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Abstract

The concept of implantable glucose sensors has been promulgated for more than 40years. It is now accepted that continuous
glucose monitoring (CGM) increases quality of life by allowing informed diabetes management decisions as a result of more
optimized glucose control. The focus of this article is to provide a brief overview of the CGM market history, emerging
technologies, and the foreseeable challenges for the next CGM generations as well as proposing possible solutions in an

effort to advance the next generation of implantable sensor.
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Introduction

The domestic prevalence of diabetes mellitus (DM) has
increased from 11 million in 2000 to approximately 30 mil-
lion in less than two decades.! Approximately 90% to 95%
of the diabetic population is classified as type 2 diabetes in
which an individual produces an insufficient amount of
insulin to meet their metabolic requirements.? This number
is predicted to rise to nearly 55 million people by 2030 rep-
resenting an estimated increase of 54%.° The World Health
Organization estimates that approximately 422million
adults or 8.5% of the world’s population are currently
affected, which represent a fourfold increase in less than
40years. This exponential rise in DM implies an incipient
global pandemic.

Traditionally, the principal method of glucose monitoring
for people with diabetes has been through self-monitoring of
blood glucose (SMBG) without a clear consensus on sam-
pling frequency that varied between four and ten times per
day, for insulin-dependent patient with diabetes.* This varia-
tion reflects differences in activity levels, lifestyle, insulin
injection regimens, and agreements brokered between the
clinician and the patient. Nevertheless, few patients adhere to
the rigid SMBG regimen necessary to delay the onset and
slow the progression of diabetic complications including
retinopathy, nephropathy, and neuropathy that can result in
limb amputations.* The concept of implantable glucose sen-
sors has been promulgated for more than 40 years.’ Extensive

research and development resulted in the first marketable
transdermal implantable glucose sensors in 1999 and early
2000. These first sensors had limited clinical utility as they
experienced significant drift in sensitivity over the initial
FDA-approved three-day implantation period.®’ Given the
superior in vitro performance, this in vivo sensor output drift
was unexpected such that enthusiasm waned even within the
scientific community in these early continuous glucose mon-
itoring (CGM) days.®!° Further technological advances in
CGM revolutionized diabetes care. It is now accepted that
CGM increases quality of life by allowing informed diabetes
management decisions as a result of more optimized glucose
control.!! This leads to a better health and a reduction in dia-
betic complications.!? Although CGM requires a higher ini-
tial investment, the trust is that long-term health benefits of
CGM are cost-effective when compared to daily use of test
strips.'>!> Nevertheless, a consensus on CGM and cost-
effectiveness has not yet been reached.'®!” Notably, the
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Figure |. Timeline of continuous glucose monitoring market release.

hybrid closed loop insulin delivery system, which is linked
to a glucose sensor, was named as the most disruptive medi-
cal technology in healthcare at an industry summit in 2018.
The next technological wave will focus on advancing
closed-loop artificial pancreas device (APD) systems that
incorporate a long-term functional implantable sensor device
directed at normalizing blood glucose levels. As innovation
in diabetes management progresses, an overarching factor in
the development of any successful APD system is the
advancement of a highly accurate and long-term functional
glucose sensor. Insulin infusion systems, which are a vital
part of the APD system, have their own challenges as they
are currently FDA approved for three days of consecutive
use. Although tangentially important, they are not addressed
in this overview of CGM technology innovations. Rather, the
focus of this article is to provide an overview of the CGM
market history, emerging technologies, and the foreseeable

challenges for the next CGM generations as well as propos-
ing possible solutions in an effort to advance the next genera-
tion of APD systems.

Overview of the Current CGM Technology

Figure 1 depicts the release dates of CGM devices in
American and European markets beginning with its intro-
duction nearly two decades ago to the present day. This
timeline also includes secondary display accessories and
downloadable applications as a means of emphasizing the
industry’s shift to establish mobile device compatibility in
continuous glucose monitors. Otherwise, these timeline
events focus primarily on the release of standalone CGM; a
designation indicating that these devices can be employed to
monitor a patient’s interstitial glucose levels either indepen-
dently or as part of an insulin infusion system. Given that a
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CGM device is typically understood to be composed of a
sensor, a transmitter, and a receiver or monitor, and sold as
a unit with no interchangeable components, the timeline
does not depict major technological developments in these
individual components. Thus, specific product releases such
as the launch of the Enlite glucose sensor or Guardian 3 glu-
cose sensor—glucose sensors, which are sold as stand-alone
products and are compatible with more than one type of
insulin pump or CGM system—are not included in Figure 1.
Given the specific scope of this review, readers who are
interested in the history and development of CGMs are
advised to read other previous reviews in addition to the
background literature.>!8-20

In 1999, Minimed marketed the first CGM system that
enabled recording of a patient’s glucose values over a span of
three days, which relied on repetitive sensor calibration with
a finger stick glucose sample every 6 to 12hours.?! The sen-
sor and its receiver were physically connected through a cable
such that it functioned similar to the currently available wire-
less CGM. However, the data were not available to the patient
in real time as these data had to be downloaded to a healthcare
provider for post hoc analysis. Thus, this device was designed
to supplement rather than replace traditional blood glucose
monitoring.?! In 2004, the Medtronic Guardian introduced
wireless transmitting from sensor to receiver as well as
programmable high and low glucose alerts; features that
became an industry standard. Subsequently, the advent of the
Medtronic Guardian RT and the Dexcom STS—Iaunched in
2005 and 2006, respectively—allowed the user to view their
calculated glucose levels in real time for up to three days.?

In 2007, Dexcom introduced the STS-7, which was the first
device to allow patients to continuously monitor their glucose
levels for seven days as opposed to three.?’ Prior to the STS-7,
Dexcom focused primarily on the development of a totally
implantable glucose sensor device to function for a month to a
year at a time.”>?* In 2014, Abbott obtained the CE mark for
FreeStyle Libre. In 2018, Abbott launched the FreeStyle Libre
in the United States, the first flash glucose monitoring system
that had several transformative innovations. Notably, this device
permitted the user to scan the receiver over the sensor to obtain
their current glucose value and glucose level trends.?* Moreover,
this device’s warm-up period was reduced to a single hour and
the implanted sensor’s lifespan was extended to 14 days. Perhaps
of paramount importance, the FreeStyle Libre completely elimi-
nated the need for initial and subsequent finger-stick calibra-
tions.* Nevertheless, the user is advised to perform blood
glucose testing in the event that the sensor measurements are
unreliable, such as in instance of dehydration.

With the release of secondary transmitters such as Dexcom
Share and MiniMed Connect in 2015, compatibility with
mobile devices became an essential feature for CGM devices.
While these accessories worked in conjunction with company-
released apps to enable the user to view their glucose values on
their mobile phones, it was not until Dexcom released the G5
that the need to carry a separate receiver was eliminated.

In May 2016, Eversense (Senseonics) received CE mark,
introducing a CGM that included the only implantable glu-
cose sensor with a 90-day lifespan.?* One year later,
Senseonics launched the Eversense XL in 2017, which
advertised a sensor lifespan of 180days.?® To this day, the
Eversense XL remains the CGM with the long-lasting glu-
cose sensor available on the market. Table 1 provides a sum-
mary of the current FDA-approved CGM systems including
compatible products offered.

Future directions include the development of “artificial
pancreas” in which CGM devices and automated insulin
dosing (AID) systems are linked to function beyond the
current three-day limitations. Early in 2018, the Dexcom
G6 became the first CGM to be approved by the FDA for
integration into AID systems. At that time, the G6 glucose
sensor had already been incorporated into closed-loop sys-
tems like the Diabeloop and Tandem’s t:slim X2 (Table 1).
Dexcom G6 CGM functions without the need for start-up
calibration or confirmatory finger sticks and operates on a
ten-day lifespan. FDA has since categorized Dexcom G6
as an integrated or interoperable device based on the per-
formance data meeting, special controls established for
interoperable CGM. In the future, in conjunction with
research organization Verily, Dexcom is expected to launch
G7. Most notably, the device is being advertised as “thin-
nest CGM ever.”?° This device purports to have a lifespan
of 14 to 15days and function without a separate receiver,
which may result in a less expensive CGM device.

Limitations for the Current Transdermal CGM
Devices: Tissue Perspective

The host response to any respective glucose sensor will
define sensor sensitivity, sensor performance, and ultimately
sensor longevity. As such, one significant limitation of all
implantable glucose monitoring devices is the foreign body
response (FBR), which is an inflammatory reaction stimu-
lated by the host’s immune system in response to a foreign
substance. An FBR commences when macrophages, particu-
larly pro-inflammatory M1 macrophages, are recruited to the
sensor site through the skin’s vasculature. Recruitment of
macrophages to the device location significantly affects the
accuracy of the glucose sensor given that the metabolically
active inflammatory cells consume interstitial glucose.?’?
This results in glucose gradient in which the glucose concen-
tration adjacent to the sensor is vastly different from the true
serum glucose concentration.?® Inflammatory cells are also
responsible for the recruitment of fibroblasts, which are inti-
mately associated with the FBR. Fibroblasts produce fibrous
tissue that encapsulates the device in order to sequester it
from the remainder of the body. Nevertheless, the lifespan of
transdermal sensor devices has increased from 3 to 14 days
over the past decade by addressing the FBR through advances
in sensor chemistry, sensor coatings, and improved implanta-
tion techniques. Initial sensor biocompatibility studies first
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Table I. Currently Available Continuous Glucose Monitoring Diabetes Management Systems.

Classification type  Calibration ~ FDA approval
Company name Product(s) of device frequency year Compatibility
Medtronic iPro 2 Professional CGM  3-4/day 2011 Sof-Sensor, Enlite sensor, iPro2 Recorder
(MMT-7741)
Minimed 630G Insulin pump/ 3-4/day 2016 Smart Guard, 630G Insulin Pump, Enlite
artificial pancreas Sensor, Guardian Sensor 3, Guardian
Link Transmitter System, CareLink,
Bayer’s CONTOUR NEXT LINK 2.4
Wireless Meter, Bayer’s CONTOUR
NEXT Test Strips
Minimed 670G Insulin pump 3-4/day 2016 Smart Guard, Guardian Sensor 3,
(manual mode)/ Guardian Link Transmitter, CONTOUR
artificial pancreas NEXT LINK 2.4 Glucose Meter
Guardian Connect  Real-time display 3-4/day 2018 Guardian Sensor 3 (MMT-7020), Guardian
CGM Transmitter (MMT-7821), Guardian
Connect App (CSS7200)
Dexcom G4 PLATINUM Real-time display 2/day 2012 G4 Sensor, G4 Receiver, G4 Transmitter
CGM
G5 Real-time display 2/day 2016 G5 Sensor, G5 Receiver, G5 Transmitter,
CGM G5 Mobile App, t:slim X2 Insulin Pump
Gé6 Real-time display None 2018 G6 Sensor, G6 Receiver, G6 Transmitter,
CGM G6 Mobile App, t:slim X2 Insulin Pump
Abbott Diabetes FreeStyle Libre Flash glucose None 2017 FreeStyle Sensor, FreeStyle Reader,
Care monitoring FreeStyle Libre Data Management
Software, Built-In Glucose Meter,
FreeStyle Precision Neo Blood Glucose
Test Strips
Senseonics Eversense Implant 2/day 2018 Eversense Sensor, Eversense Transmitter,
MMA Software
Tandem t:slim X2 Insulin pump 2/day 2015 Dexcom G4 Platinum CGM, Dexcom G5

CGM, Dexcom G6 CGM

Abbreviation: CGM, continuous glucose monitoring.

This table depicts FDA-approved and currently available continuous glucose monitoring systems, differentiated by leading companies targeting the
diabetes care market including their respective products offered. Calibration frequency is described as the amount of times a manual calibration is
required for the respective device. Calibration is usually accomplished in the form of a finger prick. Compatibility with the particular continuous glucose
monitoring system includes other sensor devices, receivers, transmitters, applications/software, glucose meters, and insulin infusion pumps.

examined the toxicity of sensor materials followed by analy-
ses of FBRs as in vivo lifespan increased from a few days to
weeks.3! The root cause of these diverse tissue injuries, seven
or more days postimplantation, is inflammation and fibrosis.
Both of these tissue reactions compromise sensor function in
vivo: inflammation by inducing sensor damage and/or glu-
cose consumption at the sensor site and fibrosis by inducing
blood vessel regression thus compromising diffusion in the
interstitial fluid of the sensors located in the subcutaneous
space.”?*32-36 Given the need to increase sensor performance
usage time beyond its current FDA-approved lifespan, trans-
dermal sensors designed to last beyond one to two weeks as
developed by DexCom, Abbott Diabetes Care, and
Medtronic/MiniMed must address additional parameters.
These include ensuring adequate skin adhesion of these
devices while simultaneously preventing injury to the epithe-
lial dermis layer. Other limitations may arise from the persis-
tent open wound at the sensor insertion site, as well as
“micromovement” of the sensor within the implantation

site.’”* In these situations, the implanted sensor not only
prevents wound closure but sensor wearer’s activities could
result in continuous localized micromovements and shear
forces. The net result of this is mechanical tissue destruction
at the poles of the implanted sensor. This triggers the recur-
rent episodes of acute inflammation and subsequent chronic
inflammation leading to fibrosis, which results in sensor per-
formance degradation. Eventually, the micromovement and
tissue damage could create a “funnel” that channels debris
and provides a culture medium for bacteria along the sides of
the shaft of the sensor. Cell detritus, bacteria, and their
byproducts then migrate into the deeper tissues along the
shaft of the sensor and eventually emerge at the sensor tip. In
turn, this drainage may lead to additional tissue inflamma-
tion, fibrosis, and degraded sensor performance. More con-
cerning is the possibility of infiltrating bacteria at the
insertion site posing a risk for biofilm formation as the push
for longer insertion time past two weeks increases. Biofilms
are microenvironments held together by a “sugary-sticky”
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substance secreted by bacteria, designated extracellular
polymeric substances (EPS).* These EPS provide protection
to the bacteria resulting in damage to the host’s surrounding
tissue. Once a biofilm forms, ultimately the only solution is
to remove the sensor device, which creates a fibrotic tissue
site unavailable for future CGM implantations. As such, fur-
ther advances will likely require addressing tissue biocom-
patibility including localized inflammation at implantation
sites that would permit recurrent implantations at that site.

Overcoming the Foreign Body Reaction

The key to achieving long-term sensor performance requires
the successful integration of the device into the surrounding
tissue by mitigating the effects of the FBR. Previous efforts in
this regard have focused on implanted synthetic polymer
coatings with or without concomitant use of anti-inflamma-
tory agents.***” At present, the only FDA-approved implant-
able device is Eversense (Senseonics, Germantown, MD,
United States), with a lifespan of 180 days.?® Eversense, with
a diameter of 3.5mm and a length of 18.3 mm, is implanted in
the subcutaneous tissue with the assistance of healthcare pro-
viders. The longevity of the Eversense is most likely achieved
through the synergy of the anti-inflammatory corticosteroid
dexamethasone and the polyhydroxyethyl methacrylate
(PHEMA)-based hydrogel coating (Figure 1; CE mark).?
Cell viability studies cultured on PHEMA- and polyethylene
glycol-based hydrogel supported its use as superior material
for implant material coatings.

More recent research has been directed toward develop-
ing device coatings that are less likely to incite a robust FBR.
Cell and Molecular Engineering LLC (CMTE, Avon, CT,
United States) aims to incorporate tissue response modifiers
into basement membrane matrix coatings in an attempt to
induce tissue tolerance®* and allow repetitive use of the
same insertion site. Clinical Sensors, Inc. (Research Triangle,
NC, United States) employed a different approach by design-
ing a nitric oxide-releasing polymer sensor coating designed
to enhance sensor accuracy and longevity.*” However, as the
half-life of NO is relatively short in the physiological state,
NO donors are needed to secure a prolonged and secure NO
delivery.>

Emerging CGM Technology

Biorasis, Inc. (Storrs/Mansfield, CT, United States), Profusa
(South San Francisco, CA, United States), and Laxmi
Therapeutic Devices INC (Goleta, CA, United States) are all
emerging businesses directed at developing CGM systems
using the concept of microminiaturization, whereas Biorasis
and Profusa aiming at a totally implantable sensor device.
Biorasis and Profusa sensor devices are in the dimension of
5 mm in length and 500 pm in diameter such that the device
may be inserted without medical personnel. It is well estab-
lished that the degree of tissue reaction correlates with device

size.’! Thus, the small size of these devices should minimize
the associated FBR. Profusa’s sensor technology is based on
fluorescent, nonenzymatic boronic acid possibly incorporat-
ing a microporous gel, similar to Helionics (Seattle, WA,
United States) uniform pore size technology. The polymor-
phous biomaterial is composed of uniformly sized pores
believed to facilitate neovascularization while limiting
inflammatory cell migration. One potential limitation is that
these devices would remain in situ once the device exceeded
its useful lifespan. Although the FBR may be greatly reduced,
experimental data would need to establish the safety and effi-
cacy of this approach. As it is known that the insertion trauma
negatively impacts a FBR, Laxmi Therapeutic Devices
INC’s CGM approach targets a smaller needle size transcuta-
neous device in an effort to reduce FBR. The device is
described as a “strip on a chip” and samples glucose analyte
using magnetic actuation by dipping individual “hair-like”
thin needles into the skin.

In order to circumvent the FBR, a joint project between
Novartis (Basel, Switzerland) unit Alcon and Google (Menlo
Park, CA, United States) designated Verily spent significant
effort developing a glucose-sensing contact lens in 1994.
Since measuring the glucose level in tears subsequently
proved unreliable, the project was abandoned in November
2018. Verily has since partnered with Dexcom. These com-
panies are projecting the launch of G7, a significantly smaller
CGM version of Dexcom’s current G6 device. Software
incorporation for G7 is partnered with Ondue (Newton, MA,
United States), a virtual diabetes tool, designed to provide
patients with guidance on routine diabetic management.

As CGM devices are not necessarily covered by private or
governmental insurance policies, it is critical that cost reduc-
tions are considered for future devices entering the diabetes
market. Other issues to consider are scalable manufacturing
processes, a short sensor lag time, and the inclusion of reli-
able algorithms, which match the data coming from the sen-
sor. Specifically, accuracy, reliability, and usability need to
match or exceed the current products already on a competing
diabetes market.

Future Requirements for Advanced CGM
Technology

Given the rise in diabetes and its associated diabetic compli-
cations, an unsustainable increase in healthcare expenditure
will be superimposed on an industry that consumes nearly
20% of the gross domestic product. A concomitant shortage
of healthcare providers will exacerbate this situation.
Diabetes requires intensive management to normalize glu-
cose in an effort to avoid short- and long-term complications,
healthcare expenditures, and premature mortality. Self-
management includes glucose monitoring, exogenous insu-
lin replacement, diet, and exercise. Such self-management
requires complex problem solving, social supports, and
effective access to quality healthcare resources. Currently, all
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sensor technology is aimed at a “one-size fits all” approach.
This approach does not take into account the special needs of
subpopulations such as senior citizens, ethnic minorities,
children, adolescents, and people with limited resources.
Future diabetes technology will have to address these issues.
As such, the forthcoming sensor technology will need to be
applicable across a wide spectrum of the diabetes population.
Ideal devices would be properly sized for the specific user,
easy to implement, and affordably priced. Such devices
could be coupled with behavioral interventions that promote
patient and family centered care along with decision support
tools for clinicians. While there have been great advance-
ments in CGM technology, biological, pharmacological, and
socioeconomic factors have limited their use in widespread
clinical practice.

Long-term sensor performance requires the successful
integration of the device into the surrounding tissue by miti-
gating the effects of the host tissue response. All sensors elicit
a host response that is determined by the sensor’s composi-
tion, size and shape, implantation process, and host variables
(e.g. age, body mass index, and comorbidities). At the cellular
level, innate immune cells including neutrophils, monocytes,
macrophages (including subpopulations), mast cells, den-
dritic cells, and adaptive immune cells such as T cells are
among the important cells to consider when designing the
next generation of totally implantable CGM systems. Future
studies will need to demonstrate the ability of sensor coatings
with or without the inclusion of tissue response modifiers to
control target inflammatory cell function in an effort to pro-
mote tissue integration of implantable glucose sensors.

Conclusion

Over the past two decades, CGM has revolutionized diabetes
management such that it is now widely accepted. The next
wave of invention will need to focus on combating the for-
eign body reaction in an effort to improve the tolerability of
totally implantable devices. Previous efforts have focused on
implanted synthetic polymer coatings with or without con-
comitant use of anti-inflammatory agents to combat the host
tissue response to the implanted sensor device. Efforts
directed at drug or biological protein integration have been
hindered by pharmacokinetics (eg, rapid release kinetics
with short dosing timelines) as well as diverse/nonspecific
side effects. Alternative methods that employ cytokines and
growth factors have been limited by their short duration of
efficacy. It is likely that other means will be required to miti-
gate the effects of the host tissue response. In addition, dia-
betes technology should aim to be user-friendly, inexpensive,
require minimal involvement of healthcare providers, and
provide long-lasting lifespans.
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