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Continuous glucose monitoring (CGM) is essential for managing diabetes, including closed-loop (artificial
pancreas) technology. However, the current lifetime of commercial glucose sensors used in CGM based
on the electrochemical method is limited to 3-15 days. The instability or failure of implanted electro-
chemical glucose sensors caused by tissue reactions, outer membrane degradation, calcification, and
delamination can decrease in vivo sensor accuracy and lifetime. Durable outer membrane materials with
good biocompatibility are crucial to improve the accuracy and durability of long-term implantable
electrochemical glucose sensors in vivo and overcome these obstacles. This study used PDMS/
HydroThane as the outer membrane of the glucose sensors to demonstrate long-term in vivo stability in
non-diabetic dogs for 28 days. The good biocompatibility and stability of the outer membrane contribu-
ted to the extended sensor lifetime. Additionally, the study evaluated the effect of oxygen on the per-
formance of glucose sensors coated with PDMS/HydroThane blending membranes containing different
PDMS contents. The results showed that glucose sensors coated with blending membranes of PDMS/
HydroThane with a weight ratio of 10:50 were essentially independent of environmental PO, while
blending membranes of PDMS/HydroThane with a weight ratio of 5:50 coated glucose sensors were
affected by oxygen fluctuation. This new membrane was developed to increase the in vivo lifetime of
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Introduction

Diabetes mellitus, a metabolic disease affecting millions
worldwide, can lead to impaired blood glucose control."™ It is
characterized by persistent hyperglycemia caused by imbal-
ances in insulin secretion. The management of diabetes pri-
marily relies on monitoring blood glucose levels to prevent
complications such as cardiovascular diseases, neuropathy,
and retinopathy. Continuous glucose monitoring (CGM)
systems have emerged as a transformative technology in dia-
betes management, offering real-time observation of blood
glucose fluctuations and enabling timely interventions. Unlike
traditional finger-prick methods, CGM sensors provide con-
tinuous blood glucose monitoring data, which is crucial for
optimizing therapy and improving glycemic control.>”” The
application of CGM sensors has been shown to reduce glycated
hemoglobin (HbAlc) levels, lower the risk of hypoglycemia,
and enhance the overall quality of life for diabetic patients.*™*°
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design and development of new glucose sensors for long-term CGM applications.

The outer membranes of CGM sensors play a critical role in
determining their functionality, affecting glucose permeability,
oxygen permeability, biocompatibility, and stability." The
primary function of these membranes is to regulate the trans-
port rate and proportion of glucose and oxygen to the sensor’s
active site while protecting the sensor from biofouling and
enzymatic degradation.”"® Commercially available CGM
sensors use various membrane formulations and strategies to
enhance their performance and longevity. For example, poly-
urethane is one of the most commonly used materials in CGM
sensor membranes due to its good biocompatibility, adjusta-
ble ratios of soft and hard segments, hydrophilic and hydro-
phobic properties, and mechanical properties.’* The structure
of polyurethane consists of soft and hard segments, and by
adjusting their ratios, the flexibility and mechanical strength
of polyurethane can be regulated. Polyurethane can also be
modified by adjusting the ratios of hydrophilic and hydro-
phobic segments and incorporating PDMS for oxygen per-
meability, thereby controlling the sensor’s biocompatibility,
glucose and oxygen permeability, ultimately altering the
sensor’s stability and accuracy.'>™"”

Our research focuses on developing and applying a new
blend membrane composed of polydimethylsiloxane (PDMS)
and Hydrothane (HT) for CGM sensors. Hydrothane is a com-
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mercial thermoplastic polyurethane with good biocompatibil-
ity and tunable hydrophilic properties. Sensors modified with
this blend membrane have been successfully applied in con-
tinuous glucose monitoring in beagles, demonstrating stable
and continuous glucose measurements for over 28 days
without significant sensitivity degradation. The excellent bio-
compatibility of the PDMS/HT blend membrane is likely the
main reason for this outstanding performance. Additionally,
we investigated the impact of varying PDMS content on sensor
accuracy. Insufficient PDMS content can lead to reduced
sensor sensitivity due to inadequate oxygen permeability,
known as the “oxygen effect.” Conversely, the optimal PDMS
content ensures sufficient oxygen permeability, maintaining
sensor accuracy and preventing the sensitivity decline associ-
ated with the oxygen effect. These findings demonstrate the
potential of PDMS/HT blend membranes to enhance the
in vivo stability and longevity of CGM sensors, offering promis-
ing implications for improving the lifespan and performance
of CGM sensors in diabetes management.

Experiments
Chemicals and materials

The HydroThane 80A (HT, water adsorption rate 25%) was pro-
vided by AdvanSource Biomaterials (Wilmington, USA). PDMS
(viscosity: 12500 cSt, medical grade) was obtained from Dow
Corning (Michigan, USA). Bovine serum albumin (BSA) and
GOx (from Aspergillus niger, 200 units per mg) were purchased
from Sigma-Aldrich. Phosphate-buffered saline (PBS) was pre-
pared in the lab. The glucose solution with different concen-
trations was prepared in the lab and calibrated with YSI 2500.
p-(+)-Glucose, ascorbic acid (AA, 98%), uric acid (UA, 99%),
and Acetaminophen (AP, 99%) were provided by Sigma-Aldrich
(Shanghai, China). Tetrahydrofuran (THF) was obtained from
Sinopharm Chemical Reagent Co., Ltd (Beijing, China). Saline
solution (sterile, 0.9%) was purchased from Beyotime
Biotechnology (Shanghai, China). Xylene, hematoxylin, and
eosin were bought from Macklin (Shanghai, China). TNF-a,
IL-1B, and IL-6 antibodies were provided by Thermo Fisher
(Shanghai, China). Insulin aspart was purchased from Novo
Nordisk (Denmark). Tissue glue was obtained from the 3M
Cooperation Company (USA). A dextrose injection (50% con-
centration) was purchased from Nanyang Nude Trading Co.,
Ltd (Nanyang, China). PBS containing 1.9 mmol L7*
NaH,PO,-H,0, 8.1 mmol L™* Na,HPO,-12H,0, 138.0 mmol L™*
NaCl, 2.7 mmol L™" KCl, and 1.0 mmol L™" EDTA was prepared
in the lab. The pH of PBS was adjusted to 7.4 using HCI or
NaOH. A Millipore Milli-Q Plus water purification system gen-
erated deionized water (18.2 MQ cm™"). Unless otherwise
specified, all reagents were used as received without further
purification.

Material characterization

A metallographic microscope was used to measure the thick-
ness of the blended polymer membrane (Huiguang
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Technology Co. Ltd). The surface morphology of the mem-
brane was observed using a FEI Inspect F scanning electron
micrographs (SEM) device operating at a 2 kV acceleration
voltage, and the membrane was sputtered with gold before
observation. To perform the strain-stress experiments,
polymer samples with a thickness of 2 mm were made from a
polymer solution in THF. They cut into the dimensions of a
dumbbell (115 mm in length and 25 mm in breadth, with a
narrow segment measuring 33 mm in length and 6 mm in
width). These samples were tested utilizing a Single Column
Motor Table (Shenzhen Suns Technology Stock Co. Ltd) with
an upper force limit of 50 N and a force ramp rate of 5 N
min~". In the water sorption test, the membrane was sub-
merged in PBS (0.1 M) for 72 hours, surplus water was blotted
using filter paper, and the amount absorbed was calculated by
weighing the films. Using the following formula, the water
sorption rate was calculated as a percentage of membrane
weight gain or Dy:

W — Wy
Dy = <5Td) x 100%

the weight of membranes before and after immersion was
denoted as Wy and W, respectively.

Using a metallographic microscope to compare the mem-
brane thickness before and after water adsorption allowed
researchers to calculate the membrane expansion rate. The fol-
lowing formula was used to calculate the membrane expansion
rate as a percentage of membrane thickness gain, or De:

E, —E,
De = ( SE d> x 100%

d

E4 and E; stand for the membrane’s thickness before and after
immersion.

The response time was defined as the time needed to
increase the glucose concentration from 5.0 to 10.0 mM and
achieve 90% of the maximum response.

Working mechanism

The amperometric sensor converts glucose molecules into
hydrogen peroxide (H,0,), using glucose oxidase (GOx).
Through a series of reactions, the concentration of H,O, is
detected on the surface of the working electrode (WE) when a
bias of +0.6 V is applied anodically:'®*°

Glucose + O, GOy gluconic acid + H,0, 1)
: 1
H0, A L ol 426 (2)

The reduction reaction balances the current flow at the
counter electrode (CE).

+ 1 -
To prevent undesired saturation effects in glucose measure-

ment, it is crucial to maintain excess oxygen compared to
glucose at the WE surface. Oxygen plays an essential role in
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the reaction (1). Electroactive materials, such as uric acid and
ascorbic acid, are commonly found in the interstitial fluid (IF)
and contribute to the total current at +0.6 V, which interferes
with the detection of hydrogen peroxide and results in an inac-
curate glucose reading. To ensure the sensor’s proper function-
ing and selectivity, inner membranes are placed at the WE.
Additionally, a reference electrode is required to maintain the
WE potential fixed, which is essential for the sensor to remain
stable and produce consistent results over time.*°

The hydrophilicity of the PDMS/HT blending membrane is
provided by HT. The hydrophilic part of HT allows glucose to
diffuse through it, while the high permeability of PDMS to
oxygen®' gives the blending membrane good oxygen per-
meability. By adjusting the content of PDMS and HT in the
outer membrane, the diffusion of glucose and oxygen can be
regulated, reducing the sensor’s dependence on oxygen and
increasing the response linearity. This membrane offers
several advantages, including improved performance and long-
evity of subcutaneously implanted sensors. It also protects
glucose oxidase at the electrode, preventing proteins and other
substances from moving toward the electrode. Furthermore,
since this membrane is in direct contact with subcutaneous
tissue, it plays a critical role in determining the biocompatibil-
ity of the sensor.?*>**

The PDMS/HydroThane blending polymer can form a stable
blending membrane that may be attributed to the following
reasons. First, the van der Waals forces contribute to the
overall interaction between PDMS and HydroThane. Although
these forces are not very strong individually, collectively, they
can help maintain the stability of the blending polymer.
Second, the surface energy and wetting between PDMS and
HydroThane. Hydrophilic HydroThane has higher surface
energy than hydrophobic PDMS. Ensuring good wetting of
PDMS by HydroThane is crucial for intimate contact and
strong interfacial adhesion. Third, forming interpenetrating
polymer networks (IPNs) involves the interdiffusion and entan-
glement of polymer chains from both PDMS and HydroThane
at the molecular level. This can be facilitated by controlling
the curing and processing conditions, ensuring that the poly-
mers interpenetrate and form a stable, cohesive network.

Sensor design

Zhejiang POCTech Co. Ltd/Jiangsu Yuekai Biotech provided
the sensors without outer membrane coating. A polyimide (PI)
substrate with a diameter of 250 pm was used, with screen-
printed platinum, Ag/AgCl, and gold as the working electrode,
reference electrode, and counter electrode. The inner mem-
brane and enzyme layer were formed according to previous
reports.”*® Generally speaking, the enzyme layer was de-
posited on the electrode by spraying and crosslinked in glutar-
aldehyde vapor (produced from 25 wt% glutaraldehyde) for
15 min. The enzyme composition comprised 1.0 mL PBS (0.1
M), 50 mg GOXx, and 36 mg BSA.>°

The PDMS/HT outer membrane was added using a film
coating apparatus (provided by Zhejiang POCTech Co. Ltd/
Jiangsu Yuekai Biotech.). The procedures for the outer mem-
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brane fabrication processes are as follows. First, tetrahydro-
furan (THF) solution containing 5 wt% HydroThane (HT) and
5 wt% PDMS, respectively, were prepared, and they were mixed
at different ratios to obtain the PDMS/HT blending polymer
solution. Second, a film coating apparatus was used to fabri-
cate the outer membrane for the CGM. The liquid film of the
outer membrane polymer started from the distal end of the
sensor, and by passing the sensor through a wire loop, the
entire sensor was uniformly coated with the outer membrane.
The sensor was then allowed to dry in the air for 5 minutes.
The outer membrane fabrication process was halted until the
sensor sensitivity reached 2.0-4.0 nA mM ™.

Biocompatibility test

Rat skin tissue samples were taken after the sensor was
implanted for 28 days to assess the tissue reactions to the
implanted glucose sensor during continuous monitoring. The
biocompatibility experiments used male Sprague-Dawley rats
(SIVZ, Tierspital, Zurich, Switzerland) weighing 150-200 g. The
glucose sensors were implanted under the rats’ skin using a
half-wall needle. The control and experimental groups were
identified as the skin tissue surrounding the silicone and
PDMS/HT blended membrane-coated glucose sensors, respect-
ively. In contrast, the sham group was identified as the skin
tissue surrounding the glucose sensors without an outer
membrane.>’?® The biocompatibility tests were performed
using hematoxylin and eosin (HE) and immunohistochemistry
(IHC) stains, as previously reported.”*°

In vivo glucose sensing

All animal experiments were carried out according to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Scientific
Ethical Committee of Southeast University. For this experi-
ment, three beagles weighing over 15 kg were utilized. Sensors
were placed on each beagle’s neck using the supplied applica-
tor and following the manufacturer’s recommended pro-
cedures (Yuwell CT2A CGM). It’s important to note that, apart
from modifying the outer membrane, all other steps were com-
pleted in the same manner as the commercially available
Yuwell CT2A CGM sensors, including assembly, packaging,
and sterilization. Therefore, these prepared glucose sensors
were assembled and sealed in sterile packaging and sent to
CGN Irradiation Technology Co. Ltd for sterilization using
electron-beam radiation with a dosage of 25 kGy. Other necess-
ary components for continuous glucose monitoring, such as
transmitters, batteries, and tapes, are also available from
Zhejiang POCTech Co. Ltd/Jiangsu Yuekai Biotech. Therefore,
the sensor application process used in this experiment is iden-
tical to that of the commercial CT2A CGM sensors.

Before application, the hair around the beagle’s neck was
clipped, and the skin was cleaned with alcohol. A drop of
tissue glue was placed on the skin-facing surface of the
double-sided tape on glucose sensors. After the application,
the transmitters with new batteries installed were used and
connected to the app for continuous glucose monitoring. To

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prevent the sensors’ removal, the beagles’ necks wore an
elastic bandage during the test period. The CGM system’s
initial calibration was performed approximately 1 hour after
sensor implantation.

CGMS data was collected during the glycemic clamp state
in this experiment. The glycemic clamp technique is a method
used to quantify beta-cell sensitivity to glucose and tissue sen-
sitivity to insulin.*’ It was used to create hyperglycemic and
hypoglycemic conditions to calculate the in vivo sensitivity of
implanted glucose sensors. The overall in vivo test lasted for 31
days, and the glycemic clamp state was generated on days 3,
15, 28, and 31. The beagles were fed once daily with food and
water. Interstitial glucose concentration was determined using
our glucose sensor and a veterinary glucometer (Tara, Abbott)
for comparison.

The CGM sensors were calibrated using a one-point cali-
bration procedure based on the results using blood glucose
test strips. This process involved converting the time-depen-
dent current signal (i(¢)) to blood glucose concentration at a
given time (Cg(t)). Sensor sensitivity (S) could also be deter-
mined using the calibration procedure, which was the slope of
the calibration curve, representing the ratio between the
current signal and the blood glucose concentration. To this
end, discrete blood glucose measurements were taken in paral-
lel from the cephalic vein pricks using veterinary glucometer
strips (Tara, Abbott) every 6 minutes. Glucose concentrations
from the cephalic vein blood were compared with sensor
output during clamping. Approximately 30 groups of data
related to blood glucose concentration and sensor output
current were obtained, and the sensitivities were calculated
based on linear regression fitting of data and obtained using
the following equation:

§S=—=
Cc
I and C represent the sensor response current and the blood
glucose concentration.

Data collection

Three beagles were implanted with sensors, and approximately
3 days after implantation, the glycemic clamp technique was
applied in multiple phases. The clamp technique involved
baseline glucose infusions during euglycemia, followed by the
initiation of hyperglycemia (approximately 300 mg dL™") for
approximately 1 hour, then the initiation of hypoglycemia
(approximately 50 mg dL ") for approximately 1 hour, followed
by the return to midrange glucose concentration (approxi-
mately 150 mg dL™') and maintained for approximately
1 hour. The glucose infusions were then discontinued. An
18-gauge, 3.8 cm catheter was inserted into a cephalic vein to
infuse dextrose and insulin.

The experiments started by administering 20% dextrose,
prepared by diluting 50% dextrose in a saline solution. The
infusion was given at different rates to achieve specific glyce-
mic targets within 60 minutes. The insulin was mixed with a
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20% dextrose solution to make a concentration of 100 mU
mL™", and it was infused at a rate of 0.15 mU kg min~".

The hyperglycemic phase began with an infusion of insulin
(1.1 mU kg™" min~") and 20% dextrose (2.5 mL kg~" h™"); infu-
sion rates during the hyperglycemic phase ranged from 0 to
1.1 mU kg™' min~" for insulin and 0.2 to 16 mL kg™* h™" for
20% dextrose. The hypoglycemic phase began with an infusion
of insulin (1.1 mU kg™" min™"), and an injection of 20% dex-
trose (0.5 mL kg~' h™") was initiated once the blood glucose
concentration reached 60 mg dL™". Infusion rates during the
hypoglycemic phase ranged from 0 to 1.1 mU kg™" min™" for
insulin and 0 to 2 mL kg~* h™" for 20% dextrose. The mid-
range phase began with an infusion of insulin (1.1 mU kg™
min~') and 20% dextrose (1.5 mL kg™' h™"); infusion rates
during the midrange phase ranged from 0.06 to 6 mU kg
min~" for insulin and 0.2 to 4.4 mL kg™* h™" for 20% dextrose.
Blood glucose concentrations were measured every 6 minutes
during the baseline and periods of rapid changes in glucose
concentrations. Blood samples were collected at each time
point and measured using a glucometer. At the end of the
experimental period, infusions were discontinued, and the
beagles were fed, provided water, and returned to their runs.
Approximately 3 hours after completion of the clamp tech-
nique, data from the CGMS were downloaded to a computer
database.

Consensus error grid analyses were conducted to evaluate
the clamp data collected.>® The error grid comprises 5 zones
(A through E), each with a different clinical implication. Zone
A indicates no effect on clinical action, while zone B suggests
altered clinical action that is unlikely to affect the outcome. In
contrast, zone C indicates altered clinical action likely to affect
the clinical outcome, while zone D implies an altered clinical
action that could pose a serious medical risk. Finally, zone E
suggests an altered clinical action that could have dangerous
consequences.

Results and discussion
Characterization of PDMS/HT with different weight ratios

SEM was employed to analyze the surface morphology of
PDMS/HT composites with varying weight ratios. The HT’s
smooth and flat surface shape is shown in Fig. 1a. Adding
additional PDMS increases roughness in the PDMS/HT blend-
ing membrane. The blending membrane exhibited a porous
morphology when the weight ratio of PDMS to HT was 20 : 50,
as depicted in Fig. 1d. With the increase of PDMS content, the
surface morphology of the blending membrane becomes more
and more rough, which is mainly caused by the phase separ-
ation of PDMS and HT.*?

The mechanical strength of the outer membrane plays a
crucial role in the performance of implanted glucose sensors
during extended periods of wear, as it directly impacts signal
accuracy and stability. Consequently, an investigation was con-
ducted to analyze the mechanical properties of the PDMS/HT
blending polymer, considering different weight ratios of
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Fig. 1 SEM images of the membrane: (a) HT; (b) PDMS/HT 5:50; (c) PDMS/HT 10 : 50; (d) PDMS/HT 20 : 50. Scale bar: 1 pm, accelerating voltage: 2

keV.

PDMS. According to the data presented in Fig. S1,} it can be
observed that the incorporation of PDMS resulted in a
decrease in both the ultimate tensile strength and the elonga-
tion at break. This phenomenon can be attributed to the rela-
tively low mechanical strength exhibited by PDMS compared
with HT.*

In vitro evaluation of oxygen effects on PDMS/HT outer
membrane with different PDMS content coated glucose
Sensors

The glucose concentration in interstitial fluid is higher than
the oxygen concentration. To obtain accurate sensor output
results, the outer membrane of CGM sensors should regulate
the diffusion ratio of glucose/oxygen at a proper rate based on
the electrooxidation of hydrogen peroxide.'® PDMS is per-
meable to oxygen,* it was usually used in the outer membrane
of TPU by blending or partially replacing the soft segment of
TPU with PDMS."” However, the output signal of the CGM
sensor depends on the concentration of oxygen instead of
glucose if the content of PDMS is too low. The system was
initially brought to air equilibrium to elucidate the relation-
ship between PDMS content and the oxygen effect, and the
glucose sensor baselines were stabilized. 10.0 mM of glucose
was added to the system in two sequential injections, each pro-
viding a 5.0 mM concentration. This was 3.0-5.0 mM higher
than the usual blood glucose level. A steady stream of N, gas
was added to the solution to lower the oxygen tension once the
glucose sensors showed signs of stable current. This operation
was done slowly while constantly stirring the solution to guar-
antee an oxygen balance throughout the cell. The oxygen

884 | RSC Appl. Polym., 2024, 2, 880-890

sensor was used to track the partial pressure of oxygen. The N,
flow was partially stopped to allow for a slow accumulation of
oxygen in the system once the oxygen effect was noticed at a
low PO, level. This permitted the glucose sensors to start oper-
ating normally again. To achieve an accurate PO, measurement
at extremely low oxygen tension, the numerical values of the
oxygen tension were also recorded simultaneously (as shown
in Fig. 2a). One of the common data sets seen in the experi-
ment mentioned above is Fig. 2. The oxygen partial pressure
measured using a calibrated oxygen sensor is shown in Fig. 2a.
Fig. 2b displays the current output of the CGM sensor (sensi-
tivity: approximately 3.8 nA mM™') coated with PDMS/HT
blending outer membrane with a weight ratio of 5:50 in
response to 10.0 mM glucose. Fig. 2¢ displays the output of the
CGM sensor (sensitivity: approximately 3.7 nA mM™") coated
with PDMS/HT blending outer membrane with a weight ratio
of 10:50. Interestingly, Fig. 2b shows that the sensor did not
show any oxygen effect until the oxygen tension dropped to
8 mm Hg. At that point, the sensor began to function. It
rapidly turned over due to the accumulated glucose trapped
inside the enzyme layer’s lack of O, supply, producing a peak
current before returning to the normal steady state current.
Fig. 2c’s CGM sensor demonstrates that it did not indicate any
oxygen effect, even when the oxygen tension fell to 5 mm Hg.
Above all, when the weight ratio of PDMS/HT is 5:50, the
oxygen effect may affect the accuracy of the output signal of
the CGM sensor. When the weight ratio of PDMS/HT is 10: 50,
the oxygen effect does not exist. According to the SEM results,
the porosity was observed in the blending membrane when
the weight ratio of PDMS/HT is 20 : 50, which is detrimental to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The oxygen effect of PDMS/HT blending membrane modified CGM sensor with different PDMS content, (a) PO, in the system; (b) PDMS/HT
with a weight ratio of 5: 50 modified CGM sensors; (c) PDMS/HT with a weight ratio of 10 : 50 modified CGM sensors.

the long-term monitoring of CGM sensors, as the permeability
of the sensor’s outer membrane can lead to protein adsorp-
tion, thereby causing instability in the CGM sensors. In
addition, the electrode and enzyme layer of the sensor are
exposed to body fluids containing protein due to porosity,
which rapidly degrades the sensor performance due to the con-
tamination of the electrode and the deterioration of active
enzymes. Therefore, PDMS/HT with a weight ratio of 10:50
was chosen in the following experiment.

Characterization of PDMS/HT with a weight ratio of 10: 50

The water adsorption rate and membrane expansion rate of
PDMS/HT (10:50) blending polymer were investigated, and
results (Table S1f) show that the water adsorption rate was
27.4% and the membrane expansion rate was 32.5%.

The membrane thickness and the corresponding sensitivity
were investigated. The results (Table S21) show that the mem-
brane thickness is 44.7 + 1.5 pm when the sensitivity of the
glucose sensor is 3.88 nA mM . The metallographic figure of
the membrane thickness is displayed in Fig. S2.f We can also
see that the sensor’s response time is 30 s, indicating that the
sensor responds quickly to glucose.

For 28 days, the electrochemical stability of PDMS/HT outer
membrane-coated glucose sensors was examined by compar-
ing the sensitivity changes. At 1 h, 3 h, 6 h, 24 h, and daily
intervals, the sensors’ sensitivity was evaluated in glucose solu-
tions with concentrations ranging from 0 to 30.0 mM (0, 5.0,
10.0, 15.0, 20.0, 25.0, and 30.0 mM) at 32.0 + 0.5 °C. As shown
in Fig. 3, the in vitro sensitivity rose from 1 h to 48 h and
remained constant throughout the next testing days, which is
explained by the electrode’s surface stability.'*

The chronoamperometric curve produced by testing PBS
with different glucose concentrations ranging from 0 to
30.0 mM (0, 5.0, 10.0, 15.0, 20.0, 25.0, and 30.0 mM) at 32.0 +
0.5 °C is shown in Fig. 4a and b. The current increased pro-
portionately to the glucose concentration, showing a linear

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The stability test of PDMS/HT modified glucose sensors in PBS
solution (pH 7.4, with different glucose concentrations from 0, 5.0, 10.0,
15.0, 20.0, 25.0, and 30.0 mM) at 32.0 + 0.5 °C during 28 days. The
stability was deemed as the sensitivity variations, and the sensitivity was
calculated according to the slope of the current of the glucose sensors
and glucose concentrations.

association with glucose concentration. A dose-response
equation with a high correlation value of 0.9997 was obtained
by linear regression analysis: i (nA) = 9.0587 + 3.7120C (mmol
L™"). The glucose sensor’s sensitivity was found to be 3.7120
nA mM~". Because of its adequate sensitivity and wide linear
range, these results show that the developed glucose sensor
satisfies the requirements physiological glucose
measurements.

for

Temperature changes profoundly affect both in vitro and
in vivo sensor output current.’* Therefore, the catalytic activity
of glucose was assessed on PDMS/HT-coated sensors at
different temperatures using amperometry. As seen in Fig. 4c,
a steady-state current was obtained for a thermostatic 10.0 mM
glucose solution at various temperatures (30.0 + 0.5, 33.0 + 0.5,
36.0 £ 0.5, 39.0 + 0.5, and 42.0 + 0.5 °C). As seen in Fig. 4d, two
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Fig. 4 (a) Change in the sensor response with the sequential addition of glucose aliquots. Sensors were immersed in PBS (pH 7.4) at 32.0 + 0.5 °C

while aliquots of glucose were added to produce step responses: 0, 5.0, 10.0, 15.0, 20.0, 25.0, and 30.0 mM. (b) Plot of calibrated sensor response
as a function of glucose concentration. (c) Amperometric i—t curve of the sensor in 0.1 M PBS (pH 7.4) containing 10.0 mM glucose with different
testing temperatures (30.0 + 0.5, 33.0 + 0.5, 36.0 + 0.5, 39.0 + 0.5, and 42.0 + 0.5 °C). (d) Temperature effect for glucose detection on PDMS/HT

modified electrode.

temperature parameters of 2.3% °C™" (<36 °C) and 3.0% °C™"
(>36 °C) were recorded. For the sake of comparison, the
current was normalized to 37 °C.

In this work, acetaminophen (0.17 mM), bovine serum
albumin (22 mg mL™"),*> physiological concentrations of
r-ascorbic acid (0.11 mM)*® and uric acid (0.48 mM)*” are com-
bined with 10.0 mM glucose in PDMS/HT-coated glucose
sensors to examine the effects of recognized interferents. The
PDMS/HT-modified glucose sensor demonstrates high selecti-
vity for glucose detection, as shown in Fig. S3,f where the
current change for glucose detection in the presence of poss-
ible interferents was less than 5%.

Electron beam radiation is a typical sterilizing procedure
for implanted glucose sensors. The impact of electron beam
radiation on sensor performance was thus investigated by con-
trasting the sensitivity variations before and after sterilization.
The results are displayed in Table S3.1 The results show that
the sensitivity of the glucose sensors remained unchanged,
indicating that the sterilizing procedure did not affect the poly-
mer’s permeability or the activity of the enzymes.

Biocompatibility test

HE and IHC staining of rat tissues was used to assess the bio-
compatibility of the sensor. During prolonged use, the tissue
reaction and sensor-associated fibrosis to electrodes are impor-
tant variables influencing the sensor’s accuracy and longevity.

886 | RSC Appl. Polym., 2024, 2, 880-890

Skin tissues surrounding the implanted sensor without an
outer membrane were studied as part of a sham control group.
In contrast, skin tissues surrounding the implanted sensor
with PDMS/HT and silicone outer membrane were evaluated
as experimental and control groups, respectively. Hematoxylin
and eosin (H&E) staining results after 28 days of implantation
showed that the tissues surrounding sensors with PDMS/HT
(experimental group) outer membrane had thinner fibrous
capsules (20 pm) and milder inflammatory cell infiltration
than the tissues surrounding sensors without outer membrane
(sham control group, 80 pm). Fig. 5 illustrates these findings.
The silicone-coated sensors in the control group showed the
least inflammatory cell infiltration and the thinnest fibrous
capsules (12 pm). Additionally, IHC staining of IL-1f, IL-6, and
TNF-a was performed to assess the inflammation in the skin
tissue. The IHC staining revealed lower expression areas of
IL-1B, IL-6, and TNF-u in the experimental group than in the
sham groups and slightly higher than in the control group, as
shown in Fig. 5b’-d’. These findings suggest that the outer
membrane coating on glucose sensors has good
biocompatibility.

In vivo electrochemical glucose sensing

The in vivo stability and sensor lifetime of nine prepared CGM
sensors coated with PDMS/HT outer membrane was evaluated
in beagles over 31 days, and the detailed sensitivity variation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) HE staining micrographs of the skin tissues of the rats. (b—d) IHC of the IL-1p (b), IL-6 (c), and TNF-«a (d) in the skin tissues. Grey-dyed
cytokines could be observed in the tissues. (b’~d’) Relative expression of the IL-1p (b’), IL-6 (c’), and TNF-a (d’). Scale bars: 200 pm. Control group:
silicone-coated glucose sensors. Sham group: glucose sensors without outer membrane. Experiment group: PDMS/HT coated glucose sensors.

of the nine sensors on days 3, 15, and 28 was presented in
Fig. S41 and Table 1. These results indicate that these sensors
can work stably in vivo for more than 28 days. After 28 days,
the implanted sensors commonly exhibited a progressive loss
of sensor sensitivity until complete failure. The failure of
sensors was likely due to tissue reactions of the sensor-tissue
interface.*® The mean in vivo sensitivity variation of the 9
sensors over time is shown in Fig. 6a, which remained rela-

tively stable during days 3 to 28. The stable in vivo performance
of the implanted glucose sensors facilitates more concise
output results, which is beneficial for advancing CGM manage-
ment of diabetes. The sensor lifetime is extended for two
weeks compared to some commercial CGM sensors, which can
be attributed to the following reasons. First, the excellent bio-
compatibility of the outer membrane can reduce tissue reac-
tions and prevent sensor-associated fibrosis. Second, the

Table 1 In vivo sensitivity data obtained on different days
Dog 1 Dog 2 Dog 3

Sensor 1 2 3 4 5 6 7 8 9
Initial 3.89 3.87 3.85 3.82 3.80 3.88 3.85 3.82 3.89
Day 3 3.97 3.74 3.87 3.75 3.69 3.84 3.87 3.93 3.82
Day 15 3.65 3.63 3.88 3.68 3.67 3.84 3.80 3.90 3.88
Day 28 3.73 3.48 3.82 3.59 3.64 3.73 3.73 3.89 3.77
Day 31 1.79 2.24 2.53 2.36 1.98 2.32 2.45 2.38 2.26

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Sensitivity in vivo of glucose sensors for 31 days. The data are the means of measurements from 9 sensors. Error bars are + SD. (b)

Interstitial glucose concentrations (solid line) were obtained for one representative sensor during glycemic clamp procedures, and corresponding
blood glucose concentrations (red circles) were concurrently measured using a veterinary glucometer method. Notice the lag between changes in

blood glucose concentrations and CGMS values.

blending membrane has stable and reliable chemical/physical
properties during long-term in vivo sensing without membrane
degradation, leaching, segregation, or cracking.

The failure mechanism of CGM sensors after 31 days of
implantation was investigated after the sensors were explanted
from the beagles. The sensors were polarized in PBS after
being explanted from beagles and tested in PBS with varying
glucose concentrations. Results show that (Table S47}) the sen-
sitivity of the explanted sensors was comparable to the initial
in vitro sensitivity. These findings suggest that the progressive
loss of sensor sensitivity and complete sensor failure were
most likely due to the tissue reactions to the implanted
sensor.”®

During the glycemic clamp procedure, the lag time between
CGMS values obtained from multiple concurrently implanted
sensors and criterion-referenced values obtained from venous
blood samples was found to be 9 minutes (Fig. 6b). The sensor
itself accounted for 0.5 minutes of the signal delay, as deter-
mined from independent in vitro measurements, while an esti-
mated 0.5 minutes was ascribed to circulatory transport from
the central venous infusion site to the implant site.*® The
remaining delay of 7 minutes was attributed to mass transfer
and physiological phenomena occurring within the local
tissues. Notably, the lag time for blood and interstitial fluid
glucose was included in the 7 minutes, and this delay value is
consistent with findings from other studies.**"*°

810 pairs of CGMS and criterion-referenced data were col-
lected for analysis. Consensus grid analysis indicated that
88.0% of the measured values fell within zone A, while 12.0%
were in zone B (Fig. S5 and Table S51). No results were
observed in zones C, D, or E. These findings suggest that the
developed glucose sensor offers acceptable accuracy for ISF
glucose measurements.

While previous reports have shown that the lifetime of
glucose sensors has increased from 3 days to 15 days, there are
few reports of sensors with reliable results beyond 15 days. In
this work, the prepared CGM sensors can work in vivo for 28

888 | RSC Appl. Polym., 2024, 2, 880-890

days, extending the sensor lifetime by two weeks. These results
suggest that the PDMS/HT blending membrane used in this
work can potentially extend the lifetime of commercial CGM
sensors by two weeks.

Long-term storage stability

In this study, the long-term storage stability of glucose sensors
with an PDMS/HT outer membrane was thoroughly examined.
The sensors typically exhibited a sensitivity range of 3.0-4.0 nA
mM™" and maintained linearity between 5.0 and 30.0 mM,
with a response time of 30 seconds following the injection of
5.0 mM glucose. The storage stability under ambient con-
ditions (25.0 = 0.5 °C, RH 45% =+ 5%) was evaluated after
storage periods of 15, 30, 45, and 60 days. Before testing in
glucose concentrations ranging from 5.0 mM to 30.0 mM, the
sensors were polarized in PBS (pH 7.4) until the background
current was reduced to below 10.0 nA. The background current
was defined as the intercept of the linear regression analysis
for the dose-response equation. Table 2 illustrates the change
in sensitivity for these sensors before and after specific storage
durations in ambient conditions. The results indicated only

Table 2 Sensitivity changes before and after storage

Before After Time of

(nAmM™) (nAmM™) storage (day) % change
1# 3.87 3.83 15 —-1.0%
21 3.85 3.81 15 —-1.0%
3# 3.89 3.94 15 +1.3%
4t 3.76 3.82 30 +1.6%
5# 3.88 3.81 30 -1.8%
61 3.82 3.73 30 —2.4%
7H# 3.84 3.89 45 +1.3%
8#t 3.79 3.68 45 —2.9%
ot 3.86 3.78 45 —-2.1%
104 3.85 3.93 60 +2.1%
11# 3.86 3.75 60 —2.8%
124 3.88 3.79 60 +2.3%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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minor signal changes (<+5%) within 60 days of storage in
ambient conditions. These observations suggest that the bio-
sensor possesses good storage stability, which can be attribu-
ted to the high chemical stability of the outer membrane and
its protective effect on the electrode.

Conclusion

This work demonstrated that PDMS/HT blending outer mem-
brane can extend the sensor lifetime to at least 28 days with
excellent in vivo stability when implanted subcutaneously in
non-diabetic beagles, which extended the sensor life for 2
weeks compared with commercially used electrochemical
implanted glucose sensors. It also evaluated the effect of
oxygen on the blending membranes of PDMS/HT-coated
glucose sensors with different PDMS content in the outer
membrane. It demonstrated that glucose sensors coated with
blending membranes of PDMS/HT with a weight ratio of
10:50 were essentially independent of environmental PO,
while blending membranes of PDMS/HT with a weight ratio of
5:50 coated glucose sensors were affected by oxygen fluctu-
ation. This result is also important for developing a new outer
membrane of implanted glucose sensors based on the electro-
chemical detection of hydrogen peroxide. This work provides a
stable, protective membrane that can potentially be used for
commercial long-term continuous glucose monitoring in dia-
betes management with an extended sensor lifetime.
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