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Abstract

Designing implantable bioelectronic systems that continuously monitor physiological functions
and simultaneously provide personalized therapeutic solutions for patients remains a persistent
challenge across many applications ranging from neural systems to bioelectronic organs. Closed-
loop systems typically consist of three functional blocks, namely, sensors, signal processors and
actuators. An effective system, that can provide the necessary therapeutics, tailored to individual
physiological factors requires a distributed network of sensors and actuators. While significant
progress has been made, closed-loop systems still face many challenges before they can truly be
considered as long-term solutions for many diseases. In this review, we consider three important
criteria where materials play a critical role to enable implantable closed-loop systems: Specificity,
Biocompatibility and Connectivity. We look at the progress made in each of these fields with
respect to a specific application and outline the challenges in creating bioelectronic technologies
for the future.

Introduction:

Bioelectronic medicine promises to dramatically improve the standard of care by providing
therapies that can automatically adjust throughout the day to provide the optimal therapeutic
benefit to each patient. Ideally, these systems would provide “closed-loop” control of
physiological state variables to maintain values within a therapeutic window. For example,
to regulate glucose levels, a feedback control system would use biosensors to accurately
estimate the current glucose levels and compare these values to a desired setpoint. Based on
the difference between the desired glucose levels and the measured values, a controller
would then determine how to stimulate (or actuate) biological processes that directly or
indirectly affect insulin production. The new glucose levels would then be measured by the
biosensors, and the process would repeat, creating a closed loop control system that can
maintain physiological processes within a desired range (Fig. 1). Accurate implementation
of this real-time feedback control strategy, however, is complicated by the complexity of
human physiology. Coupling between the nervous, circulatory, and gastro-intestinal systems
(each one with complex non-linear dynamics) creates a system of systems, the state of which
is difficult to estimate, much less control for therapeutic benefit.
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To create effective control systems that function within the complexity of human physiology
it will likely be necessary to measure and actuate many types of physiological signals at
multiple locations throughout the body. This requirement highlights the need to develop a
distributed network of bioelectronic sensors and actuators. The signals measured by these
sensors may include biochemical (eg. glucose, pH), thermal, mechanical (eg. strain,
pressure) and electrical signals (ECG, EEG), with each providing critical information about
physiological states that can be altered by the presence of disease. Similarly, electrical,
mechanical, and biochemical actuators should be able to regulate physiological processes
like neural activity, organ function, or biomolecule production. There are, however,
significant challenges in our ability to create networks of bioelectronic sensors and actuators
that can interface with target tissues and organs for continuous monitoring and control over
long periods of time.

Here we focus on three key performance criteria where materials play a critical role in
enabling a network of bioelectronic sensors and actuators: Specificity, Biocompatibility
and Connectivity. These three criteria can present very different challenges depending on
the application, creating a large and complex design space for developing bioelectronic
implants. To highlight how these performance criteria can drive materials and device
development, we focus on three specific bioelectronic applications described below:
Artificial bioelectronic organs, Theranostics, and Neural Interfaces.

1. Artificial bioelectronic organs (e.g. Artificial Pancreas):

One example of a bioelectronic organ is the “artificial pancreas’ -- a system considered the
holy grail of diabetes therapy. This system would provide closed-loop control of glucose by
sensing glucose in blood and injecting an appropriate amount of insulin to regulate that level
using a feedback control system [1].

While many prototypes have been developed and are being tested in clinical settings [2-8],
the bottleneck for developing a commercially viable closed-loop system has been creating a
long-lasting implantable sensor and implantable pump. Intravenous sensing and intravenous
delivery, which represents an ideal system with minimum time lag is currently used only in
critically ill patients [1,9]. Realization of a fully implantable closed-loop system for glucose
control, requires development of new Biocompatible sensors and methods of insulin delivery
for chronic implants.

2. Theranostics:

Theranostics are systems that combine therapeutics and diagnostics. In this system,
biomolecules or drugs are measured by implanted sensors and therapeutic drugs are released
by the actuators. Conventional therapies for metabolic diseases, cancer, and other disorders
often rely on small molecule drugs. These therapies have significant limitations because the
effects of drugs vary for each individual based on their genetic makeup, underlying
conditions, or other factors [10]. To improve the effectiveness of existing drug therapies,
there has been a paradigm shift to a more personalized treatment model. These models
would ideally consider drug pharmacokinetics to optimize the timing, dosage and location of
drug delivery for each individual’s physiological state [11]. Closed-loop systems to sense
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circulating biomolecules and release appropriate drug doses in real-time would be an
important development, towards this goal. To control dosage, location and timing of drug
delivery, many materials and nanoparticles have been developed for on-demand drug
delivery. These materials are designed to release drugs in response to changes in
environments--such as changes in pH and temperature, specific biomolecules or redox
potential [12]. Many of the strategies applied have the advantage of being implantable and
adaptable for diseases ranging from inflammatory, autoimmune to metabolic diseases [13].
Their widespread use however has been inhibited by their relatively low specificity when
applied in closed-loop systems. Depending on their mode of sensing, theranostic sensors
suffer from low specificity due to microenvironmental irregularities, biofouling of sensor
surfaces, and low signal to noise ratios.

3. Neural Interfaces:

Neural interfaces consist of sensing, signal processing and actuating elements to provide
therapies for neural disorders. Currently most neuromodulation devices use open-loop
schemes. These schemes work well for some disorders such as Parkinson’s where
stimulation pulse parameters and delivery location, which are the most important
parameters, can be preprogrammed and remain safe and effective for many years with little
adjustment [14,15, 16]. However, in the cases of disorders such as epilepsy, there is a need
for detection of seizures and timely delivery of appropriate stimulation pulses. Many
attempts have been made towards the creation of a closed-loop system for such applications
[17, 18, 19]. While the development of these systems share the challenges of the other two
categories including, development of chronically implantable sensors and actuators that are
accurate and stable, one of the most difficult challenges faced for closed-loop neural
interfaces is in the signal processing block. To design truly implantable closed-loop
solutions, there is a need for the development of data handling systems. For example, in the
case of seizure detection, several algorithms have been developed over the last 15 years [20—
24]. Both analytical and machine learning classifiers have been investigated with some
success. A major group of algorithms are based on time-domain feature and pattern
recognition. Spatiotemporal correlation is utilized to perform seizure prediction [20]. In
frequency-based methods spectral information is extracted from recorded EEG signals. Such
methods involve preprocessing and normalization of data after which the best features are
extracted and fed to a support vector machine for classification [25]. To design a reliable
therapeutic device, the algorithm must be integrated into a chronically implantable device
that can perform signal recording and processing over a long period of time. Two separate
approaches have been explored for processing. In one approach (local computation),
feedback control algorithms can be implemented in implanted hardware like an application
specific integrated circuit (ASIC), which typically has a limited power and computational
budget [26-30]. In the second approach (remote computation), data is transmitted to an
external device like a mobile phone with significantly greater computational capacity and
power budget [31]. Clinical requirements of on-time reaction to an upcoming neurological
event such as an epilepsy seizure place a special importance on sensitivity, specificity, and
low-latency. Therefore, computation power, algorithm complexity, power consumption, and
data transmission become important design parameters. The trade-off between these
parameters and the desired performance often dictates how much of the feedback control
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algorithm is implemented locally in the implanted hardware vs. remotely in an external
device. Increasingly, new sensors and actuators have focused on miniaturization to improve
chronic longevity, which has led to development of wireless, battery-free technologies. As a
result, there is a growing need to improve the wireless Connectivity of these tiny sensing and
actuating motes to provide power and communication with remote hardware systems that
implement feedback control algorithms.

Specificity:

Specificity is the ability of a system to discriminate between a target signal and other
confounding signals. Measurement of the target with high specificity combined with a
temporal resolution that can accurately track the system dynamics provides the “sensing”
block of closed-loop control systems (Fig. 1, top left). In addition to high specificity, and
temporal resolution these sensors should be able to maintain their specificity over a
physiologically relevant concentration range. This requirement faces different challenges
depending on types of signals being measured.

As an example, bioelectronic application where specificity is a major design criterion, we
consider theranostics. Because theranostic systems can be applied to many different
physiological conditions the associated biosensors span a variety of signals that must be
detected with high specificity. In this section, we examine sensors used in four different
theranostic systems to highlight the advances and challenges related to highly specific
biosensors. Figure 2 shows the various theranostic modalities and the barriers to their
specificity.

Broadly, biosensors are composed of two main parts, a sensing element that recognizes a
biological event and a transducer element that transfers the signal from the sensor to the next
block in the system [32, 33]. The materials selected for construction of sensors implemented
in a specific closed-loop system depends on a number of factors such as the type of signal,
the tissue to be monitored, the positional requirements of the sensor and the type of
transduction between the sensor and actuator.

The signal to be sensed can be a direct or indirect measurement of the disease state. Drug
delivery systems that release therapeutics in response to an environmental stimulus are
generally equipped with polymeric materials that are sensitive to pH [34], redox potential
[35], temperature,[34] or specific biomolecules[36]. In all cases, the stimulus causes
physical or chemical changes in the carrier, which lead to release of the encapsulated agents.
Polymer science has been used in conjunction with pharmaceutical science to create novel
systems that can specifically sense certain signals and release encapsulated drugs in
response. This has created an entire class of ‘smart polymers’ that can be designed to be a
complete system which senses the signal of interest and delivers the related therapeutic load
in a controlled manner. Both natural and synthetic biodegradable polymers have been used
in such applications. Polyester based polymers including polylactic acid (PLA), poly
glycolic acid (PGA) and their co-polymers have become the gold standard demonstrated by
over 500 patents [37]. The mechanical, thermal and biological properties of PLA are easily
altered by altering its stereochemistry, making these polymers suitable for sensing a variety
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of signals. These properties are especially useful in the treatment of cancer. Tumor
physiology differs markedly from normal tissue physiology. Tumors are characterized by a
more acidic extracellular environment with a pH of 6.5 as compared to the normal
physiological pH of 7.4 [38]. Anionic or cationic polymers are incorporated into grafted or
block copolymers composed of a component that ionizes at a pH less than physiological pH.
These copolymer networks swell or deswell to release drugs when they sense an acidic pH.
Another characteristic of the tumor microenvironment is abnormal vasculature. Particles
have been developed that take advantage of this property and accumulate in the tumor to
deliver drugs in the specific location [39]. However, these approaches which depend on the
measurement of environmental factors face the issue of low specificity due to irregularities
in the surrounding microenvironment.

Another approach for realizing bioelectronic theranostic systems has been the use of
modified electrodes. The sensing electrode is activated by biological signals which can range
from small molecules to proteins and bacterial cells. The sensing electrode generates a
reductive potential and current, which stimulates dissolution of an Fe3+-cross-linked
alginate matrix on the second connected electrode resulting in the release of loaded
biochemical species with different functionalities [40]. The method suffers in realtime
measurement in whole blood due to fouling from blood cells and high-molecular weight
clotting factors. These systems show promise of being applicable in a wide variety of
applications but require modifications to achieve robust performance when implanted in the
body.

Aptamer-based sensors utilizing structure switching nucleic acids have recently received
much attention. These types of sensors provide high specificity [41]. In such systems, a
conformation-changing aptamer probe is covalently attached at one terminus to an integrated
electrode and the other end if modified with a redox reporter. When it binds with its target
molecule, the probe undergoes a conformational rearrangement that modulates the redox
current and generates an electrochemical signal. The conformational change is reversible,
which makes these types of sensors useful for continuous, label-free, sensitive with rapid
kinetics. Only binding of the target triggers a conformational change and non-specific
binding of other interfering molecules does not generate a signal, making this method highly
specific. The electrochemical signal can be used to drive a Micro-Electro-Mechanical-
System (MEMS) based drug delivery component [42]. Techniques created for the electronics
industry have enabled fabrication of valves, pumps, mixers, micro-reservoirs, which have
been used to make miniaturized devices. These implantable devices can sense, mix, and
pump small volumes of fluids [43], some of which are commercially available [44]. These
advances have been applied in theranostic systems to create miniaturized devices that are
implantable for continuous sensing and delivery of drugs [42].

Despite excellent specificity, there are several challenges when aptamer-based sensors are
applied in closed-loop systems, the most difficult to overcome being that of low Signal to
Noise Ratio (SNR). Aptamer based sensors perform well when used in undiluted blood
serum [45] but require large sampling volumes in undiluted blood making it difficult to use
in completely implantable closed loop systems.
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In addition to these modalities, recent advances in synthetic biology have highlighted the
potential use of biohybrid systems for theranostic solutions. Reliable, efficient, and
predictable engineering of cells presents an opportunity to develop even more specific
biosensors by leveraging the natural receptor proteins that have evolved to specifically bind
biochemical targets with the complex in vivo environment. For example, cells have been
engineered to express G protein coupled receptors that upon binding the target biomolecule
change their fluorescence or drive the production of reporter fluorophores. Examples of
these genetically engineered biochemical sensors include sensors to report specific
neuromodulators such as acetylcholine [46], dopamine and norepinephrine [47] in vivo.
Engineered cells that sense biochemicals have also been used as part of cell-based cancer
therapies and have the potential to be used as part of a closed-loop bioelectronic device. For
example, CAR-T cells have been used to treat acute lymphoid leukemia [48] and
neuroblastoma [49]. Apart from cancer theranostics, engineered cells are being applied to
address metabolic disorders. Cells to constantly monitor blood lipid levels were implanted in
obese mice using semipermeable immunoprotective hydrogels. These cells express clinically
approved peptide hormone pramlintide to suppress appetite in relation to sensed blood fatty
acid levels. The human dopamine receptor 1 (GPCR) has been used to sense external stimuli
and secreting therapeutic molecules. This scheme has been applied in tumor lysis syndrome
[50] and diabetic ketoacidosis [51]. Challenges with this approach include the need to either
modify the host tissue using viral vectors or introducing genetically modified cells. Direct
modification of the host presents a more challenging regulatory pathway, however, there are
more than 2000 clinical trials worldwide, that are using viral gene therapy. An additional
challenge is that any sensing modality based on gene transcription will have a long latency
between binding the biomolecule and reporting that concentration via a reporter protein. The
time between binding and gene expression is typically on the order of minutes. As a result,
only physiological processes that vary more slowly than this sensing latency could be
controlled using transcription-based biosensors. Finally, the reporter (typically a
fluorescence or electronic) signal must be converted into an electronic signal to complete the
closed-loop system. Thus, the sensing interface includes both a synthetic biological part and
a bioelectronic part creating a biohybrid system [52]. Despite the additional engineering
required to create these biohybrids, the specificity afforded by synthetic biology makes them
an attractive approach for closed-loop bioelectronics that must function within the complex
physiological environment in vivo.

Biohybrids based on synthetic biology also offer an opportunity to create interfaces that
deliver select biochemical signals and can act as actuators in a feedback control system.
These engineered cells can also produce multiple different biochemical therapies,
overcoming the limitations of one disease-one drug approach. For example, engineering
cells to express light-sensitive ion channels or proteins that respond to different wavelengths
one can drive production of select biomolecules by using different colors of light [53-57].

Biocompatibility:

For the purposes of discussing closed-loop bioelectronics we define biocompatibility as the
ability of sensors and actuators to safely stimulate/record the target physiological process for
the period of time necessary for the system to perform the desired task. There are two main
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considerations when assessing the biocompatibility of a device: 1) biofunctionality- the
effect on the performance of the implant due to its continuous interaction with biological
tissue and 2) biosafety-the risk to the health of the patient due to the implanted device. The
intended function of the biointerface will place different requirements for stability and
longevity. From a regulatory standpoint biosafety is one of the most important criteria when
designing implantable devices.

As a case study for the importance of biocompatibility we consider a bioelectronic organ:
the artificial pancreas, which regulates insulin levels based on a measurement of blood
glucose, is one of the most studied topics in this field. While there have been rapid
improvements in all the components involved in this system, biocompatibility remains the
most important challenge to the realization of a chronically implanted artificial pancreas.
Figure 3 shows the advances over time in the design of artificial pancreas and the advances
made in fabrication of materials to improve biocompatibility. The developments of these two
fields in parallel have led to the possibility of a chronically implantable artificial pancreas.

The first attempt of a closed loop system was made in 1964 by Kadish. Continuous real-time
glucose monitoring was used with an on-off system for intravenous infusion of insulin and
glucagon in a diabetic patient. Since then many efforts have been made to develop a true
closed-loop system [58-61]. Regulatory approval of Continuous Subcutaneous Insulin
Infusion (CSII) has led to the miniaturization and improved reliability of insulin pumps [62].
Many novel algorithms and control paradigms have been postulated for this specific
application [63]. Advances have been made in all areas to move towards a truly closed loop
system. Many prototypes have been developed and are being tested in clinical settings.
Research prototypes of the artificial pancreas adopting the subcutaneous route include a
control algorithm, a modular system supporting wireless connection to a range of glucose
sensors and insulin pumps, each having potential for further advancement. Despite success
of several prototypes, chronically implanted artificial pancreas has yet to be realized as a
commercial product. A major barrier to this is the ability to implant all the components of
this system. Current CGM sensors measure interstitial glucose levels using subcutaneous
sensor elements. The designs and materials used for the construction of CGM sensors have
ongoing problems due to compression of tissue around the sensors leading to false alarms.
Implantable glucose sensors are still under development [64]. Efforts are being made to use
intravenous sensors and intraperitoneal insulin infusion. There is limited experience with
implantable pumps has hindered their widespread application [65]. There have been many
complications with implantable pumps including ‘pump-pocket’ infections and device
failures [66].

To understand the challenges in the development of biocompatible devices, we look at the
body’s response to foreign objects. Biofouling which occurs shortly after implantation,
consists of non-specific cell/protein adsorption locally around the implant. Device
implantation can lead to both acute and chronic inflammatory responses. Attachment of
proteins such as albumin and fibrinogen, associated with acute inflammatory response, to the
implanted device can further lead to chronic inflammatory response. In this, macrophages
play a key role in Foreign Body Giant Cell (FBGC) formation and production of degradative
enzymes and inflammatory mediators. Inflammatory responses lead to the formation of a
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fibrous capsule surrounding the implant. This fibrous wall in combination with the FBGC,
creates a barrier surrounding the implant, which can hinder its performance.

In the case of glucose monitoring systems, despite outstanding advances in /n vitro
functionality of sensors, /n vivo applicability has been difficult due to gradual loss of sensor
functionality after implantation. It has been overwhelmingly observed that biofouling
contributes to a decrease in sensitivity when the sensor is initially implanted [67, 68].
Another possibility is that there may be changes in the diffusion characteristics of the tissue
due to inflammatory response which affects the concentration of glucose in the immediate
vicinity of the sensor [69].

Different approaches have been applied to overcome issues surrounding the FBR. Numerous
coatings have been developed to reduce tissue reactions around sensors. In one study, a
three-dimensional porous collagen scaffold was prepared by cross-linking collagen with
nordihydroguaiaretic acid. Devices coated with this material were shown to be stable for
four weeks upon incubation with collagenase solution [70]. Nafion membranes, an ionomer
made from a sulfonated tetrafluoroethylene copolymer, have been used as coating material
for sensors. Results have indicated unimpaired sensor function and longer lifetimes for
coated devices [71-73]. Other hydrogel coatings include poly (hydroxyethyl methacrylate)
[74, 75], PEG [76], polyurethane [77] and PVA [78]. Coatings made from these materials
can be polar, uncharged, water-swellable, flexible aqueous layers that can be used to mask
the surface of the device while improving functionality and lifetime. Water soluble analytes
like glucose can diffuse through the polymer gel and the porosity of the gel can be controlled
by controlling the cross-link density, giving these gels an advantage in implantable sensor
devices.

Another approach is the use of anti-inflammatory drugs in the vicinity of the implant.
Dexamethasone and a superoxide dimutase mimic (SODm) have been used previously [78—
80]. However, these have not been widely applied since the use of a non-native drug can
cause other systemic effects. To overcome this, glucose sensors that release nitric oxide to
modulate inflammatory response have been developed. These have shown some promise in
reducing inflammation for the length of time that the nitric oxide was released [81,82].

A suggested strategy for improving function has been neovascularization of the implant site
to overcome fibrosis-associated vessel regression which is assumed to be a major factor in
the loss of biosensor function /n vivo. The most basic method to achieve vascularization is to
infuse Vascular Endothelial Growth Factor (VEGF) with the device. This has been shown to
marginally improve the sensor function [83]. To improve on these initial results, there has
been an explosion of research in methods of delivering angiogenic growth factors [84-87].
Based on research in the fields of oncology and angiogenesis, it was found that certain types
of porous materials when fabricated with a specific pore size, caused a prolific growth of
new vessels into the region of the implanted device. Polyvinyl alcohol sponge and expanded
polytetrafluoroethylene have been used to create scaffolds with controlled pore sizes [88,89].
In another experiment biodegradable poly lactide-glycolic acid (PLGA) was impregnated
with VEGF to promote vascularization. This approach was found to be much more effective
than using porous scaffolds or VEGF infusions alone [90].
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Recently, there has been great interest in the use of biomimicry for fabrication of
biomaterials for packaging of implantable devices. Phosphorylcholine (PC) has been used as
a phospholipid membrane placed over devices. The idea behind this concept is to mimic the
mammalian phospholipid cell membrane to avoid an FBR. PC-coated devices have shown
reduced neutrophil binding [91], less platelet activation and reduced thrombin formation /n
vitro [92]. PC coated polymers in rabbits found a lower degree of fibrosis at 13 weeks [93]
and a PC coated glucose sensor has passed cytotoxicity and biocompatibility tests [94].
Dopamine like materials have been used, which are capable of adherently coating many
diverse substrates in a conformal manner. Chitosan has also shown promising results with
many favorable characteristics like homeostasis and antibacterial properties [95-97].

Foreign body response encompasses many complex processes. The biocompatibility of
materials used in implantable devices depends on the ability of the materials to overcome
this response while maintaining implant function and minimizing risk for the patient.
Biocompatibility still remains a major challenge for most implantable devices and is a major
bottleneck in the implementation of the well-studied artificial pancreas system. No material
has yet been found that is capable of completely solving the challenges faced due to
biocompatibility. There have been many developments which show promising results.

Connectivity:

For closed-loop systems, data must be transferred between the sensors, actuators, and
controller. The controller typically performs most of the signal processing and computation
and does not necessarily need to be implanted in the body. In either case, chronic implants
typically need remote mechanisms to tune and reprogram the controller. In addition, the
controller, sensors, and actuators, must be powered by batteries, or by wireless energy
harvesting. Together, these requirements emphasize the importance of data and power
transfer for closed-loop bioelectronics.

Data and power transfer are particularly important for neural interfaces since they often deal
with high-bandwidth data and power-hungry applications. In most cases the amount of low-
latency processing that must be done for a closed-loop system cannot fit entirely in
miniaturized (mm-scale) implantable devices. Instead, free-floating mm-sized sensors and
actuators must receive data and power wirelessly. In this section we look at various schemes
that have been explored to improve connectivity in the field of neural interfaces.

For chronically implantable closed loop systems, algorithms and miniaturized hardware
need to be developed that can fit into a scheme of on-chip implementation with a limited
power and computational budget. Powering these devices efficiently becomes especially
important when trying to increase the lifetimes of implants and reduce their size by
eliminating onboard batteries. These batteries not only increase the device footprint, but also
require follow-up surgeries once the battery discharges or in case of lead migrations and
failure [98]. For these schemes, sensors and actuators need to be developed with the
capability of wireless data and power transfer.
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Many different schemes have been developed for data and power transfer in the field of
neural interfaces. Inductive coupling [99-101], ultrasonics [102-104], mid-field [105,106]
and far-field [107,108] electromagnetic coupling have been proposed for wireless power
transfer.

i) Near-Field Inductive Coupling:

This is the oldest and most studied strategy applied in implantable devices. It works on the
principle of electromagnetic coupling. A transmitter placed close to the body produces a
time-varying magnetic field which produces an Electro-Magnetic Field (EMF) in an
implanted receiver coil. Inductive coupling has been used with proven results in FDA
approved implanted devices [108,109]. Over the years many improvements have been made
in the designs of coils and implants to improve the efficiency of inductive coupling. Some
challenges still remain however, some of which are inherent to the technology. Efficiency is
one of the most important challenges. Near field coupling usually results in sub-optimal
efficiency since the link has to be designed for a particular load; however, many implants
represent a dynamic load that changes depending on their activity state. Misalignment of
implants which are very common due to the nature of the application, present another
challenge for inductively coupled devices. Inductive coupling is greatly affected by
misalignments and artifacts. It is also desirable for neural implants to be mechanically
flexible. Real-time flexion of coils causes detuning. Additional circuitry is required for
matching with the tuning capacitor circuitry. From a materials standpoint, copper wires
provide excellent performance, however since copper ions released from metal can have
toxic effects [110], care must be taken to hermetically package these coils, or one can find
alternative materials. Other materials are often used in place of copper, which leads to lower
performance due to higher electronic resistance. Many techniques have been applied to
overcome these drawbacks. To improve efficiency, energy storage capacitors are used on the
load side to present an optimal load despite varying demands and source decoupling is
achieved by using high quality factor coils. Coil alignment using permanent magnets is used
to reduce misalignment effects [111,108]. To overcome detuning in flexible implants,
miniature coils with smaller inductance per area have been suggested [112, 113]. To
continue using copper coils, silicone, glass and ceramic are used for packaging implants.
These proposed solutions while mitigating the drawbacks of the technology, come with other
trade-offs. For example, Use of permanent magnets leads to incompatibility of implants with
MRI, miniaturization of coils leads to performance degradation, replacing copper by other
materials leads to higher resistivity while continuing to use copper requires hermetic sealing
of devices which can increase the footprint of the device. To create mm-sized bioelectronic
implants that have advantages compared to NIC several alternative wireless data and power
transfer technologies have been explored.

ii) Ultrasonics:

Ultrasound waves of frequencies greater than 20kHz are used for transfer of energy to
implanted devices. An ultrasonic oscillator is used as a transmitter. It generates acoustic
waves, usually within the frequency range of 200 kHz to 1.2 MHz. It is coupled through
tissues to a receiver, which is a piezoelectric energy harvester implanted inside the body.
Data can be uplinked from the implanted device through sensing the ultrasonic backscatter.
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The efficiency of ultrasound power transfer depends on various factors such as transducer
losses, receiver losses, tissue absorption, losses due to the acoustic impedance matching
layer and rectifier losses. Several design factors have to be considered for realizing an
efficient ultrasonic system ranging from the choice of optimum operating frequency,
transducer material, location of the implanted device, acoustic impedance matching at
transmitter and receiver, to the power conditioning stages which all affect the power
transmission efficiency. System level designs for powering active implanted devices, such as
cochlear, pacemakers, and neurostimulators have been proposed in [114, 115, 116, 117, 118]
as an alternative to its EM powering counterparts. Some of the challenges in the use of
ultrasonics include varying acoustic impedance in different body tissues and at the interface
between air and tissue, safety issues due to long term tissue vibrations and the separation
between the transmitter and receiver leading to large swings in efficiency. Use of ultrasound
energy transfer technology has become a popular alternative recently due to improvements
in the performance of piezoelectric materials. Use of Lead Zirconate Titanate (PZT) as an
ultrasonic transducer results in high electromechanical energy conversion. Many studies
have shown improvements in piezoelectric properties of Polyvinylidene fluoride (PVDF)
with the addition of other materials such as zinc oxide [119].

iii) Mid-field:

This has been suggested to overcome the shortcomings of near-field inductive coupling for
miniature implants in which the receiver size is smaller than the wavelength. In the case of
near-field inductive coupling, when the two coils are placed in a multi tissue layer
environment and separated by a distance of a few centimeters, the wireless power transfer
efficiency is very low at frequencies less than a few MHz. Maximized efficiency of distant
miniature implants is achieved by combining near field inductive and far field radiative
modes of transmitter at low GHz mid-field frequency range. The optimal mid-field
frequency is then chosen based on implant depth and types of tissues to converge the
transmitted waves at the position of the implanted receiver coils. Mid-field resonant coupling
is an emerging scheme proposed for powering deep-seated microimplants [120]. Although
the overall efficiency is improved compared to NIC, the delivered power levels are still in
the range of a few milliwatts. One potential challenge with mid-field approaches is that the
tissue absorbs electromagnetic energy at the 1-3GHz frequencies typically used, which has
been reported to cause tissue heating of a few degrees C [121]. Safety limits therefore place
the upper bound on the amount of energy that can be transferred with this approach, and
long-term chronic use remains to be demonstrated.

iv) Far-field electromagnetic coupling:

In this scheme, the receiver antenna is placed at a large distance from the transmitter and
receives power through radiating electromagnetic waves. This strategy has been investigated
and applied for long-range power transmission in free space but has not been widely applied
in implanted devices primarily because the body absorbs electromagnetic radiation in the
common RF bands. As a result, only superficial antennas within the first few mm of the
surface receive enough power to operate most bioelectronic devices for neural applications
[122, 123]. For some low-power applications like cardiac pacing RF power has been
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proposed, but the antenna size required to efficiently capture GHz frequency energy prevents
sub-mm miniaturization [124].

v) Magnetoelectric (ME):

While magnetoelectrics have been commonly studied in the context of sensing
electromagnetic signals, recent studies have begun to look at magnetoelectrics as a form of
wireless power transfer. [125] Magnetoelectric materials are composites of magnetostrictive
and piezoelectric materials. In this modality, energy is converted from an alternating
magnetic field into strain by the magnetostrictive material. The strain is then transferred to a
coupled piezoelectric layer which induces an electric field. Because magnetic fields in the
less than 500kHz frequency range do not suffer from significant absorption by the body or
impedance mismatches between air/bone/ tissue, ME can serve as an efficient power transfer
modality for implantable devices. Furthermore, in comparison to near field inductive
coupling which also uses magnetic fields, ME devices are less affected by spatial and
angular misalignment and have a higher power density [126] Like NIC data and power is
transmitted using an electromagnetic coil that generates the alternating magnetic field,
operating at single digit mT field strengths. The carrier magnetic field frequencies span 100
kHz - 500 kHz with in vivo demonstrations at 300-400 kHz [127]. Similar to ultrasound,
material improvements can improve the efficiency and power density of this wireless power
technique. Long term chronic studies and data uplink has not been demonstrated.

Figure 4 shows the various technologies being developed for power and data transfer.

Conclusion:

Devices that are capable of real-time closed loop therapies can revolutionize how patients
are treated and drastically improve health care outcomes. As we described above, specificity,
biocompatibility and connectivity are three major design criteria that affect the performance
of closed-loop bioelectronic systems, and the importance of each factor often depends on the
application.

Specificity of sensors plays a critical role in development of theranostic systems. Many new
materials have been developed to be responsive to highly specific stimuli. These materials
still suffer from drawbacks such as low signal to noise ratio. Recently, great strides have
been made in using advancements in synthetic biology by creating engineered cells for
theranostic applications which shows the potential to greatly improve the performance of
theranostic systems.

Biocompatibility is a key criterion for all implantable devices. In mature systems such as
artificial pancreas, in which there have been many improvements over the years to create a
completely implantable device, biocompatibility remains a bottleneck for chronic
implantation. Over the years, concurrent advancements in biocompatible materials and
miniaturization technologies have led to the possibility of being able to create a chronically
implantable artificial pancreas.
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Connectivity becomes critical as devices are miniaturized to create networks of distributed
sensors and actuators. This is especially true for neural interfaces, which typically require
low-latency, high power, and significant computational budgets. Many different schemes
have been explored for wireless power and data transfer with each having its own
advantages. The development and optimization of new materials affects all of the different
criteria. New thin film encapsulation materials have the potential to replace the relatively
large hermetically sealed ceramic/titanium boxes. More robust long-term tests, however, will
be needed to verify the reliability of these thin film coatings, especially in covering devices
that can potentially have complex geometries. Novel piezoelectric materials can expand
device power budgets and allow for greater power transfer efficiencies at larger depths
within the body.

In this paper we focus on three applications to demonstrate the role played by specificity,
biocompatibility, and connectivity considerations in the design of closed-loop implantable
systems. These closed-loop systems, however, show tremendous promise in a broad range of
applications including wound healing, gastric dysfunction, cardiopulmonary and metabolic
disorders.

While factors like specificity, biocompatibility, and connectivity are important for all
bioelectronic systems, there is no singular best technology solution. Instead the choice of
sensor, encapsulation, and data/power delivery depends heavily on the application. This
highlights the importance of systems engineering along with materials and device
development when developing closed-loop bioelectronic technologies for the future. For
example, implantation depth and location will affect which wireless power technique can
and should be used. Concentration ranges of interest can determine which biosensors are
optimal for the application. Nevertheless, individual technological advances in specificity,
biocompatibility, and connectivity will create a more powerful suite of component
technologies that can be assembled into the type of advanced closed-loop bioelectronic
medicines we imagine for the future.
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Figure 1:
Distributed sensors and actuators for monitoring and regulating physiological processes
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Microenvironmental irregularities present the first challenge for systems that depend on
sensing of environmental factors such as temperature and pH. For implantable electrodes,
biofouling can lead to reduced specificity which affects the performance of the system.
Aptamer based microfluidic systems are highly specific but face the challenge of low signal
to noise ratio when implanted in the body. Engineered cells represent a new direction for the
development of highly specific theranostic systems.
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To create a Chronically Implantable Artificial Pancreas it is necessary to combine the
developments made over decades in improving the device performances specifically for
glucose regulation application with advances in materials developed for improving

biocompatibility of implanted devices.
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Figure 4:

Developments in miniaturization of implantable neural stimulation systems using various
wireless power transfer modalities
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