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Abstract: The Sencell sensor uses glucose-induced changes in an osmotic pressure chamber for con-
tinuous glucose measurement. A final device shall have the size of a grain of rice. The size limiting
factor is the piezo-resistive pressure transducers inside the core sensor technology (resulting chamber
volume: 70 pL. To achieve the necessary miniaturization, these pressure transducers were replaced
by small (4000 x 400 x 150 nm?) nano-granular tunneling resistive (NTR) pressure sensors (chamber
volume: 750 nL). For benchmark testing, we filled the miniaturized chamber with bovine serum
albumin (BSA, 1 mM) and exposed it repeatedly to distilled water followed by 1 mM BSA solution.
Thereafter, we manufactured sensors with glucose testing chemistry (ConcanavalinA /dextran) and
investigated sensor performance with dynamic glucose changes between 0 and 300 mg/dL. Evalua-
tion of the miniaturized sensors resulted in reliable pressure changes, both in the BSA benchmark
experiment (30-35 mBar) and in the dynamic in vitro continuous glucose test (40-50 mBar). These
pressure results were comparable to similar experiments with the previous larger in vitro sensors
(30-50 mBar). In conclusion, the NTR pressure sensor technology was successfully employed to
reduce the size of the core osmotic pressure chamber by more than 95% without loss in the osmotic
pressure signal.

Keywords: continuous glucose monitoring; osmotic pressure; NTR sensor; FEBID; implantable
glucose sensor

1. Introduction

Measuring glucose levels is part of the multiple daily routine procedures for patients
with diabetes mellitus on insulin therapy. On the basis of the measurement results, millions
of therapy decisions (e.g., regarding the insulin dose to be injected) are made every day
worldwide, which can have an influence on the patient’s short-term and also long-term well-
being [1]. In addition to the spot glucose measurements, various systems for continuous
glucose measurement (CGM) have become available in the last two decades. CGM systems
are devices that measure glucose levels in interstitial fluid in the subcutaneous tissue based
on glucose-oxidase measurement technology by means of needle-based sensors; usually, the
measurement result is provided every five minutes and transmitted to a receiving handheld
or smartphone. The first CGM device was introduced by MiniMed at the beginning of the
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millennium. It proved to be functional for three days and needed to be calibrated several
times during the day to have acceptable accuracy [2]. Since then, technology has improved
massively, and better measurement accuracy and prolonged duration of use have made
CGM with needle sensors a frequently used diagnostic tool for diabetes management of all
patients with type 1 and also of many of those with type 2 diabetes mellitus [1].

CGM systems provide users with much more data about their glucose course, which
also enables the usage of different parameters to characterize this (e.g., Time-in-Range [3]).
In addition, specific threshold values can be defined, and an alarm is triggered if glucose
levels exceed these cut-offs. The use of CGM systems has hence resulted in a reduced
frequency of hypoglycemic and hyperglycemic events, an overall improvement of glycemic
control, and an improved quality of life [4-13]. However, the current glucose sensors need
to be replaced every 10 to 14 days, and they have interference and accuracy issues [14-16].
In consequence, there is still a medical need for the development of small glucose sensors
with improved measurement properties. Ideally, such sensors would be implanted and
can be used for long time periods. They should be economically affordable and should not
have a significant environmental impact, as usage of current CGM systems generates a lot
of (plastic) waste.

One approach to reach this goal is the development of Sencell (Lifecare AS, Bergen,
Norway), a small and implantable glucose sensor employing wireless energy and data
transfer. This sensor utilizes osmotic pressure changes in a closed chamber induced by
increasing and decreasing glucose concentrations in the interstitial fluid outside of the
device. The underlying osmotic chamber technology was presented a decade ago by
Johannesen et al. [17]; however, their prototype device was too large (5 x 5 x 2 cm?®) and
had a too slow response time (45-60 min) to glucose changes to be clinically useful.

The aim of the current development is a glucose sensor with the size of a rice grain, a
response time of maximally a few minutes, and a duration of use of at least 6-12 months.
The final sensor product is planned to be implanted in the subcutaneous tissue at the
forearm underneath a watch-like readout unit. The watch will operate the sensor with
an inductive power supply and a wireless readout. In case of the necessity to remove
the device from the tissue (e.g., at the end of its operations), appropriate (proprietary)
means for an easy location and removal with a minor surgical procedure will be consid-
ered. The development steps undertaken to reach the actual size of the core sensing unit
(1 x 0.5 x 0.25 mm) are described.

2. Materials and Methods
2.1. Measurement Technology

The underlying osmotic pressure technology for the continuous glucose measurement
sensor was published more than a decade ago [17]. In brief, an active fluid with a large
glucose-binding molecule (GBM) and a large glucose-like ligand (GL) are present in a
closed chamber. This is exposed to a fluid with different glucose concentrations and
generates measurable osmotic pressure signals. In a glucose-free solution, the GBM and
the GL form a complex because of the electrostatic binding of the GL to the GBM at a
glucose-specific binding site. When glucose penetrates through a semipermeable (size
exclusion) membrane into the chamber, the GL will go off from the GBM binding sites, as
glucose has a slightly higher binding affinity to the GBM receptor. Subsequently, every
GL molecule freed from the GBM-GL complex enhances the osmotic pressure inside the
chamber. This reaction is fully reversible, and decreasing glucose concentrations on the
outside makes glucose molecules leave the GBM binding site. This allows GBM and GL
to reassemble, and the osmotic pressure declines. There is a linear relationship between
the glucose concentration in the external fluid and the measurable osmotic pressure in the
chamber [17]. The described reversible affinity reaction in the chamber does not consume
any molecules when generating the signal, providing the potential for long-term usage of
the sensor in the body.



Sensors 2023, 23, 4541

30f10

sensor signal [1 = 150 mg/dL glucose]

(raw data after normalization by single point calibration attime point 7:20) Sensor (lead) Energy supply & data collection

1.00 -

0.90

0.80

0.70

0.60

0.50

In the last years, wired in vitro prototypes based on this sensing technology have
been developed. The most current version of these used the smallest commercially avail-
able piezo-resistive (PR) pressure transducers to determine the glucose-induced osmotic
pressure changes, resulting in a chamber volume of 70 uL (Figure 1).

Laboratory prototype Preclinical | prototype Preclinical Il prototype
chamber volume ~300 pL chamber volume ~250 pL. chamber volume ~70 pL

core sensor unit for human studies and CE mark
chamber volume ~700 nL

needle sensor for human studies
chamber volume ~700 nL

Figure 1. Preclinical prototypes using piezo-resistive pressure transducers (upper line) and the minia-
turized versions employing the core sensing unit with NTR sensors on the nanoscale (lower line).

These devices were used for in vitro experiments and for preclinical proof-of-concept
studies in pigs. A sketch of the experimental animal study setup and an example of the
performance results obtained with these prototypes are provided in Figure 2.

preclinical results Sensor break-out box

Wired connection to break-out box

Application
Data downoad &

fi analysis
+  Sensor (body)
#  With osmotic cell

J/

Harness
To secure break-out box

dual chamber sensor

——SENCELI (normalized) - -Dexcom

active liquid reference
chamber chamber

Figure 2. Sketch of the animal study setup and an example for the measurement results after one-point
calibration in comparison to a commercially available CGM system.

However, the prototypes needed to be further miniaturized to be clinically useful. At
this stage, it was not possible to further reduce the size of the sensor chamber because
further miniaturization of the (conventional) PR pressure transducers was not possible
without losing the necessary sensitivity for pressure sensing; a novel measurement principle
was needed.

2.2. Nano-Granular Tunneling Resistive (NTR) Sensors

In 2016, Dukic et al. published a report about the manufacturing process and the
physico-chemical properties of pressure-sensing elements with a size in the nanometer
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range [18]. The sensors were built by means of focused electron beam-induced deposition
(FEBID) using a direct-write technology (Nano3Dsense®, Nanoscale Systems, Darmstadt,
Germany). In brief, an electron microscope was modified with a gas injection system. An
electron beam was directed to the spot of the planned sensor location. From the side, a
metal-organic precursor gas flow was directed to the same spot. In the focus of the electron
beam, previously adsorbed precursor molecules were dissociated, resulting in a permanent
deposit. The deposit microstructure is that of a nano-granular metal if the precursor gas
species is properly chosen [19]. The final size and the structure of the “printed” product
are defined by the software-controlled process and can be adapted as desired.

In the most current glucose sensor, the pressure sensor is located at the base of a
membrane that forms the bottom of the chamber opposite to the upper part, which is
covered by the semipermeable membrane (Figure 3). It closes a small gap between two
gold electrodes. A pressure increase results in movement and straining of the pressure
membrane causing a resistivity change in the sensor element, which is part of a Wheatstone
bridge. This sensing technology allowed for miniaturization of the osmotic pressure
chamber to a volume of 750 nL and to reduce the operating voltage to 100 mV.

low glucose concentration in high glucose concentration in
the interstitial fluid the interstitial fluid
M Semipermeable ( size . ® . Semipermeable ( size
. o / exclusion ) membrane s s - ™ ./ exclusion ) membrane
a = = g ®
o . . .
=4 . o o ° o 2

o
c )Ry

L
L3
o
—

Flexible pressure Flexible pressure
membrane Nano -granular tunneling membrane Nano -granular tunneling
resistive (NTR) Sensor resistive (NTR) Sensor

‘ GBM: Glucose-Binding Molecule, e.g. Concanvalin A :
‘3D printed sensing
_ element detecting

‘ GL: Glucose ligand — a molecule that can bind to the GBM, e.g. dextrane
“movement

B c:isolated glucose molecule

Figure 3. Sketch of the osmotic pressure-based glucose sensor indicating the measurement conditions
at low and high glucose concentrations in the interstitial fluid.

For the in vitro and preclinical in vivo experiments, the signal from the sensor system
was directly read out by a voltmeter (Keithley DMM6500, Tektronix, Beaverton, OR, USA).
The sensor system did not use a pre-amplifier and was operated with a stable 100 mV low-
noise voltage regulator system based on an LT3042 chip for analog devices. The recorded
data was saved via a self-written Python code, which also provided a separate window for
real-time data visualization. After the experiment, the data was stored as a standard CSV
file and was further processed with standard analysis software.

3. Results
Osmotic Pressure Benchmark Testing

The functionality of such in vitro sensor prototypes with piezo-resistive pressure sens-
ing was first assessed in a benchmark testing experiment, such that the chamber was filled
with 1 mM albumin in a physiological NaCl solution. Exposing these sensors to distilled
water had previously led to a pressure increase by ~30 mBar, and consecutive exposure to
1 mM albumin solution resulted in a pressure decrease back to baseline (Figure 4A). It is
well established that osmotic pressure is independent of the chamber volume, and using
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the same protocol, the miniaturized albumin-containing sensors provided similar results
when exposed to the same series of solutions (Figure 4B). All experiments were repeated at
least in triplicate confirming this outcome.

laboratory prototypes B miniaturized (needle sensor) prototypes

= —

L

Figure 4. Osmotic pressure changes induced by exposure of the sensors filled with 1 mM bovine
albumin solution to distilled water and 1 mM BSA solution. (A) Results with the laboratory prototypes
using piezo-resistive pressure transducers, and (B) results with the miniaturized core sensing unit
employing NTR sensors.

Based on these results, the miniaturized sensors were now manufactured with inclu-
sion of the active glucose-sensing Concanavalin A /dextran chemistry [17]. When exposing
these sensors to dynamic glucose concentration in the fluid around the sensors, changes by
using an in vitro dynamic CGM test rig [16], similar osmotic pressure changes were seen as
with the previous larger prototypes (Figure 5). Pressure changes were reproducible, and
a linear relationship between the sensor signal and varying glucose concentrations in the
supernatant was observed.

The results of the miniaturized sensors (Figure 5B) show that the signal-to-noise ratio
becomes a bit weaker proportional to the size of the pressure membrane resulting in a more
pronounced variability of the current readout. The increased signals at an (unphysiological)
glucose concentration of 0 mg/dL in the beginning (A) or at the end (B) of the experiments,
respectively, are artifacts induced by the employed standard smoothening filter, which acts
over frequencies (Butterworth filter). An optimized algorithm to address such artifacts will
be developed once human clinical results become available.

The delay between the employed and measured glucose concentrations in the in vitro
experiments is induced by the time required to deliver the programmed glucose levels
through the tubes from the pump to the sensors. After correction for this time shift, a
Parkes-Error-Grid analysis [20,21] (vs. YSI STAT2300 Plus Glucose Analyzer as a reference
method, YSI Inc., Yellow Springs, OH, USA) for the clinically relevant glucose ranges
(50 to 300 mg/dL) confirmed that 100% of the data points were in the non-critical zones
A + Bin this in vitro consensus error grid, which is e.g., a regulatory clinical performance
requirement for glucose monitoring devices for prescribed point-of-care use [22]. The
results of this analysis are provided in Figure 6.
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Figure 5. Osmotic pressure changes induced by exposure of the sensors filled with an active 1.5 mM
Concanavalin A/dextran solution when exposed to 2 mM and 30 mM glucose concentrations in
physio in solution to distilled water and 1 mM BSA solution. (A) Results with the preclinical
prototypes using piezo-resistive pressure transducers, and (B) results with the miniaturized core
sensing unit employing NTR sensors for pressure sensing.
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Figure 6. Consensus error grid analysis of the in vitro data derived from the miniaturized osmotic
pressure-based sensor in comparison to a reference method (YSI STAT2300 Analyzer, n = 150).

4. Discussion

The principle of osmosis and the use of osmotic pressure to stabilize biological struc-
tures, e.g., biological cells, is a common phenomenon in nature. As can be seen from its
formula—m =1 x M x r x T (where “n” is osmotic pressure, “1” is the van't Hoff factor, “M”
is the molar concentration of the particles in solution, “R” is the ideal gas constant, and “T”
is the temperature in Kelvin)—osmotic pressure does not depend on volume. In theory, the

core sensing technology could hence be miniaturized to a size in the 100-nanometer range
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without loss of the general efficacy and sensitivity. However, there are several reasons
suggesting that it may be better to not push the miniaturization potential to its extremes,
but still be smaller than the size of existing CGM systems in the market. Firstly, an injectable
glucose sensor must still be visible and easy to handle to be inserted in the physician’s
office. Secondly, space is required to attach an ASIC (integrated electronic circuit with
tailored functionality) for energy induction and data transfer to a readout unit. Thirdly, the
manufacturing process must allow the handling of the sensors during a fully automated
mass production process, which includes the filling of the osmotic pressure chamber with
the glucose sensing fluid and sealing of the chamber. Furthermore, it may still occasionally
be required to remove a non-functional sensor from the implantation site at a later stage. In
such a case, the device geometry needs to be adequate so this can be accomplished easily.
Finally, the measurement process for measuring osmotic pressure changes must be reliable
under all circumstances, e.g., changes in environmental pressure or ambient temperature.

While osmotic pressure—as stated above—is independent of volume and is the same
in a 100 L barrel and in a human cell, as long as the temperature and fluid compositions
(molecule type and concentration) inside and outside of the structure carrying the volume
are identical, a size-limiting factor is the method used for translation of the osmotic pressure
change into an electrical signal. In the current glucose sensor version, pressure sensing
has become a key factor in the miniaturization of the sensor. Piezo-resistive pressure
transducers cannot be miniaturized in a similar way as the chamber size (by 99% from
50-70 pL to 500-700 nL). Such transducers lose sensitivity when going below a certain
size [23,24], which limits their usability in glucose sensor development. This situation forced
a search for alternative pressure-sensing options. A comprehensive literature research
helped to identify NTR sensors as a very compelling alternative to achieve the desired
overall small glucose sensor size of a grain of rice. This nanotechnology approach has
several advantages:

The NTR structures can easily be manufactured on a wafer-based large scale by
means of fully automated focused electron beam-induced deposition (FEBID) using a
Nano3DSense 3D printing process, which allows using multi-beam electron microscopes.
In addition, the sensors can be printed on any material. The required operation voltage in
the range of 100 mV or below can easily be delivered by several wireless energy induction
technologies. Finally, the technology and the associated electronic requirements allow
using existing and commercially available solutions for wireless data transfer. In addition,
the results can be displayed in a user-friendly manner, e.g., by an App on a smartphone.

The development of implantable sensors or devices based on non-invasive methods
for the determination of blood or tissue glucose has become a major goal in diabetes
technology during the last decades. The physical methods used to assess specific glucose
signals in blood, tissue, saliva, retinal fluid, and other organs include but are not limited to
(near/mid) infrared spectroscopy, photoacoustic spectroscopy, terahertz spectroscopy, Qu—
Based Resonant Microwave sensing, Raman spectroscopy, radio impedance spectroscopy,
optical rotation, and even combinations thereof [25-27]. Still, non-invasive devices need
a periodically invasive calibration. Similar to the minimally invasive needle sensors, the
information yielded by the applied sensors can be delayed (15-20 min) as blood glucose
needs to be shifted to the interstitial tissue first, which limits the accuracy of devices in
emergency situations [25]. Based on the underlying measurement technology, non-invasive
devices may also suffer from additional sources of interferences, including differences
in skin properties, alterations in microcirculation and individual blood supply, current
medication, and comorbidities. For these and other reasons, most of the non-invasive
technologies have so far not met the required standard of accuracy. However, with the
rapid development of wearable technology and transdermal biosensors, non-invasive
blood glucose monitoring is likely to become more efficient, affordable, robust, and more
competitive on the market [28].

Currently, there is one implantable glucose sensor available on the market, which is
approved to be used for up to 90 days (in the US) or up to 180 days (in the EU), respec-
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References

tively (Eversense, Senseonics, Germantown, MD, USA). The sensor measures the glucose
concentration in interstitial fluid every five minutes and displays the measurements on a
smartphone [29]. The sensor works with fluorometric glucose assessment and has a size
of 3.3 mm (diameter) x 15 mm (length). It is implanted in the subcutaneous tissue of
the upper arm using local anesthesia by a trained healthcare professional. However, the
sensor signal has a general drift and requires a conventional blood glucose measurement
for calibration approximately every 12 h in order to accurately measure glucose (MARD
8.5% to 11.5%). The CGM system is designed to replace blood glucose measurements
for diabetes treatment decisions, but it needs to become more robust in the measurement
performance to ultimately reach this goal [30-33]. The sensors need to be removed after
maximally 6 months of use, which requires a skin incision and dissection to identify the
sensor in the subcutaneous tissue and its surrounding fibrous capsule. This can be a difficult
procedure, in particular when the sensor has migrated through the tissue during use and
may require assistance from a surgeon [29]. The benefits of this implantable system may
exceed the short-term discomfort following implantation and the small risk of infection,
hematoma, skin irritation, and premature sensor failure [29]; however, further efforts are
needed to improve the performance of this device. There is clearly a medical need for
alternative glucose measurement technologies, which is an encouragement to continue
with the osmotic pressure-based sensor development described before.

In conclusion, miniaturization of the core sensing element of an osmotic pressure-
based continuous glucose sensor to meet the requirements for the planned size of the entire
injectable device was achieved by replacing the former piezo-resistive pressure transducers
with NTR sensors with a size in the 100 nm range. During the clinical development process,
wired versions of the core sensing unit have been built into small needles and are currently
subject to the first clinical experiments in human volunteers.

Author Contributions: Conceptualization, A.P. and M.H.; methodology, A.P, B.S., N.T. and M.H,;
software, B.S. and R.G.; validation, A.P, B.S. and M.H.; formal analysis, A.P. and R.G.; investigation,
AP, BS., MM, PS., R.G., H]J. and N.T.; resources, A.P. and M.H.; data curation, M.M., B.S., B.T., H.].,
N.T.; writing—original draft preparation, A.P.; writing—review and editing, B.T., B.S., M.M., P.S,,
H.J., N.T; visualization, A.P,; supervision, M.H.; project administration, B.T.; funding acquisition, A.P.
and M.H. All authors have read and agreed to the published version of the manuscript.

Funding: This project has received financial support for the research, authorship, and/or publication
of this article from the European Union’s Horizon 2020 research and innovation program under
grant agreement No 951933 (ForgetDiabetes) and also as an unrestricted grant from Lifecare AS,
Bergen, Norway.

Institutional Review Board Statement: The pig experiments described in this article were approved
by the responsible Institutional Review Board of the University of Mainz.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original data of the experiments described in this article is on file
at Lifecare A/S.

Conflicts of Interest: The author(s) declare the following potential conflict of interest with respect
to the research, authorship, and/or publication of this article: In the context of this manuscript,
APF declares that he is a consultant and has received travel support and/or speaker fees from
Lifecare/Norway, Sanofi/Germany, Lifescan/USA, and Abbott/Wiesbaden. All other authors are
employees of Lifecare AS or of any of its international wholly owned subsidiaries.

1.  ADA. Standards of Medical Care in Diabetes. Diabetes Care 2023, 46 (Suppl. S1), S19-540.

2. Zick, R.; Schiwietz, J.; Richter, M.; Pfiitzner, A. Erste klinische Erfahrungen mit einem Praxistauglichen Glukosesensor (First
clinical experience with a glucose sensor suitable for daily routine). Z. Allg. Med. 2000, 76, 255-257. (In German)

3. Di Molfetta, S.; Caruso, I.; Cignarelli, A.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Professional continuous glucose
monitoring in patients with diabetes mellitus: A systematic review and meta-analysis. Diabetes Obes. Metab. 2023, 25, 1301-1310.

[CrossRef]


https://doi.org/10.1111/dom.14981

Sensors 2023, 23, 4541 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Beck, RW,; Riddlesworth, T.; Ruedy, K.; Ahmann, A.; Bergenstal, R.; Haller, S.; Kollman, C.; Kruger, D.; McGill, ].B.; Polonsky, W.;
et al. Effect of continuous glucose monitoring on glycemic control in adults with type 1 diabetes using insulin injections: The
DIAMOND randomized clinical trial. JAMA 2017, 317, 371-378. [CrossRef] [PubMed]

Heinemann, L.; Freckmann, G.; Ehrmann, D.; Faber-Heinemann, G.; Guerra, S.; Waldenmaier, D.; Hermanns, N. Real-time
continuous glucose monitoring in adults with type 1 diabetes and impaired hypoglycaemia awareness or severe hypoglycaemia
treated with multiple daily insulin injections (HypoDE): A multicentre, randomised controlled trial. Lancet 2018, 391, 1367-1377.
[CrossRef]

Bolinder, J.; Antuna, R.; Geelhoed-Duijvestijn, P.; Kroger, J.; Weitgasser, R. Novel glucose-sensing technology and hypoglycemia
in type 1 diabetes: A multicentre, non-masked, randomised controlled trial. Lancet 2016, 388, 2254-2263. [CrossRef] [PubMed]
Beck, R.W.; Riddlesworth, T.D.; Ruedy, K.; Ahmann, A.; Haller, S.; Kruger, D.; McGill, ].B.; Polonsky, W.; Price, D.; Aronoff, S.;
et al. DIAMOND Study Group. Continuous Glucose Monitoring Versus Usual Care in Patients With Type 2 Diabetes Receiving
Multiple Daily Insulin Injections: A Randomized Trial. Ann. Intern. Med. 2017, 167, 365-374. [CrossRef]

Lind, M.; Polonsky, W.; Hirsch, I.B. Continuous glucose monitoring vs conventional therapy for glycemic control in adults with
type 1 diabetes treated with multiple daily insulin injections: The GOLD randomized clinical trial. JAMA 2017, 317, 379-387.
[CrossRef]

Aleppo, G.; Ruedy, KJ.; Riddlesworth, T.D.; Kruger, D.F,; Peters, A.L.; Hirsch, I.; Bergenstal, R.M.; Toschi, E.; Ahmann, A.].; Shah,
V.N.; et al. REPLACE-BG Study Group. REPLACE-BG: A Randomized Trial Comparing Continuous Glucose Monitoring With
and Without Routine Blood Glucose Monitoring in Adults With Well-Controlled Type 1 Diabetes. Diabetes Care 2017, 40, 538-545.
[CrossRef]

Charleer, S.; De Block, C.; Van Huffel, L.; Broos, B.; Fieuws, S.; Nobels, E; Mathieu, C.; Gillard, P. Quality of Life and Glucose
Control After 1 Year of Nationwide Reimbursement of Intermittently Scanned Continuous Glucose Monitoring in Adults
Living With Type 1 Diabetes (FUTURE): A Prospective Observational Real-World Cohort Study. Diabetes Care 2020, 43, 389-397.
[CrossRef]

Charleer, S.; Mathieu, C.; Nobels, F.; De Block, C.; Radermecker, R.P; Hermans, M.P; Taes, Y.; Vercammen, C.; T'Sjoen, G.; Crenier,
L.; et al. RESCUE Trial Investigators. Effect of Continuous Glucose Monitoring on Glycemic Control, Acute Admissions, and
Quality of Life: A Real-World Study. J. Clin. Endocrinol. Metab. 2018, 103, 1224-1232. [CrossRef]

Fokkert, M.; van Dijk, P; Edens, M.; Barents, E.; Mollema, J.; Slingerland, R.; Gans, R.; Bilo, H. Improved well-being and
decreased disease burden after 1-year use of flash glucose monitoring (FLARE-NL4). BM] Open Diabetes Res Care. 2019, 7, e000809.
[CrossRef] [PubMed]

Joubert, M.; Reznik, Y. Personal continuous glucose monitoring (CGM) in diabetes management: Review of the literature and
implementation for practical use. Diabetes Res. Clin. Pract. 2012, 96, 294-305. [CrossRef] [PubMed]

Shapiro, A.R. The Safety of Nonadjunctive Use of Continuous Glucose Monitors for Insulin Dosing: Still Not Resolved. ]. Diabetes
Sci. Technol. 2017, 11, 856-857. [CrossRef] [PubMed]

Heinemann, L. Interferences with CGM Systems: Practical Relevance? J. Diabetes Sci. Technol. 2022, 16, 271-274. [CrossRef]
Pfiitzner, A.; Jensch, H.; Cardinal, C.; Srikanthamoorthy, G.; Riehn, E.; Thomé, N. Laboratory Protocol and Pilot Results for
Dynamic Interference Testing of Continuous Glucose Monitoring Sensors. J. Diabetes Sci. Technol. 2022, 19322968221095573.
[CrossRef]

Johannessen, E.; Krushinitskaya, O.; Sokolov, A.; Philipp, H.; Hoogerwerf, A.; Hinderling, C.; Kautio, K.; Lenkkeri, J.; Strommer,
E.; Kondratyev, V.; et al. Toward an injectable continuous osmotic glucose sensor. J. Diabetes Sci. Technol. 2010, 4, 882-892.
[CrossRef]

Dukic, M.; Winhold, M.; Schwalb, C.H.; Adams, J.D.; Stavrov, V.; Huth, M.; Fantner, G.E. Direct-write nanoscale printing of
nanogranular tunnelling strain sensors for sub-micrometre cantilevers. Nat. Commun. 2016, 7, 12487. [CrossRef]

Huth, M.; Porrati, F; Barth, S. Living up to its potential—Direct-write nanofabrication with focused electron beams. J. Appl. Phys.
2021, 130, 170901. [CrossRef]

Parkes, J.L.; Slatin, S.L.; Pardo, S.; Ginsberg, B.H. A new consensus error grid to evaluate the clinical significance of inaccuracy in
the measurement of blood glucose. Diabetes Care 2000, 23, 1143-1148. [CrossRef]

Pfiitzner, A.; Klonoff, D.C.; Pardo, S.; Parkes, J.L. Technical aspects of the Parkes Error Grid. J. Diabetes Sci. Technol. 2013, 7,
1275-1281. [CrossRef]

FDA. Available online: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/blood-glucose-
monitoring-test-systems-prescription-point-care-use (accessed on 19 March 2023).

Jafarizadeh, B.; Chowdhury, A.H.; Khakpour, I; Pala, N.; Wang, C. Design Rules for a Wearable Micro-Fabricated Piezo-Resistive
Pressure Sensor. Micromachines 2022, 13, 838. [CrossRef] [PubMed]

Song, K.; Son, H.; Park, S.; Lee, J.; Jang, ].; Lee, M.; Choi, H.J. Fabrication of Piezo-Resistance Composites Containing Thermoplastic
Polyurethane/Hybrid Filler Using 3D Printing. Sensors 2021, 21, 6813. [CrossRef] [PubMed]

Chen, C.; Zhao, X.L,; Li, Z.H.; Zhu, Z.G; Qian, S.H.; Flewitt, A.]. Current and Emerging Technology for Continuous Glucose
Monitoring. Sensors 2017, 1, 182. [CrossRef]

Juan, C.G.; Poleton, B.; Quendo, C.; Garcia-Martinez, H.; Avila-Navarro, E.; Bronchalo, E.; Sabater-Navarro, J.M. Study of
Qu-Based Resonant Microwave Sensors and Design of 3-D-Printed Devices Dedicated to Glucose Monitoring. IEEE Trans. Instrum.
Meas. 2021, 70, 8005716. [CrossRef]


https://doi.org/10.1001/jama.2016.19975
https://www.ncbi.nlm.nih.gov/pubmed/28118453
https://doi.org/10.1016/S0140-6736(18)30297-6
https://doi.org/10.1016/S0140-6736(16)31535-5
https://www.ncbi.nlm.nih.gov/pubmed/27634581
https://doi.org/10.7326/M16-2855
https://doi.org/10.1001/jama.2016.19976
https://doi.org/10.2337/dc16-2482
https://doi.org/10.2337/dc19-1610
https://doi.org/10.1210/jc.2017-02498
https://doi.org/10.1136/bmjdrc-2019-000809
https://www.ncbi.nlm.nih.gov/pubmed/31875133
https://doi.org/10.1016/j.diabres.2011.12.010
https://www.ncbi.nlm.nih.gov/pubmed/22209014
https://doi.org/10.1177/1932296817704446
https://www.ncbi.nlm.nih.gov/pubmed/28420260
https://doi.org/10.1177/19322968211065065
https://doi.org/10.1177/19322968221095573
https://doi.org/10.1177/193229681000400417
https://doi.org/10.1038/ncomms12487
https://doi.org/10.1063/5.0064764
https://doi.org/10.2337/diacare.23.8.1143
https://doi.org/10.1177/193229681300700517
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/blood-glucose-monitoring-test-systems-prescription-point-care-use
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/blood-glucose-monitoring-test-systems-prescription-point-care-use
https://doi.org/10.3390/mi13060838
https://www.ncbi.nlm.nih.gov/pubmed/35744452
https://doi.org/10.3390/s21206813
https://www.ncbi.nlm.nih.gov/pubmed/34696026
https://doi.org/10.3390/s17010182
https://doi.org/10.1109/TIM.2021.3122525

Sensors 2023, 23, 4541 10 of 10

27.

28.

29.

30.

31.

32.

33.

Pfiitzner, A.; Strobl, S.; Sachsenheimer, D.; Lier, A.; Ramljak, S.; Demircik, F. Evaluation of the Non-Invasive Glucose Monitoring
Device GlucoTrack®in Patients with Type 2 Diabetes and Subjects with Prediabetes. J. Diabetes Treat. 2019, 1, 1070.

Tang, L.; Chang, S.J.; Chen, CJ.; Liu, J.T. Non-Invasive Blood Glucose Monitoring Technology: A Review. Sensors 2020, 20, 6925.
[CrossRef]

Joseph, J.I. Review of the Long-Term Implantable Senseonics Continuous Glucose Monitoring System and Other Continuous
Glucose Monitoring Systems. ]. Diabetes Sci. Technol. 2021, 15, 167-173; Erratum in J. Diabetes Sci. Technol. 2021. [CrossRef]
[PubMed]

Kropff, J.; Choudhary, P.; Neupane, S.; Barnard, K.; Bain, S.C.; Kapitza, C.; Forst, T.; Link, M.; Dehennis, A.; DeVries, ]. H. Accuracy
and Longevity of an Implantable Continuous Glucose Sensor in the PRECISE Study: A 180-Day, Prospective, Multicenter, Pivotal
Trial. Diabetes Care. 2017, 40, 63-68. [CrossRef]

Christiansen, M.P,; Klaff, L.].; Bailey, T.S.; Brazg, R.; Carlson, G.; Tweden, K.S. A prospective multicenter evaluation of the
accuracy and safety of an implanted continuous glucose sensor: The PRECISION study. Diabetes Technol. Ther. 2019, 21, 231-237.
[CrossRef]

Aronson, R.; Abitbol, A.; Tweden, K.S. First assessment of the performance of an implantable continuous glucose monitoring
system through 180 days in a primarily adolescent population with type 1 diabetes. Diabetes Obes. Metab. 2019, 21, 1689-1694.
[CrossRef] [PubMed]

Jafri, R.Z.; Balliro, C.A.; El-Khatib, F.; Maheno, M.M.; Hillard, M.A.; O’Donovan, A.; Selagamsetty, R.; Zheng, H.; Damiano,
E.R; Russell, S.J. A Three-Way Accuracy Comparison of the Dexcom G5, Abbott Freestyle Libre Pro, and Senseonics Eversense
Continuous Glucose Monitoring Devices in a Home-Use Study of Subjects with Type 1 Diabetes. Diabetes Technol. Ther. 2020, 22,
846-852. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/s20236925
https://doi.org/10.1177/1932296820911919
https://www.ncbi.nlm.nih.gov/pubmed/32345047
https://doi.org/10.2337/dc16-1525
https://doi.org/10.1089/dia.2019.0020
https://doi.org/10.1111/dom.13726
https://www.ncbi.nlm.nih.gov/pubmed/30938036
https://doi.org/10.1089/dia.2019.0449
https://www.ncbi.nlm.nih.gov/pubmed/32453604

	Introduction 
	Materials and Methods 
	Measurement Technology 
	Nano-Granular Tunneling Resistive (NTR) Sensors 

	Results 
	Discussion 
	References

