-based
3D printing, materials which exhibit shear thinning
properties are preferred. Shear thinning materials undergo
a decrease in viscosity under high shear forces. At the
extrusion nozzle, where the material experiences high
shear forces, the material will have a decreased viscosity
allowing for easy extrusion. After being extruded, the
high shear force is removed and the increase in viscosity
of the material allows for it to retain the printed shape®®”.
Alternatively, heat can be used to soften the printing
material. The heat can be applied at the nozzle or in the
cartridge housing the printing material. When the material
leaves the nozzle, the heat is removed and the material
hardens, holding the printed shape®.

For droplet-based printing, micro-droplets of the
printing or binding material are jetted onto a substrate or
material powder bed forming each layer of the product.
Examples of droplet-based 3D printing include microvalve,
acoustic wave jetting, thermal, and piezoelectric inkjet™!.
For binder-based droplet 3D printing, binding material
is dropped onto a powder bed of the desired printing
material. After the desired pattern is formed on the layer,
another layer of powder is deposited on top and the
process is repeated®. In material-based droplet-based
printing, droplets of the printing material are deposited
and subsequently crosslinked. This can be achieved
through deposition of the printing material into a pool of
crosslinking material or the crosslinking can be achieved
after deposition through methods such as UV crosslinking.
The use of micro-droplets to form the final product allows
for a higher resolution of the printing design®!. However,
due to the need for a lower viscosity in order to form the
droplets, the types of material which can be printed using
this method are limited. The lower viscosity of the printing

material also causes the initial printed design to have a
lower mechanical strength and be less able to hold its shape.
Thus, crosslinking of the printed design immediately after
printing could help to retain the shape.

Vat-based 3D printing involves the use of selective
curing of a vat of liquid crosslinkable material for the
fabrication of the product. In most vat-based printing, a
printing platform is lowered into the vat to the desired
printing thickness. Light in the desired printing pattern
or lasers are then shown across the surface crosslinking
the material forming the design. The platform is then
raised to allow for the liquid material to fill the void for
the printing of the next layer. This process is repeated
until the final product is formed®?. Examples of vat-based
printing include stereolithography, digital light processing,
and two-photon polymerization (TPP)®**. In TPP, the
material is cured only at the focal point of a high-power
pulse laser. This allows for the fabrication of products with
nanometer-scale resolution®. However, the drawback
of TPP is the scalability of the process for printing larger
objects. For vat-based 3D printing, the optical properties of
the printing material will affect the interaction between the
material and lasers and change the degree of crosslinking
of the material®!.

The 3D printing methods described above are mainly
applied to the fabrication of the non-electronic parts of the
smart drug delivery devices. The applications of the 3D
printing methods used for the direct fabrication of printed
electronics are different. A more detailed description and
examples of the 3D printing methods used for 3D-printed
electronics will be given in subsequent chapter.

2.1.1. Benefits of using 3D printing

The use of 3D printing for the fabrication of products confers
several advantages. One such advantage is that the product
can be highly customizable. As the printing materials used
in 3D printing can be deposited or crosslinked on demand,
it allows for free-form designs. Thus, the design of the
product can be customized or tailored to individuals. 3D
printing also allows for the fabrication of designs which are
hard or impossible to fabricate using traditional fabrication
methods. Due to the layer-by-layer fabrication process of 3D
printing, 3D printing can be used to fabricate certain unique
designs which cannot be done by traditional fabrication due
to design restrictions””\. The fabrication of unique designs
also applies the internal designs of products, known as the
infill. By customizing the infill of a printed item, different
infill designs can be fabricated. Different infill designs can
affect different properties of the printed item such as weight,
mechanical strength, diffusion rate, and density"**. Using
3D printing to fabricate the product also greatly reduces the
amount of material waste. Traditional fabrication methods
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typically use material removal methods from a larger block
to fabricate the products, leading to material wastage and
increased cost. The layer-by-layer fabrication method of
3D printing only deposits printing material as needed.
This leads to minimal waste generated from the fabrication
process. 3D printing has also been used for prototyping or
testing of product design®®. As 3D printing can be used for
the fabrication of small quantity of products on demand,
it allows for prototypes or products with different design
changes to be easily fabricated. These products can be used
for testing or for physical visualization of how the final
product would be.

2.2, 3D-printed parts for integration with electronics
3D printing can be applied to smart drug delivery devices
which contain electronics in various ways. These includes
the use of 3D printing to fabricate different parts, casings
or shells which are used with the electronic components
in smart drug delivery devices. This section covers 3D
printing fabricated parts that are used for integration with
electronic components for smart drug delivery. The next
section will cover casings and shells that are fabricated
using 3D printing for containing electronic components in
smart drug delivery devices.

There are a few different types of 3D-printed parts that
are fabricated to be integrated with electronic components
which are used for smart drug delivery. One of them is
3D-printed microneedles. These microneedles are often
used with microelectronic control systems or micropumps
in order to control the on-demand release of drugs. In one
such example, a hollow microneedle array, which could
be attached to micro-electromechanical systems (MEMS)
with integrated electronics and pumps, was fabricated using
vat-based 3D printing!*. This allows accurate control of
the amount of drugs delivered through the microneedles.
The hollow microneedle patch was specially designed and
fabricated using stereolithography. The microneedles were
designed to have an internal reservoir which is used to store
the liquid drug before distribution through the hollow
microneedles. The patch was also fabricated with a tubular
opening for connection to the pump. The microneedle
combined with the MEMS allows for the controlled
delivery of microliter volumes of drugs though a non-
invasive transdermal route. In another example, hollow
microneedle patches, which were integrated with wireless
electronic control system and pumps, were fabricated
using extrusion-based 3D printing!*!. The system is also
equipped with two separate reservoirs which can be used
to store and deliver different drugs. The wireless electronic
system allows for the control and delivery of separate
release profile from the two different drugs. Through the
use of 3D printing, the design of the microneedles, such as
the needle length and spacing, can be easily customized.

This is to facilitate the delivery of drugs into chronic
wounds. The thickness of the crust and necrotic tissue of
a chronic wound differs with time, type and stage of the
wound. By having customizable length of microneedle, the
needles could pierce and deliver drugs under the wound
crust and necrotic tissue. This would help increase the
bioavailability of the drugs within the deeper layers of the
wound, improving the treatment of chronic wounds.

The customizability of 3D printing has also been used
to fabricate specially designed features to be used with
microneedles for smart drug delivery. In one such example,
vat-based 3D printing was used to fabricate a microneedle
patch which contained microfluidic channels*’. The
microfluidic channels were connected to a specialized
mixing channel which would allow for the content flowing
from the different microfluidic channels to mix before being
delivered through the microneedles (Figure 1). For the
purposes of drug delivery, this would allow the mixing and
combination of different drug compounds to be delivered
to the patient. The patient would be able to receive multiple
different drug treatment simultaneously without having
to go through complicated process of taking several drugs
separately. Additionally, by controlling the input flow rate of
the individual microfluidic channels, the final composition
of the mixed fluid can be changed. The mixed fluid can
then be transdermally delivered to the patient through the
microneedle patch attached to the end of the mixing channel.
The 3D-printed microfluidic and mixing channels can also
be used for drug testing of different drug compositions for
development of drug therapies. In another work regarding
3D-printed microfluidic channels, 3D printing was used to
fabricate different microfluidic chips with varying channel
geometries and dimensions®. Due to the customizability
of 3D printing, the different geometries and designs of the
microfluidic chips can be easily fabricated. These differently
designed microfluidic chips were used to investigate and
optimize the use of electrotactic drug delivery for drug-
loaded ionic liquid microdroplets. These ionic liquid
microdroplets would then be used for drug delivery.

2.3. 3D-printed casing for containing electronics

3D printing has also been used to fabricate different casing
and shells for containing electronics for smart drug delivery
purposes. The customizability of 3D printing allows for
unique design of the casing which would be used to house
the components of the drug delivery device, such as the
drug reservoir, electronic sensors, and triggers. One area of
applications of these 3D-printed casings is in smart pills. Smart
pills use various different types of electronic components to
sense and trigger the release of drugs from the pill. In one
such example, 3D printing was used to fabricate a pill which
contained a miniature electrolytic pump connected to a drug
reservoir*!. When the drug is to be released from the pill, the
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Figure 1. (a) The use of a stereolithography 3D printer for fabrication of the microfluidic microneedle and the 3D model. (b) Printed microneedle device
with three separate microfluidic inlets which leads to a mixing chamber and subsequently to the hollow microneedles. (c) Zoomed-in image of the three
inlets converge junction. (d) Zoomed-in image of the hollow microneedles. (Reprinted with permission from!*?. Copyright (2019) AIP Publishing.)

electrolysis from the pump will cause a membrane to swell,
pushing the drug from the reservoir out through a nozzle in
the pill to be released. By controlling the current supplied to the
pump, the deflection of the membrane changes, controlling
the amount of drugs released. 3D printing allowed for the pill
capsule to be designed and fabricated with compartments
to contain all the necessary parts, such as the pump and
the electronic controlling components. In another example,
3D printing was used to fabricate a capsule for a smart pill
which contains multiple near-infrared (NIR) LEDs*. The
NIR LEDs allow for the tracking of the location of the pill as it
passes through the digestive system. The capsule was designed
with slots into it for placing the LEDs. The slots also contained
opening to allow for electrical connections. By tracking the
location of the pill, it would allow for the release of the drugs
to be triggered at specific areas within the digestive system.
This would allow for targeted drug delivery to specific areas
or for drugs to be released in certain area for increased drug
efficacy.

The use of 3D printing for drug delivery shells allows
for the fabrication of specially designed shells. For example,
multi-material 3D printing was used to fabricate a gastric-
resident electronic device*. The device was uniquely
designed with different materials forming different parts
to allow for the device to be delivered orally and to reside
in the stomach for long periods of time. The joints of the
arms of the device were printed with a flexible material,
allowing for the stiff arms to be folded in a more compact
shape for oral delivery. When the device reaches the
stomach, the arms unfold. This increases the overall size of

the device, preventing the device from leaving the stomach.
The 3D-printed shell of the device is also designed with
compartments which allows for the addition of electronics,
sensors, and drug reservoirs, allowing for long-term
monitoring, wireless feedback, and drug release. After a
period of time, the arms detach from the device, allowing
for the device and the arms to pass through the digestive
system. Casings for smart drug delivery devices using other
methods of drug delivery have also been fabricated using 3D
printing. In one such example, vat-based 3D printing was
used to fabricate microreservoirs with customizable shape
and volume to operate with a 3D-printed micropump for on-
demand drug release (Figure 2a)*’.. The entire device was
housed in a 3D-printed biocompatible casing (Figure 2b).
The scalability, customizable design, and biocompatibility of
the printed device allows for the device to be implanted into
different parts of the body for long-term drug release*. In
another example, 3D printing was used to fabricate a flexible
bandage used for drug delivery for wound management’.
The patch was designed to contain the wireless electronic
control component, the flexible heater and the drug reservoir.
The flexibility of the patch allows for the bandage to better
conform to the wound area, providing better interface and
conformance to the wound.

2.4. Advantages of 3D printing in the fabrication of
smart drug delivery devices

One of the advantages of using 3D printing for the
fabrication of smart drug delivery devices with electronics
is its ability to fabricate design, which is difficult or
impossible to achieve with traditional fabrication methods.

Volume 9 Issue 4 (2023)

148

https://doi.org/10.18063/ijb.725



International Journal of Bioprinting

3D printing and 3D-printed electronics in smart drug delivery devices

Silicone and Parylene-C

coating

pPump

Overall size:

uReservoir 19 x 13 x 3 mm?

Figure 2. (a) Scalable 3D-printed microreservoir with customizable shape and storage volume!*”.. (b) Completed device with a 3D-printed microreservoir,
micropump, and biocompatible 3D-printed casing for implantation. (Reprinted with permission from!*..)

This includes certain internal structure of certain parts of
the smartdrugdelivery device. Examples of such include the
microneedle patch which has the internal structure of the
microfluidic mixing channel or internal reservoir*#,
This allows for the addition of beneficial functions
which are difficult to or cannot be achieved through
traditional fabrication methods. 3D printing also allows
for the fabrication of customized design better tailored
to suit the function of the smart drug delivery device.
The customizations include certain design aspects, such
as the length of the microneedle for optimal piercing of
chronic wounds, or certain slots and compartments for the
addition of electronics. These customizations allow for the
devices to function optimally or allow for the addition of
components which can aid the device’s function.

The usage of 3D printing also allows for the embedding of
electronicsand sensors to the device due to the layer-by-layer
fabrication. The layer-by-layer and on-demand fabrication
of 3D printing allows for the electronic component to be
put into place by pausing the printing process, after which
the printing process can be continued®”. This allows for the
electronic components, such as temperature, strain, or stress
sensors, to be not only placed on the surface of the device
but also within the device!®*?. These components can be
used for monitoring and feedback of the patient condition
in order to allow for healthcare professionals to provide
better care for the patient. Other components of the smart
drug delivery device, such as drug reservoirs and actuators
for controlling drug release, can also be embedded into the
device through the use of 3D printing®!.

3. Applying 3D-printed electronics to smart
drug delivery devices
3.1. 3D-printed electronics

Another way in which 3D printing can be used for smart
drug delivery devices which contain electronics is the

direct fabrication of the electronic components. This is
known as 3D-printed electronics. 3D-printed electronics is
a niche field within the landscape of 3D printing or additive
manufacturing that mainly deals with the fabrication of
electrically and electronically functional components
that use electrical signals to realize an intended purpose.
Unlike conventional 3D printing, 3D electronic printing
typically involves the use of a singular or a combination
of electrically conducting, semiconducting, and dielectric
feedstock materials to produce different -electronic
architectures ranging from single-material components
to multi-layer and multiple materials components. To
date, 3D printing has been successfully applied in different
fields, such as aerospace, automobile, and biomedical
sectors, to fabricate various types of active and passive
electronic components, circuits, sensors, antennas, and
energy harvesting and storage devices, just to name a few.
Examples and descriptions of 3D-printed electronics used
in smart drug delivery devices will be given in subsequent
section.

3.1.1. Benefits of using 3D-printed electronics

Conventionally, electronic system and devices are
fabricated using silicon technology, printed circuit board
technology, and microfabrication technology. These
electronic manufacturing technologies are known to be
capable of manufacturing advanced and high-performance
electronicdevices. Although these processesare suitableand
effective for mass production of electronics, but they have
several drawbacks, such as (i) high energy consumption,
(ii) tedious fabrication process, (iii) being non-
environmentally friendly because the processes produce
harmful waste products, (iv) limited material choices due
to the high processing temperature, and (v) lesser design
freedom. With the rising demands for wider applications
of electronics across various fields such as biomedical,
wearable, and implantable applications, conventional
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electronics fail to meet the increasing requirements
of these devices in terms of the material softness and
stretchability, biocompatibility, and freeform fabrication.
So far, the more common electronic fabrication techniques
that are being used and compatible with the fabrication of
conventional electronics for soft and flexible drug delivery
devices (DDD) are the microfabrication!!***%4 selective
electrodeposition®, and screen printing techniques®**7.,
These fabrication methods have several drawbacks such
as the tedious fabrication process, the need for stencil or
mask, and being limited to 2D patterning. For the case of
microfabrication and electrodeposition, these methods are
also incompatible to process advanced materials such as
composite material incorporated with novel nanomaterials
like graphene and MXene!*®.

In contrast, 3D electronic printing techniques which
often utilize a layer-by-layer fabrication approach offer
added benefits, such as low processing temperature,
compatibility with various kinds of soft and flexible
substrate, ability to process various kinds of functional inks,
and greater design flexibility to the electronic designers. In
addition, 3D electronic printing techniques produces lesser
waste compared to conventional electronic fabrication
methods as the material and energy are used to deposit
materials where necessary and do not require stencil or
tooling. The simple fabrication process of 3D printing
techniques makes it more convenient for rapid prototyping
of smart DDD and it also opens new opportunities for the
development of highly customized DDDs are individual-
specific. The following section discusses the more common
3D electronic printing techniques that have been used for
the fabrication of smart DDDs.

In general, 3D electronic printing techniques can be
categorized as material extrusion printing techniques,
droplet-jetting printing techniques, vat polymerization
techniques, and powder-bed fusion techniques™!.
Interestingly, it was found that majority of the works that
are related to smart DDDs have used the extrusion-based
printing techniquesand droplet-jetting printing techniques.
As such, the discussion in this paper will mainly focus on
these two techniques and briefly cover some works on vat
polymerization techniques for 3D-printed electronics for
use in smart DDDs.

Material extrusion 3D printing techniques deposit
materials layer-by-layer through a coordinate-controlled
nozzle. The feedstock materials mainly come in two forms,
namely filament and viscous liquid. The printing technique
for the former is usually called fused filament fabrication
(FFF) technique, whereas the printing technique for the
latter is commonly known as direct ink writing (DIW)
technique.

For FFF technique, the process involves the use of
a heated nozzle to melt the filament into molten state.
The high temperature of the extruded material aids in
forming bonds between the newly deposited materials
and the previous layer (Figure 3a). For 3D electronic
printing, conductive filaments in the form of polymeric
nanocomposite are often used. Thus far, the nanocomposite
filaments that have been developed for 3D printing of
physiological sensors include graphene-polylactic acid
(PLA)®*81 oraphene nanorods-PLA®?), carbon nanotube
(CNT)-PLA®), and carbon black (CB)-PLA, just to
name a few. The sensors that were fabricated through
FFF printing technique include electrochemical sensor!®¥,
pressure sensor'®l, and temperature sensor®>®’, and
biosensors!®!l. The FFF techniques are suitable for the
fabrication of 3D and freestanding electronic structures,
but FFF-printed devices usually suffer from poor electrical
properties due to the nature of nanocomposite materials.

DIW techniques, on the other hand, typically involve
the extrusion of the functional inks through a nozzle by
means of screw, pneumatic, and microvalve dispensing
methods (Figure 3b)P*l. The functional inks can exist in
the form of nanomaterial dispersions or nanocomposite
resins. The former usually forms high-purity structure
with good electrical properties after the solvent completely
evaporates, but these materials are used to manufacture
thin film structures that are attached to a substrate. The
latter, on the other hand, can be used to manufacture
freeform and freestanding electronic structures but suffers
in terms of the electrical properties due to the presence of
the matrix materials similar to the materials used for FFF
technique. Some examples of functional inks for DIW
include silver-based ink®!, CNT-polydimethylsiloxane
(PDMS) nanocomposite ink!®”), graphene-PDMS*), and
PEDOT:PSS/HPU hydrogel®”, just to name a few. For
photosensitive resin-based functional inks, a UV curing
laser or light source will be used to cure the resin in situ to
ensure that the extruded filament can retain its geometry
immediately after being extruded from the nozzle to
prevent the structure from collapsing. Typically, the DIW-
printed electronics are fabricated on a substrate and then
subsequently removed from the substrate for use. In certain
case, a solution support bath may be used to achieve more
complex or freestanding electronic structures®. To date,
DIW technology has been reported to be used for printing
heaters, temperature sensors, pH sensors, sweat sensors,
UV sensors, etc.[® 7]

Droplet-jetting techniques are a class of 3D printing
techniques that deposit materials layer-by-layer in the
form of liquid droplets. In general, there are two main
types of droplet-jetting techniques for electronic printing,
namely inkjet printing (IJP) and aerosol jet printing (AJP)
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Figure 3. Schematics showing the various 3D printing processes, namely (a) fused filament fabrication (FFF)"*, (b) direct ink writing (DIW)®), (c) inkjet
printing (IJP)", (d) aerosol jet printing (AJP)"**), and (e) stereolithography'*®l.

techniques. These techniques are widely used for 3D
electronic printing to manufacture high-performance and
advanced electronics components and devices. Typically,
these printing techniques produce thin-film electronic
architectures that conform to the surface of the substrate.

IJP technique is a process that deposit the ink by ejecting
a series of droplets through a nozzle using an appropriate
droplet ejecting mechanism (Figure 3¢)!l. Generally, there
are two main ejecting mechanisms, namely piezoelectric
actuation and thermal actuation. IJP techniques tend
to have strict requirements on the ink properties, such
as surface tension, viscosity, and particle size due to the
small nozzle size and the dominating surface tension effect
that can affect the printability of the ink significantly”.
Typically, the particle size has to be at least one-tenths or
smaller than the nozzle size to prevent nozzle clogging
issues and to ensure successful and continuous printing.
IJP techniques are more commonly used for printing 2D
circuits and sensors that are structurally flat. To date, many
works have used IJP techniques to fabricate physiological
sensors that can be applied to drug delivery devices, such
as CNT-based pH sensor for wound monitoring”, silver
nanowire-based transparent strain sensor and heater for
human wearables”*, just to name a few!”..

AJP technique, on the other hand, uses inert gas flows
like nitrogen gas to direct and deposit the droplets of ink

onto the substrate (Figure 3d)". AJP process consists of
several stages, which are the atomization, aerosol delivery,
aerosol focusing, and deposition”””*!. The atomization of the
inks can be performed by means of pneumatic atomization
or ultrasonic atomization, depending on the viscosity of
the ink. Typically, the working ranges of inks viscosity
for the pneumatic atomizer and ultrasonic atomizer are
1-1000 cP and <10 cP, respectively. The formed aerosols
will then be transported to the printhead by the carrier gas
through a tubing. Once the aerosols reach the printhead, a
sheath flow is used to aerodynamically focus the ink flow
into a fine jet before exiting the nozzle. Due to the high exit
velocity of the aerosols, the standoff distance between the
nozzle and the substrate can be as far as 5 mm which makes
it very suitable for conformal printing as the alignment
of part becomes less critical compared to other contact
printing processes like the DIW techniques”™. Besides,
another advantage of AJP technique is that the process
can achieve a line resolution as high as 20 um which could
be useful for high-performance electronic applications®".
Unlike IJP technique, AJP technique is less prone to nozzle
clogging issue due to the presence of sheath flow to prevent
the ink from coming in contact directly with the inner wall
of the nozzle. Similar to IJP, AJP technique also works with
many kinds of nanomaterials, such as nanoparticle!®!,
nanowires®, and 2D nanomaterials®’!. So far, AJP
technique has been used to develop and fabricate sensors,
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Table 1. Comparison among the 3D printing techniques in terms of the typical material and printing specifications, and their pros

and cons
Printing technique Form of feedstock  Ink Minimum Layer Advantages Disadvantages
materials viscosity ~ feature size thickness
(cP) (um) (um)
Fused filament Polymeric-based - 400-600 100-300  « Capable of achieving Low electrical
fabrication!®” nanocomposite freeform and conductivity
filaments freestanding sensors Low printing resolution
Limited material choices
Direct ink writing!®’) Nanocomposite 10%-10° Dependenton 100 « Suitable for stretchable Nanocomposite resin
resin, conductive the nozzle size electronics as it can be ink may result in poor
inks used to process most electrical conductivity
kinds of resins
Inkjet printing!**) Conductive 5-20 30-50 <0.5 « High printing resolution Strict ink requirement
nanomaterial inks limiting the material
options
Prone to nozzle clogging
issue
Aerosol jet printing®  Conductive 1-1000 ~10 0.1-2 « High printing resolution System drift issue may
nanomaterial inks « Capable of doing result in inconsistency
conformal printing across samples of
different batches
Stereolithography!®! Photosensitive resin ~ Typically ~ ~80 ~25 « High resolution Typically not suitable
<600 « Suitable for fabrication for multiple material

of microneedle for smart

printing

drug delivery application

such as pH sensor®! and electrochemical biosensor!®>¢,
that can be potentially used in smart DDDs.

Vat polymerization 3D printing technique is a
process where a light or a laser source is used to cure
photosensitive resin layer-by-layer (Figure 3e). Generally,
there are different types of vat polymerization techniques,
namely stereolithography, digital light processing, and TPP
techniques. The 3D printers usually contain a vat filled with
uncured resin. Due to the nature of the printing technique,
it is normally limited to printing structures with single
material only. As a result, it possesses restrictions in terms
of electronic fabrication where patterning of conductive
material is required. Interestingly, this technique has also
been shown useful for the fabrication of sensing electrodes
for smart DDDs. For instance, Stassi et al. have used digital
light processing 3D printing technique to 3D print a
polymeric functional microcantilever that can be used as
mass-sensitive biosensors®. In other works, researchers
have demonstrated using stereolithography printing
technique to fabricate microneedle and achieve patterning
of electrodes via selective deposition method"**!,

Table 1 summarizes and compares the different
3D printing techniques that have been used for the
fabrication of sensors and electronics. Their advantages
and disadvantages of each printing technique are also
highlighted in the table.

3.2. 3D-printed electronics used in smart drug
delivery devices

Apart from utilizing 3D printing in the fabrication of
parts and casing for smart drug delivery devices which
contains electronics, 3D printing can also be used for the
direct fabrication of 3D-printed electronic components or
systems to incorporate “smartness” to the DDD. Besides
triggering the drug delivery using “smart” materials, the
triggering process can also be achieved via the use of
electronic circuits equipped with sensors and microheaters.
So far, there have been many types of 3D-printed heaters
and 3D-printed sensors that have been demonstrated for
potential smart drug delivery purposes. In this review
paper, the area of focus of the electronic components will
be on these 3D-printed sensors for detecting physiological
changes and 3D-printed microheaters. There are other
technologies for the fabrication of such electronics such as
hybrid electronic manufacturing and transfer technique;
however, these will not be the focus of this review paper.
Readers are encouraged to read about these techniques
through other papers®-'". This section discusses the
3D-printed electronics that are used in smart drug delivery
devices, which include printed microheaters and various
physiological parameter sensors, such as temperature,
glucose, sweat, and electrochemical sensors.

Microheater is typically used for triggering drug
delivery in thermo-responsive DDDs!"". The heating
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Figure 4. (a and b) Optical images showing the PDMS-CNT-based microheater fabricated using DIW technique. (c and d) Graphs showing the heating
performance of the microheater. (e and f) Comparison of the drug release with and without the microheater. (Reprinted with permission from!®. Copyright

(2019) Wiley, John & Sons, Inc.)

mechanism is achieved by Joule heating in which the
electrical energy is converted into heat energy when it
passes through an electrical resistive element. Therefore, it
is imperative that the materials used for the microheaters
must be electrical conducting. Although any electrical
conducting materials can be used as the heating element
for microheater, the performance and durability differ
depending on the material properties. Usually, the resistive
materials should have properties such as high resistivity for
low energy consumption and good oxidation property for
longer working lifespan!'®®!. Conventionally, these resistive
elements can be fabricated on substrates using sputtering,
plasma vapor deposition, etching, direct laser writing, and
selective deposition®'%l. More recently, 3D printing has
also been explored for the fabrication of microheaters,
but there are not many of them. For instance, Cai et al.
developed a technique that combines DIW technique with
laser sintering technique to process, print, and sinter the
platinum (Pt) ink on a ceramic substrate for the fabrication
of microheaters!*!. They have demonstrated using different
laser parameters to produce different microstructure of the
Pt material to optimize the heating performance. Similarly,
Vasiliev et al. demonstrated the fabrication of microheaters
via AJP, and they showed that the printed Pt microheaters
can operate at a temperature as high as 450°CH1"7,
Other than printing pure metallic materials, Yin et al
demonstrated the use of nanocomposite ink (PDMS-CNT)
as the resistive materials of the microheater (Figure 4)¢°],
The DIW-printed microheater exhibits high stretchability
and conformity that can be worn on human skin for drug-
encapsulated patch system for pain management.

Temperature sensor is essential for temperature
monitoring applications for regulating the microheater to
stimulate drug release, and for monitoring purposes!'®.
Generally, there four main types of temperature sensors
that have been manufactured through 3D printing
technologies, namely resistance temperature detector
(RTD), thermistor, thermocouple, and fiber grating
sensor!'*!% RTDs and thermistors work similarly, and
they detect the temperature change based on the change
in its resistance at different temperature. The main
difference is the type of materials that they are made of;
RTDs are usually made of pure conducting metal, whereas
thermistors are typically made of a mixture of metal
oxides. Thermocouple, on the other hand, is formed by
joining two dissimilar electrically conducting materials
to form electrical junctions that are used for temperature
detection!"!!). The temperature is detected via the electrical
voltages that are generated across the hot and cold ends
of the thermocouples. In general, it is observed that the
more common 3D-printed temperature sensors are based
on RTDs and thermistors!'™. So far, researchers have
attempted various materials as the temperature-sensitive
materials for 3D-printed temperature sensors, including
various types of nanocomposite materials such as
PEDOT:PSS-CNT!""?, PDMS-graphene!*, PLA-CNT!®,
etc. It was found that the thermal sensitivity of the sensing
element can be improved through the use of nanocomposite
inks!'?l. Interestingly, it was also found that raw feedstock
printing material and the as-printed materials can have
different thermal responsiveness due to the residual stress
induced by the printing technique®. Other than that,
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Wang et al. demonstrated that stretchable temperature
sensor can be fabricated using PDMS nanocomposite ink
with DIW technique (Figure 5). They also showed that
the use of DIW technique to fabricate grid-like structure
of the temperature sensor can help to decouple the effect
of motions to enhance the accuracy of temperature
measurement.

pH sensors are very useful for wound monitoring
and management as it allows for in situ monitoring of
the wound condition and triggering of drug release as
early as possible. pH sensing can be achieved via different
sensing mechanisms such as conductometry, voltammetry,
and potentiometry, just to name a few'™. In terms of
3D-printed pH sensors, many different types of sensors
have been reported!¥ 6767378841 Typically, the pH-sensitive

materials that have been used for 3D printing of pH
sensors include PEDOT:PSS, PANI, graphene, and CNT.
Naficy et al. fabricated a hydrogel-based pH sensor using a
composite functional inks made of 5 wt.% of PEDOT:PSS
and hydrophilic polyurethane and 3D printed the pH
sensors using material-extrusion printing method!. They
showed that the performance of printed pH sensors was
comparable to those prepared by conventional method. In
another work, Jose et al. compared three types of printed
pH sensors, which are conductometric PEDOT:PSS,
voltametric carbon-alizarin and potentiometric graphene/
PANI sensors, and they found that the potentiometric
PANI-based sensors outperformed the other two sensors
in terms of linearity, repeatability, stability, and leaching
resistance (Figure 6)7). Also, Goh and Agarwala et al.

Volume 9 Issue 4 (2023)

154

https://doi.org/10.18063/ijb.725



International Journal of Bioprinting

3D printing and 3D-printed electronics in smart drug delivery devices

(M, ) .

. N

WEK:

WE N

Avem
with & W

3D pristed io sen

e
PDMS substrate

WAFSH uest
PDMS substiate /

ey Pl chusnel |,
adhaion é/
M ol B ACline
e Momeas
WAFSH it
Douiblesided
adiesive /

(ii)

\\\\\\

N

¥ #0037S00x)+ 05833 o
Rieomms

spBelefd
ExtCxls
.o

Potential [V]

o s . ;
$ ! o KeCaroNs oNa' Ca*o K- ¢ oCaoNa'o K

00001 a1 0.0 [

a1 o 1
Concentration |, Log]

an
Concentration [, Log]

« 100 0 ™
Tiese Elapsed fsec] Tisse Flapred fsec]

« 10
Timse Elapved fsec]

Figure 7. (i) Schematic showing the design of the sweat sensors. (ii) Schematic showing the fabrication steps of the sweat sensors. (iii) Graphs showing the
detection Na*, K* and Ca®* ions and the selectivity of the sensors. (Reprinted with permission from"®*. Copyright (2021) from John, Wiley and Sons Inc.)

attempted the fabrication of CNT-based resistive pH
sensor via AJP and IJP, respectively”*%!. The pH-
responsive property of CNT allows the detection of pH
through the monitoring of electrical resistance of the CNT-
based pH sensing electrodes. On the other hand, Fan et al.
demonstrated the fabrication of organic electrochemical
transistor (OECT) that is pH-sensitive on a 3D-printed
PLA substrate’®). The OECT has a multi-layered
architecture and contains multiple materials, such as silver
conductor and PEDOT:PSS, and it is fabricated through
DIW technique. They found that the performance of the
sensor is comparable to other devices that are fabricated
using microfabrication techniques.

Glucose sensor is an essential component of glucose
monitoring for diabetic patients. It enables on-demand
triggering of insulin release whenever the glucose level of
the patients is at an unhealthy level. So far, there are many
works that have demonstrated using 3D-printed sensors
for glucose level detection!®®"!'*!4] Interestingly, most of
these works involve the use of FFF 3D printing techniques
to fabricate the 3D electrodes. The electrode materials
that have been attempted include copper filament™*,
graphene-PLA nanocomposite filament'®", and copper-
zinc oxide-PVDF nanocomposite filament!""*. Redondo
et al. found that the 3D-printed copper electrode is very
suitable for non-enzymatic glucose sensing due to their
high conductivity and high catalytic activity resulting from
the porous structure!''l. However, it should be noted that
the drawback of the 3D-printed copper electrode is the
high energy consumption as it requires a high sintering
temperature of greater than 1000°C. In contrast, Kumar
et al. demonstrated that the use of copper-zinc oxide-
reinforced PVDF as nonenzymatic glucose electrode can

function adequately with heat treatment at only 60°C!*.
Graphene-PLA-based electrodes, on the other hand,
are usually used to produce enzymatic glucose sensors.
The fabrication of these sensors involves certain post-
processing steps such as polishing, cleaning, and surface
activation, and enzyme immobilization. The oxygenated
groups from the nanocomposite material provides suitable
conditions for the enzyme (glucose oxidase) to immobilize
on its surface via crosslinkers such as glutaraldehydel®¢!,

Other than 3D-printed microheater, temperature
sensors, pH sensors and glucose sensors, there are other
types of 3D-printed sensors, such as sweat sensor™,
biomolecule sensor'®, and DNA sensor!''® for other
physiological parameters. For instance, Kim et al
fabricated a 3D-printed wearable bioelectronic patch that
allows in situ sweat electrolyte monitoring purposes.
The sweat sensing relies on the DIW-printed ion-selective
electrodes to detect the concentrations of Na*, K*, and
Ca’* jons in the sweat electrolyte (Figure 7). The main
ingredients of the ion-selective electrodes are sodium
ionophore, potassium ionophore, and calcium ionophore,
which are the lipophilic complexing agents that reversibly
bind ions. These ingredients are usually incorporated into
a membrane before binding to the 3D-printed electrodes.
Other than ions, there is another work that describes
the detection of biologically-produced molecules such
as uric acid and nitrite using 3D-printed graphene-PLA
electrode!"®l. They have tested the 3D-printed sensor
with saliva and urine and shown that the sensor exhibits
satisfactory linear range, sensitivity, limit of detection.
Another interesting example of 3D-printed sensor is
on DNA sensing. Loo et al. used selective laser melting
printing technology to fabricate a helical-shape stainless
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steel electrode, which is then electroplated with gold for
the detection of DNA hybridization. They have shown
that the 3D-printed electrode is superior against a non-
complementary DNA target and capable of achieving a
detection range of 1-1000 nM"*!,

3.3. Advantages of using 3D-printed electronics in
smart drug delivery devices

Technological advances in smart drug delivery systems
are being propelled by impressive developments in the
synergistic integration of 3D printing technologies with
soft bioelectronics. This paves the way for a personalized,
direct therapeutic and diagnostic intervention. Integrating
electronic devices into the body enables remote health
monitoring, management as well as data collection
for evaluation of results. Flexible electronics plays an
increasingly important role in drug delivery. Miniature
systems offer unique advantages with high response time,
stylized manipulation of complex structures, low power
consumption, reduced material waste, higher packing
efficiency, and minimal cost"'”¥1, 3D-printed microheaters
are beneficial due to their small size, mass-fabrication
capacity, good mechanical stability and performance!"”.
Integrated microheaters have demonstrated precisely
controlled drug diffusion and subsequent drug release
on a periodic basis via heating function with a potential
to manufacture and design sensor-controlled medical
devices. This study provides a new arena to support the
critical demands of managing pain with on-demand dose
requirement for clinical use!*\.

3D printing technology has become the key player in
the development of biosensors, thanks to its versatility!'*!l.
Different types of sensors offer advantages, depending
on the unique properties of the material, functionality
and sensor response. Biosensors with precise designs
can be made using special inks, and improved surface
properties with fewer flaws can be tailored to increase the
sensor’s sensitivity to pick up signals better than those
manufactured through conventional methods!??. These
properties remain an asset in designing biosensors for
improved drug delivery. Moreover, 3D manufacturing
causes minimal material waste and can be readily
customized to the patient’s needs. Flexible biosensors
that simultaneously detect multiple metabolites in
biological samples through continuous and non-invasive
measurements not only saves time, but also have the
potential to monitor disease progression and determine
an individual’s health parameters!®’. Lin et al. developed
a biocompatible gastric resident electronic device made
from poly-I-lactic acid and thermoplastic polyurethane
capable of prolonged residence in the gastric environment
and maintains wireless electronic communications. When

coupled with drug delivery modules, the implanted
biosensors will possibly eliminate opportunistic infections
prior to their growth and enable an automated, on-
demand closed loop systems that can increase the efficacy
of an intervention'*. 3D printing also allows creation of
other kinds of drug delivery devices entirely fitting our
needs. A microneedle system integrated with MEMS has
shown potential for transdermal insulin delivery and has
a promising scope for evolution of medical devices for
personalized treatment®. A programmable wirelessly
controlled microsystem with a refillable microreservoir
and a phase-changing peristaltic micropump as a single
embodiment has shown promising results for delivering
drug into murine inner ear!*). The structure was fabricated
with a dental resin to minimize inflammatory or immune
response and implanted transdermally. This opens up the
possibility of building DDDs by choosing a raw material
from the wide spectrum of biocompatible materials that
can be placed into the human body either permanently
or temporarily to support functions!"**'**], Tt also enables
scalability for use ranging from small animal models to
direct clinical translation!"®l.

4, Future trends of 3D printing and
3D-printed electronics in smart drug
delivery devices

The current application of 3D printing and 3D-printed
electronics in smart drug delivery devices has been more
focused on the “passive” type of smart drug delivery
devices. This allows for the fabrication of many different
types of drug delivery devices, which allow for controllable,
on-demand drug release. However, the use of 3D printing
and 3D-printed electronics in “active” smart drug delivery
devices with electronics, which has a self-regulated, closed
loop system, are currently more limited. “Active” smart
drug delivery device can use sensors to detect and monitor
physiological changes in a patient, and then start and
stop the release of drug as needed. The future direction
and trends in 3D printing and 3D-printed electronics in
“active” smart drug delivery devices will be discussed in
the subsequent sections in two main parts. The two parts
are concerning the use of 3D printing for the fabrication
of different parts or even the entire smart drug delivery
device, and the fabrication and application of 3D-printed
electronics in smart drug delivery devices.

4.1. Future trends in smart drug delivery devices for
3D printing

The application of 3D printing in the fabrication of smart
drug delivery devices has allowed for an increase in the
customizability and types of design of the smart drug
delivery devices. 3D printing has also allowed for different
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methods of triggering drug release through the use of
special 3D-printed designs. In one such example, 3D
printing was used to fabricate oral drug capsule, which was
designed to safely break and release the stored drug under
the physiological pressures of the antropyloric region in the
gastrointestinal tract!'?’). This allows for the drug release
to be targeted at that region. The customizability of the
dimensions and design of the printed capsule through the
use of 3D printing allows for pressure at which the capsule
will break to be easily changed for other purposes!'*.
However, currently the use of 3D printing has mostly been
limited to single material or single 3D printing process
fabrication. This has limited the type of components that
can be fabricated. A way to overcome this is the use of
multi-material or multiple different 3D printing processes,
also known as hybrid or multi-process 3D printing, in a
singular fabrication process. Hybrid 3D printing allows for
the printing and fabrication of multiple different materials
and designs, some of which are difficult for a singular 3D
process to achieve. This allows for the combination of the
different advantages brought about by using different 3D
printing methods. The use of different 3D printing methods
also allows for materials with drastically different properties,
such as a soft, flexible material and a hard, rigid material, to
be fabricated into a single product (Figure 8)!'*\. This allows
for a higher degree of customization in terms of the design
and application of the printed part as a greater number of
different materials can be used. The use of hybrid and multi-
material 3D printing also allows for more parts of a product
to be fabricated using 3D printing due to the improved
customization and freedom in material selection and design.

Currently, hybrid 3D printing has some applications in
traditional drug delivery devices, such as the fabrication of
liquid-filled solid capsules using alternating extrusion and
droplet-based 3D printing*’. In another example, a drug

delivery system with locally incorporated drug depots,
which can be selectively placed within a printed drug
delivery matrix, was fabricated using hybrid 3D printing.
Vat-based 3D printing was used to fabricate the drug
delivery matrix, and droplet-based 3D printing was used to
deposit the drug depots. This drug delivery system allowed
for the customization of the drug release profile as well as
multiple drug releases by controlling the position, size and
type of drug depots!*!l. The use of hybrid 3D printing in
smart drug delivery devices, however, has been limited.
Hybrid 3D printing has also been applied to the fabrication
of some electronic healthcare devices. However, most of the
electronic components are not printed but are placed on to
the device!™*?\. These pick-and-place methods of fabricating
3D-printed electronics devices use the traditional hard
and rigid electronic components. By using this method,
not only would the customizability of the design of the
product be limited, but it would also negatively impact the
flexibility and conformity of the devices as the electronic
components might delaminate from the substrate!*\. Thus,
3D-printed electronics could be used in order to overcome
such issues. The future trends or direction of the use of
3D-printed electronics in smart drug delivery devices will
be explored in the next section.

4.2, Future trends in smart drug delivery devices for
3D-printed electronics

As discussed in previous sections, flexible electronics
has clearly demonstrated rapid progress and its unique
advantages for a plethora of drug delivery applications.
These features have offered several benefits, such
as minimally invasive acute delivery methods for
implantation, small size, easy manipulation, enhanced
performance, reduced immune response as well as
greater compatibility with the in vivo systems. However,
a few aspects need to be carefully considered. In case of
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choosing biodegradable materials for device fabrication,
residues of the degradation should be harmless to human
body following implantation. Synthetic polymers such
as polylactic acid and polycaprolactone are extensively
explored for this purpose due to their biocompatibility and
safe degradation by-products®*'**. Moreover, implantable
devices can be coated with an immunomodulatory or
immunoprotective coating in order to evade immune
response. In addition, the developed system should also
facilitate implantation in small as well as large animals
prior to clinical trials. A broad range of materials can be
used for the development of ink-based electronics devices
to achieve complicated geometric features and site-specific
drug delivery applications"*.. 3D-printed electronics will
bring unprecedented opportunities for smart drug delivery
by facilitating long-term implantation of the device
with periodic delivery of active compounds. Further
developments in the field of 3D-printed bioelectronics
should exploit some unconventional architectures and
materials for use in drug delivery.

5. Conclusion

“Active” smartdrugdelivery devices offer manybenefits over
traditional drug delivery devices and have the potential for
use as a closed loop, self-regulating drug delivery system.
By including electronics into this type of system, functions
such as monitoring of a patient’s condition can be achieved.
This not only allows for on-demand drug release but also
provides more information to the healthcare professional
to further improve the care to be provided. The use of
3D printing and 3D-printed electronics in “active” smart
drug delivery devices has increased the customizability
and versatility of the functions which these devices can
provide. These additions allow for devices to be tailored to
suit individuals and also for different sensors and circuits
with varying functions to be printed onto the device. By
increasing the types of sensors that can be printed onto
a device, the range of applications of the device would
also increase. With the further development in hybrid
3D printing, flexible and 3D-printed bioelectronics, the
applications of such devices in not only long-term “active”
drug delivery but also in healthcare monitoring can be
greatly improved.
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