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ABSTRACT: Diabetes mellitus is a metabolic disorder that affects
millions of individuals worldwide. Continuous glucose monitoring (CGM)
offers a prevalent method for continuously monitoring interstitial glucose
levels instead of traditional self-monitoring of blood glucose (BG),
eliminating the need for finger pricking and providing only discrete data.
However, challenges in accuracy persist in CGM, including substantial
noise interference and tissue fluid erosion, as well as the pH fluctuations in
the localized ISF microenvironment during acute inflammation periods.
Herein, we reported a facile atmospheric plasma-induced grafting
technique to surface functionalize a zwitterionic brush coating on the
sensor, with the aim to adjust the sensor's microenvironmental chemistry.
The zwitterionic brush-coated CGM (Z-coated CGM) could regulate pH
values with a good glucose response in the pH range from 6.2 to 7.6 and a
prolonged sensor life over the uncoated sensor. We evaluated the rat
practice that the Z-coated CGM consistently outperformed the uncoated in tracking BG fluctuations, with higher correlation
coefficients and significant noise reduction for both non-recalibration and recalibration. This technology holds substantial
implications for subcutaneous embedded glucose monitors and facilitates CGMs in achieving independence from routine BG
fingerstick calibrations.
KEYWORDS: continuous glucose monitoring, zwitterionic brush, atmospheric plasma-induced grafting, microenvironmental pH,
antifouling

Diabetes, a metabolic disease in which blood glucose (BG)
regulation is hindered, affects hundreds of millions of people
worldwide, many of whom remain undiagnosed.1−3 The
current standard for clinical treatment of patients with diabetes
is self-monitoring of BG, measuring BG through fingertip
blood collection multiple times a day and then injecting insulin
as needed to adjust blood sugar in the normal range.4−6

However, self-monitoring of BG can only access discrete BG
data. It cannot reflect BG fluctuations over time, coupled with
the pain associated with repeated finger prick testing, making
self-monitoring BG a disadvantageous practice for patients and
doctors.7,8

Continuous glucose monitoring (CGM) is a wearable
medical device that can monitor glucose over a decent
period.9−11 By implanting a patch coupled with a soft needle
as the glucose sensor under the skin, the glucose level in the
subcutaneous tissue interstitial fluid (ISF) can be visited every
5−15 min. Therefore, compared with traditional extracorpor-
eal BG meters, CGM provides continuous glucose measure-
ments for real-time monitoring and significantly reduces
physical pain for patients. However, enormous challenges

remain in current CGM measurements, including (1) acute
inflammation upon implantation, which produces significant
noise during the initial 72 h, while the specific mechanism
remains unclear;12,13 (2) fibrotic capsule formation surround-
ing the sensor, caused by the wound healing process, which
limits the transportation of analytes in the long-term
implantation;14,15 (3) durability and safety of the adhesive;16

and (4) physiological environmental changes that may
jeopardize the specificity of the enzyme, resulting in inaccuracy
monitoring.17,18 Notably, the anomeric properties of glucose
molecules, which are sensitive to environmental factors, can
hugely impact detection accuracy, which is often overlooked.
The ratio of α-D to β-D glucose anomers depends on
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temperature and pH value, as well as the concentration and
solute, among which β-D glucose is preferred under neutral
and alkaline conditions and α-D glucose is preferred under
acidic conditions.19,20 This indicates that the detection of ISF
glucose poses a severe challenge since the pH of ISF fluctuates
from 6.6 to 7.6,21 not to mention the inflammatory nature of
the initial implantation that can be as low as 6.2,22,23 yet blood
has a constant pH (7.35−7.45). This means that glucose
detection using an anomeric-selective enzyme (such as glucose
oxidase enzyme GOx, which is specific only for β-D glucose)
may not produce reliable measurements.24 Therefore, the pH
of the sample and the localized implanted environment must
be known to obtain accurate glucose readings technically by
postcalibrations.25,26

To overcome this challenge, we developed atmospheric
plasma-induced grafting of a zwitterionic brush coating on the
homemade CGM surface to regulate the microenvironment
around the sensor, mainly aiming to buffer and regulate the
localized pH values. This stabilizes the configurations of β-D
glucose near the electrode and remains accurate during the
acute inflammatory period. The purpose of using atmospheric
plasma to induce grafting of a zwitterionic brush coating is not
only to minimize the boundary barrier between the glucose
confinement layer and the zwitterionic brush coating layer so
that the diffusion rate is balanced to maintain the integrity of
the glucose confinement27 but also to decrease interfacial
resistance compared to other direct physical assembly
strategies, such as layer-by-layer coating.28,29 Besides, atmos-
pheric plasma-induced grafting is a mature technology that can
be easily integrated into industrial production.30,31 Further-
more, the zwitterionic coating has been reported to show
services in many implantable devices due to its ultralow fouling
properties, attributed to the creation of a highly hydrated
environment and the establishment of a steric exclusion barrier
to block the attachment of proteins.32−35

Compared to the uncoated CGM, the zwitterionic brush-
coated CGM (Z-coated) showed the adjusting ability of
microenvironmental pH with good linear responses in the pH
range of 6.2−7.6 and survived for 12 days at 37 °C in protein-
rich serum. In the rat experiment, the Z-coated CGM exhibited
a better follow-up (with higher correlation coefficients) and
significantly reduced noises to BG measurements over the
uncoated. This technology and the used zwitterionic material
are of great significance for subcutaneous embedded glucose
monitors and potentially help CGMs gain independence from
the requirement of simultaneous BG testing for calibration
since it effectively provides the measurement accuracy of
subcutaneous glucose level, especially in the acute inflamma-
tory phase, which is crucial for standalone monitoring devices
for diabetic patients.

■ EXPERIMENTAL SECTION
Fabrication of CGM Sensor. For the uncoated CGM, the

polytetrafluoroethylene (PFA)-coated Pt wire (0.2 mm o.d.; 0.12 i.d.,
A-M Systems), where the PFA layer was peeled off at the front end for
2 mm, acted as the working electrode. A silver wire (0.1 mm o.d., Ing-
Jing Precise Industrial Corp.) was tightly wrapped around the PFA
layer, covering about 3 mm of its length. The silver chloride layer
(AgCl) was formed by passing current (0.4 mA/cm2) for 1 h through
the silver wire in a stirred 0.1 M HCl solution (J.T. Baker) and then
was rinsed with deionized water for 6 h. The Ag/AgCl wire worked as
the reference/counter electrode. The exposed working Pt wire region
was dipped in 5% (w/w) Nafion solution (Morr Technology Co.,
Ltd.). A DC of 3 V was applied to the working electrode for 10 s to

form a thin Nafion layer, which was then dried in air for 2 h. The GOx
(243 units/mg, Amano Enzyme Inc.) was physically adsorbed by
soaking the working electrode region in GOx solution (80 mg/mL)
and allowed it to dry at room temperature for 10 min. To immobilize
the enzyme, the electrode was exposed to glutaraldehyde vapor
generated from 25% glutaraldehyde solution (Alfa Aesar) placed at
the bottom of an enclosed glass chamber for 12 h at 37 °C. The
electrode was then rinsed in deionized water and dried in air for 2 h.
The electrode was then dipped in the PDMS solution (Uniregion Bio-
Tech) and placed in an oven at 50 °C to cross-link. The PDMS layer
served as the glucose confinement layer and the protective biolayer.
Protocol of Plasma-Induced Grafted Zwitterionic Brush

Coating of CGM. For the Z-coated CGM, the CGM was pretreated
by an atmospheric plasma (8 W, 15 s) to clean and generate free
radicals on the surface. Then, the electrode was immersed in 10 wt %
[2-(methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl) ammonium hy-
droxide (SBMA; Sigma-Aldrich) monomer solution for 2 h. The
CGM was further treated with an atmospheric plasma to initiate
grafting polymerization. Finally, the as-prepared CGM was washed to
remove the residual SBMA monomers and ungrafted SBMA
polymers.
Characterizations of CGMs. All electrochemical measurements

were implemented using an 8-channel potentiostat workstation
(OctoStat30, Ivium, Netherlands). The surface morphology and
composition of CGMs were carried out using field-emission scanning
electron microscopy (JEOL JSM-7600F), equipped with an energy-
dispersive X-ray spectroscopy (EDX) analyzer. X-ray photoelectron
spectroscopy (XPS; ULVAC-PHI (Quantes), Japan) with an Al−Kα
X-ray source was used to analyze the binding chemistry between the
PDMS layer and the zwitterionic brush coating.
In Vitro Glucose Permeability. In vitro glucose permeability

data were obtained using an H-shaped diffusion cell apparatus
maintained at 37 °C. The membranes were immersed in phosphate-
buffered saline (PBS, pH 7.4) for 3 h to attain equilibrium and
sandwiched between the donor and receiver chambers of the H-cell.
Under 5 mL of glucose solution with a concentration of 30 mM in the
donor chamber and 5 mL of PBS in the receiver chamber, the
concentration changes were measured in the two chambers every hour
with homemade glucose sensors. The diffusion coefficient of glucose
through the membrane was calculated by using eqs 1 and 2:
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where β is the cell constant; De is the effective diffusion coefficient;
CDo and CRo are the initial glucose concentrations in the donor and
receiver chambers, respectively; CD and CR are the glucose
concentrations at time t in the donor and receiver cells, respectively;
A is the area of diffusion; l is the membrane thickness; and VD and VR
are the volumes of donor and receiver cells, respectively.
In Vitro Glucose Measurements. Unless otherwise stated, the

uncoated and Z-coated CGMs were conducted using a two-electrode
setup with the exact analysis/measurements, and the liquid sample
amount in a voltammetry cell for all sensors was 2 mL. For measuring
in vitro glucose levels, CGMs were evaluated by stepwise
chronoamperometry (CA) at 0.6 V (vs Ag/AgCl) of glucose
concentration from glucose-free to 30 mM. For the phantom
commercial testing, CA was conducted by obtaining 10 s glucose
signals at 0.6 V (vs Ag/AgCl) and rested for 140 s at open-circuit
potentials (OCPs) in glucose-containing PBS at room temperature.
Note that the glucose concentration was increased by 5 mM after
every intermittent step (150 s). For the interference study, tests were
conducted by sequential addition of 5 mM glucose, 0.1 mM
acetaminophen (AP, Sigma-Aldrich), 0.11 mM ascorbic acid (AA,
Sigma-Aldrich), 0.4 mM uric acid (UA, Sigma-Aldrich), and 5 mM
glucose. CGMs were implanted in agarose hydrogels (Sigma-Aldrich)
containing different glucose concentrations from glucose-free to 30
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mM for respective CA tests to mimic sensor implantation in tissue.
The long-term stability of CGMs was measured in glucose-containing
protein-rich porcine serum from glucose-free to 30 mM each day for
12 consecutive days at 37 °C.
Investigation of Microenvironmental pH of CGM. For

evaluating the tuning ability of the localized microenvironment pH
near the Z-coated CGM, OCPs were recorded for both the uncoated
and Z-coated CGMs incubated in PBS with various pH values from
5.8 to 7.4 to present the relationship between the OCP and pH. The
in vitro glucose measurements were also tested by CA of glucose
concentration from 2 to 20 mM at pH values of 6.2 and 7.6,
respectively.
In Vivo ISF Glucose Monitoring in Animals. Eight-week-old

male Sprague−Dawley rats (BioLASCO, Taiwan) were used and
housed in a climate-controlled environment with 12 h light and 12 h
dark cycles (weighing approximately 250 g during the experiment).
Individuals were randomly selected to receive STZ (streptozotocin)-
induced diabetes. Before administration of STZ, rats underwent a 12
h fasting period and were kept hydrated to prevent dehydration. A
freshly prepared STZ solution at a 50 mg/kg dose was then
administered via tail vein injection. BG levels should be monitored
regularly for 48 h after injection. A BG concentration exceeding 16.7
mmol/L indicates the successful induction of diabetes.

CGM approved all testing procedures. Rats were anesthetized using
a 1:1 mixture of depositor (Zoetis) and telazol (Zoetis) and fixed on
an operating plate (Figure S1). Then, the uncoated and Z-coated
CGMs were implanted in the dorsal region. Before animal
experiments, sensors were soaked in PBS for 1 h before implantation.
For healthy SD rats, after anesthesia, an incision was made in the
inguinal skin to expose the femoral vein, where a syringe hose was
inserted. At the same time, uncoated and Z-coated CGMs were
implanted 1 cm lateral to the spinal cord and between the shoulder
blades. After 30 min, 0.4 mL of a 4 M glucose solution was injected to
induce BG changes. For diabetic SD rats, the uncoated and Z-coated
CGMs were also implanted 1 cm lateral to the spinal cord and
between the shoulder blades after anesthesia. In contrast to the
healthy rats, diabetic rats were injected with five units of insulin into
the left hind leg using an islet syringe (FlexPen NovoRapid, Novo
Nordisk A/S, Denmark) 30 min after the start of the experiment to
stimulate BG changes. The ISF glucose concentration was evaluated
using CGMs by CA (140 s for rest at the OCP and 10 s for recording)
over 90 min. BG was measured every 10 min using BG kits
(GlucoLeader GV01, HMD Biomedical, Taiwan). The blood was
collected from the tail vein by using a lancet.
Data Analysis and Statistics. The recalibration method mainly

referred to Kai et al. and published reports.44−46 For the technique of
delayed compensation of processing in vivo glucose monitoring, CA
measurements recorded the response current every 150 s. In
comparison, the venous BG was measured every 600 s using BG
kits. Based on the literature and clinical reports, there is a 5−15 min
(300−750 s) delay between BG and ISF glucose levels. Therefore, the
ISF current data points were shifted forward by 300, 450, 600, and
750 s, respectively. Excel software was used to calculate the
correlation coefficient between the ISF current data and BG levels
simultaneously. A linear regression relationship was calculated from
the correlation profiles to convert the ISF current data to the
corrected glucose levels. The deviation (difference) between the
corrected glucose levels and BG was calculated using the following
formula:

= [ ] ×Difference
glucose level BG

BG
100%

where difference represents the percentage difference between the
glucose levels transformed from the sensor current with and without
using recalibrated linear regression formulas.36

Histology Analysis. The tissue surrounding the implanted sensor
was cut and sliced with a thickness of 5 μm and immersed in formalin.
The H&E and Masson trichrome staining was conducted by the
Zoetis Animal Pathology Testing Center (Taiwan) and observed at

different magnifications using a PANNORAMIC Flash DESK DX
(3DHISTECH, Hungary).

■ RESULTS AND DISCUSSION
In this work, the PDMS layer, serving as the glucose
confinement layer and oxygen permeable layer on the
homemade CGM, is functionalized with a zwitterionic brush
coating via atmospheric plasma-induced grafting. The aim is to
reduce monitoring noises during the acute inflammatory
period by establishing the ability to adjust the sensing
microenvironment to eliminate the anomeric effect of glucose
and prolong the longevity of the sensor.

The homemade microinvasive CGM, modified from
Wilson’s design,37,38 consists of a conductive Pt wire electrode
coated by a thin PFA insulative layer embedded with the
Nafion layer that serves as the anti-interference layer and the
glucose-specific enzyme glucose oxidase (GOx). The PDMS
outer layer allows small molecules, such as glucose, O2, and
H2O2 to diffuse through the layer while immobilizing GOx.
The GOx catalyzes glucose oxidation to gluconolactone and
produces H2O2, which then changes the electrical current of
the electrode. The Ag/AgCl, reference/counter electrode, was
wired to the end of the sensor (Figure 1a,b). Each component

of the CGM was qualitatively analyzed through SEM/EDX.
The element diagram showed that the representative elements
of the sensor were platinum (Pt), fluorine (F), nitrogen (N),
sulfur (S), and silicon (Si), indicating that the CGM was
successfully assembled with the respective coatings (Figure
1c−h).

High-resolution XPS was implemented to examine the
binding chemistry. The full XPS spectrum is shown in Figure
S2. Compared to the uncoated CGM, the C 1s spectra of the
Z-coated CGM showed a decrease in the binding energy of the
PDMS C−H bonds, and new C−N and O−C�O bonds were
found at 285.8 and 286.7 eV, indicating the presence of the
pSBMA coating (Figure 2a,b). Additionally, in the O 1s
spectra, a significant reduction in the Si−O−H bonds of
PDMS was observed after plasma treatment, with new S�O

Figure 1. (a) Optical image and (b) SEM image of the Z-coated
CGM. (c−h) SEM/EDX mapping was used to conduct a qualitative
analysis of the basic parameters for each component.
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and O−C�O bonds appearing at 532.8 and 534 eV, which are
attributed to the pSBMA coating (Figure 2c,d). The decrease
of C−H in C 1s and Si−O in the O 1s spectra revealed that the
PDMS bonds on the sensor surface were disrupted, potentially
forming bonding with the C�C of pSBMA at these sites,
coupled with the existence of those signature bonding of
SBMA, as evidence of the bonding between PDMS and the
pSBMA coating.

Electrochemical impedance spectroscopy is a subtle
characterization technique used to study the resistance/

impedance of electrode interface behaviors. The charge-
transfer resistance (Rct) generally reflects the resistance of
the electrode surface to redox reactions or sometimes could be
seen as a simple interfacial barrier on the electrode surface
when no redox reaction occurs in the electrochemical system.
In the low-frequency region (the end of the Nyquist plot), the
straight line indicates diffusion behaviors defined as Warburg
impedance (Wo). It can be seen from the Nyquist plot (Figure
2e) that after grafting, there was a minimal increased resistance
from 0.19 to 0.34 Ω, illustrating the existence of a thin pSBMA

Figure 2. High-resolution XPS profiles show the bonding chemistry for (a) C 1s of uncoated, (b) C 1s of Z-coated CGM, (c) O 1s of uncoated,
and (d) O 1s of Z-coated. (e) Nyquist plot of uncoated and Z-coated sensors (inset showed the equivalent circuit model). (f) Setup for a H-shaped
diffusion cell for measuring glucose permeability with the corresponding diffusion coefficient (De). Data are presented as mean ± s.d. (n = 3).
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layer. Moreover, it can be found that the slopes of the Warburg
line were almost the same between the uncoated and Z-coated
CGMs, demonstrating that the efficiency of substance diffusion
remains unaffected for the Z-coated sensor. To further
corroborate that the surface functionalization of the zwitter-
ionic coating does not affect the inherent diffusion ability of
PDMS, diffusion coefficients (De) of uncoated and Z-coated
PDMS membranes were tested by using an H-shaped diffusion
cell. The results indicated that the De of both samples showed
limited changes, confirming that the surface functionalization
does not impair the diffusion capacity of PDMS (Figure 2f).

The in vitro responsiveness of uncoated and Z-coated
CGMs to different glucose concentrations was recorded by
gradually changing the glucose concentration from 0 to 30 mM
at 0.6 V (vs Ag/AgCl) (Figure 3). The uncoated and Z-coated
CGMs showed similar values of the limit of detection (LOD)
with 0.13 and 0.15 mM, respectively, indicating that the
zwitterionic coating does not impact the LOD, attributed to
the evidence of the similar glucose diffusion behaviors for both
uncoated and Z-coated. In three consecutive experiments, Z-
coated CGMs showed a continuous increase in current with
the constant addition of glucose, showing their stable response
to glucose. However, the uncoated CGM exhibited significant
noise, especially in higher-glucose-concentrated solutions,
possibly due to the imbalance of diffusion at interfaces in
such a tiny sensor. In contrast, the zwitterionic brush coating

promotes a compact conformation of the hydration layer,
ensuring stability and rapid glucose influx and/or efflux from
the diffusive surface. In addition, when GOx catalyzed glucose,
H2O2 was produced, and gluconic acid was produced as a
byproduct. Through consecutive measurements, the accumu-
lation of gluconic acid trapped in the PDMS matrix was not
quickly diffused outward because of the poor transportation of
substances between the hydrophobic PDMS layer and the
aqueous glucose solution, leading to a potential localized
anomeric effect of glucose and then impaired measurements.

To evaluate the long-term stability of the CGMs, the Z-
coated CGM and the uncoated CGM groups (3 sensors were
used in each group) were tested. They were kept in a
physiologically protein-rich serum solution containing glucose
at 37 ± 0.5 °C for 12 days. The sensitivity examination with
glucose concentration ranging from glucose-free to 20 mM was
conducted daily (Figure 4a,b). For uncoated CGMs, the
sensitivity remained, and R2 (R squared, coefficient of
determination) maintained above 0.75 until day 7. However,
the Z-coated CGM lasted until the 12th day and maintained
decent sensitivities. To verify the impact of the hydration layer
formed by the zwitterionic brush coating on slowing the
hydrolysis rate of PDMS, uncoated and Z-coated phantom
PDMS samples were soaked in PBS at 37 °C for 7 days, and
the surface morphology of the PDMS surface was observed by
SEM. The results showed that uncoated PDMS exhibited

Figure 3. (a,b) Sensor sensitivities of the uncoated CGM and (c,d) of the Z-coated CGM performed by the CA profiles tested stepwise, followed
by continuous glucose injection from glucose-free to 30 mM at 0.6 V (vs Ag/AgCl).
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erosion pits on the fourth day and even huge cracks on the
seventh day. In contrast, the surface morphology of Z-coated
PDMS on the seventh day showed no noticeable difference
over time, indicating its ability to protect PDMS from bulk
water hydrolysis (Figure 4c,d). It is attributed to the wealthy
charged zwitterionic groups, providing intense hydration and
antifouling functions for nonspecific protein adsorptions.40

The hydration layer buffers the violent erosion of external bulk
waters and then extends the life of the enzyme layer,41

exhibiting a more reliable performance than the uncoated
CGM group.

Traditional self-BG monitoring does not have the problem
of the glucose anomeric effect because the blood maintains
high stability (pH 7.35−7.45). This is due to many protein and
ion pairs acting as buffer ions in the blood. However, the pH of
ISF fluctuates significantly, ranging from 6.6 to 7.6. When
tissue is invaded by foreign matter, the inflammatory response
is more likely to cause the local environmental pH to be as low
as 6−6.4. This leads to severe glucose anomeric effects,
resulting in inaccurate monitoring. The impact of adjusting the
microenvironmental pH levels near the sensors was assessed as
a function of the OCP measurements. By applying the formula,
we established the relationship between the OCP and pH:

= + +

[ ]

V V(vs. R. H. E) (vs. Ag/AgCl) 0.197 0.059

pH

Because of the miniaturization and integration of both the
working electrode and the reference/counter electrode within
the microneedle structure, OCP decay transients serve as a
reliable indicator of experimentally quantifying interfacial pH
swings since the miniaturized distance between the working
and counter electrodes, representing the potential difference
concerning the reference electrode at equilibrium, thereby
characterizing the pH of the local environment.39 Figure 5a
illustrates that the uncoated group demonstrated a linear
correlation between the OCP and pH, with a slope close to the
theoretical value of −0.059, indicating good follow-up to the
formula. However, the OCP values of the Z-coated group were
much more irrelevant to the bulk solution pH, with a flatter
slope (−0.011). This is due to the self-prophetic-responsive
nature of zwitterionic groups. In acidic environments, the
zwitterionic polymer exhibits an overall cationic charge with
NH2

+ exposed, but SO3
− binds with environmental H+

(protonation) that is shielded internally. In alkaline environ-
ments, the polymer exhibits an overall anionic charge, with
SO3

− exposed outward, and NH2
+ loses H+ to form a neutral

NH (deprotonation) that is then shielded inward. Therefore,
under acidic conditions, zwitterionic groups consume protons
from the environment, increasing the local pH; conversely,

Figure 4. Investigating long-term sensor stability for (a) uncoated CGM and (b) Z-coated CGM depicted by sensor sensitivity and R2 versus time.
Data are presented as mean ± s.d. (n = 3). SEM images of the (c) uncoated and (d) Z-coated phantom PDMS surface on the 1st, 4th, and 7th day
in PBS at 37 °C.
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under alkaline conditions, they release protons, lowering the
local pH. This mechanism works similarly to a buffer
solution.47−49

To verify the study of glucose response by CGMs under
different environmental pH values, we monitored uncoated
and Z-coated CGMs at pH 7.6 and pH = 6.2. The results
showed that the Z-coated CGM group exhibited an enhanced
dynamic linear response to glucose levels, especially under low
pH conditions (Figures 5b and S3). This robust support from
Z-coating contributes to mitigating the anomeric effect of
physiological glucose molecules in ISF, potentially ensuring the
accuracy of CGM readings and reducing noise effectively,
particularly during the acute inflammatory phase of implanta-
tion, where local pH may decrease to as low as 6.2−6.4.42

The general problem in the detection of glucose in ISF is the
interference from physiological species, such as ascorbic acid
(AA), uric acid (UA), and acetaminophen (AP). Introducing a
negatively charged Nafion layer between the enzyme layer and
conductive Pt electrode could prevent anion-type physiological
species from interfering with the oxidation reactions. The
selectivity for the uncoated and Z-coated CGMs against these
possible interfering species was studied by the CA responses of
successive physiological levels of various common electroactive
species (0.11 mM AA, 0.4 mM UA, and 0.1 mM AP) and
glucose (5 mM). The current responses to different
physiologically electroactive molecules indicated that the Z-
coated CGM showed an excellent anti-interference ability to all
substances; however, the uncoated CGM displayed relatively
poor anti-interference ability, especially for uric acid. This
could be associated with the wealthy charged groups of
zwitterionic coating40 (Figure 5d−f).

To simulate the environment of subcutaneous tissue, 3 wt %
agarose was used as a skin prosthesis and soaked in glucose
solutions of different concentrations. CGMs were inserted
sequentially from low to high agarose, and the response current
change was recorded. Z-coated exhibited significantly higher
sensitivity than uncoated (Figure S4), presumably because of
the compatible interface between the zwitterionic coating and
agarose hydrogel. This allows glucose to move smoothly in and
out of the layers, even in an environment with less solution. In
addition, even after multiple plugging and unplugging
processes, all of the CGMs maintained decent responses,
indicating the robustness between the coated layers and
electrode.

For in vivo rat experiments, the glucose levels of diabetic SD
rats were monitored using uncoated and Z-coated CGMs.
Notably, there existed a delay in the differences in glucose
levels between the CGM systems and BG measurements. This
delay results from glucose diffusion across the walls of capillary
vessels and through the interstitial voids to the sensor. The
average physiological time delay (BG to ISF glucose) is
assumed to be 5−10 min. The delay can be observed during
fluctuations in BG values, which impacts the accuracy of CGM
readings. To address this issue, delayed compensation for BG
readings to perform correlation dependence with CGM
readings is necessary.36 In our experiments, the BG readings
were artificially compensated by 300, 450, 600, and 750 s. The
measured BG values were correlated with the CGM
corresponding current points with 4 different delayed
compensations to generate 4 sets of correlation plots and
their corresponding correlation coefficients (Figure S5). The
results showed that the correlation coefficients for the Z-coated

Figure 5. (a) Microneedle glucose sensor was incubated in 0.1 M PBS at pH 5.8−7.4 (pH intervals by 0.2) for 1 h of OCP measurement. (b,c) CA
responses (at 0.6 V vs Ag/AgCl) for the uncoated and Z-coated CGMs by sequentially injecting from glucose-free to 20 mM at pH values of 7.6
and 6.2, respectively. In vitro interference study of (d) CA responses (at 0.6 V vs Ag/AgCl) for the uncoated and (e) Z-coated CGM by
sequentially injecting 5 mM glucose, 0.1 mM AP, 0.11 mM AA, 0.4 mM UA, and 5 mM glucose. (f) Relative responsive current percentage for the
uncoated and Z-coated CGMs with glucose and different interferences. Data are presented as mean ± s.d. (n = 3). Significance was calculated by
one-way analysis of variance. *P < 0.05.
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Figure 6. (a,b) Recalibrated glucose levels during the entire recording period in diabetic SD rats, using 450 s of compensation, compared with
measured BG readings from Z-coated and uncoated sensors. (c) Deviation (% difference) between recalibrated glucose levels and measured BG for
Z-coated and uncoated sensors in diabetic SD rats. (d) Summary of significance for percentage differences in uncoated and Z-coated CGMs in
diabetic SD rats. (e,f) Recalibrated glucose levels during the entire recording period in normal SD rats, using 450 s of compensation, compared with
measured BG readings from Z-coated and uncoated sensors. (g) Deviation (% difference) between recalibrated glucose levels and measured BG for
Z-coated and uncoated sensors in normal SD rats. (h) Summary of significance for percentage differences in uncoated and Z-coated CGMs in
normal SD rats. Data are presented as mean ± standard deviation (n = 9). Significance was calculated using one-way ANOVA. *P < 0.05.
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CGMs were consistently higher than those for the uncoated
CGMs, regardless of delay compensation. The highest
correlation coefficient of 0.86 for the Z-coated sensor and
0.65 for the uncoated sensor was observed at a 450 s
compensation, which was then used for subsequent data
analysis.

The generated linear regression equations from the
correlation plots can be applied to fit sensor signal values to
BG values, allowing glucose levels to be obtained based on the
recorded electrical signal at the corresponding times.36 The
glucose level versus BG over time was then replotted (Figure
6a,b). These results indicated that the recalibrated concen-
tration points to BG readings for the Z-coated CGM showed a
better and tighter follow-up than the uncoated CGM. For all
sensors, the recalibrated glucose trends were compared with
measured BG values at the appropriate corresponding time
points, and their deviation (% difference) from BGs is shown
in Figure 6c. The Z-coated CGM displayed a significant
reduction of noises in % difference compared to the uncoated
CGM at all corresponding times. Comparisons of recalibrated
glucose levels versus measured BG values during the recording
period are statistically summed, as shown in Figure 6d. The
uncoated CGM showed 19.25 ± 7.03% inaccuracy of
recalibrated glucose levels compared to BG readings. However,
the inaccuracy significantly decreased to 8.99 ± 5.42% for the
Z-coated CGM.

For healthy SD rats, the highest correlation coefficient of
0.83 for the Z-coated sensor and 0.54 for the uncoated sensor
was observed at a 450 s compensation (Figure 6e,f). The
uncoated CGM showed 52.13 ± 49.43% inaccuracy of
recalibrated glucose levels compared with BG readings, and
the inaccuracy significantly decreased to 16.64 ± 8.98% for the
Z-coated CGM (Figure 6g,h). It was strongly evident that after
recalibration, the Z-coated sensor outperformed the uncoated
sensor in both trend accuracy and the capability of noise
reduction for both diabetic and healthy SD rats, suggesting that
the zwitterionic coating significantly improves the accuracy of
CGMs, associated with the combined effect of adjusting the
microenvironmental pH and the antifouling ability at the acute
inflammatory phase. Furthermore, even for the non-recali-
brated data (Figures S6−S9), the Z-coated CGM exhibited a
significant reduction in noise and a good follow-up (by using a
polynomial fitting) with a higher correlation coefficient to BG
readings than the uncoated CGM at all delayed compensations
for both diabetic and healthy rats.

Lastly, histological examinations were conducted on tissues
surrounding implanted CGMs to investigate the anti-
inflammatory nature of Z-coating. Tissues surrounding un-
coated and Z-coated CGMs implanted in SD rats for 1 day
were infiltrated and stained using hematoxylin and eosin
(H&E) and Masson’s Trichrome staining. In the H&E-stained
sections, tissues adjacent to the uncoated CGM exhibited
significantly darker staining than other regions, probably due to
the accumulation of proteins, neutrophils, and mast cells.43 In
contrast, the overall tissue response was less severe around the
Z-coated CGM. Masson’s Trichrome staining revealed that the
degree of fibrosis, indicated by the muscle fibers (red) and
collagen fibers (blue), was more pronounced in the tissues
surrounding the uncoated CGM compared to the Z-coated
CGM. Fibrosis typically occurs in later stages of inflammation,
suggesting that the initial tissue injury from CGM implantation
caused the observed muscle and collagen fiber damage (Figure
S10). Stained section images demonstrated that the zwitter-

ionic coating significantly reduced the tissue response
following CGM implantation, even during the most intense
early inflammatory phases. This is because the super
hydrophilicity of the zwitterionic coating reduces surface
protein adsorption, effectively minimizing the inflammatory
response.

Due to noise in the implantable monitoring process, CGM
users must regularly perform fingertip blood sampling to
compensate for errors caused by noise and artifact drifting.
This practice causes patient discomfort and hinders CGM
independence from traditional BG self-monitoring. Noise
sources include tissue changes (inflammation or edema),
fluctuating pH environments, sensor lifespan (fibrosis process
and electrode passivation), and unstable diffusion, all of which
can cause CGM readings to deviate from BG levels. In this
study, the zwitterionic brush-like coating has been shown to
reduce postimplantation inflammation and regulate the pH of
the implant localized microenvironment, which is highly
beneficial for obtaining accurate glucose monitoring during
initial implantation inflammation and fluctuating pH in ISF.
Additionally, the zwitterionic coating slows the hydrolysis of
the sensor and stabilizes interface diffusion.

Overall, the experimental results suggest that modifying the
zwitterionic layer on CGMs using atmospheric plasma
technology could address sensor noise, potentially eliminating
the dependence on daily BG repetitive finger prick calibration.
However, there are still some limitations to using plasma
technology. For example, it is difficult to control the thickness
of the zwitterionic layer to optimize sensor performance.
Second, appropriate parameters require further testing, as
excessive power can deactivate enzymes, while insufficient
power can lead to poor grafting with an unreliable product
yield. Third, due to plasma technology’s limitations, uniform
coating coverage on nonplanar electrodes may not be
achievable. Future improvements may include (1) developing
ultra-adhesive materials (such as polydopamine) as inter-
mediate adhesive layers to connect the glucose limiting layer
and the zwitterionic coating and (2) using inert gas-based mild
plasma to regulate plasma parameters to optimize sensor
performances.

■ CONCLUSIONS
In summary, we have successfully demonstrated that the
zwitterionic brush coating via atmospheric plasma-induced
grafting can not only adjust the localized microenvironmental
pH to mitigate the glucose anomeric effect and ensure
monitoring accuracy but also extend the lifetime of CGM
due to the protection from bulk water erosion on the glucose
confinement layer. The Z-coated CGM displayed a better
follow-up to BG levels with higher correlations and a
significant reduction in noises (difference to BG levels),
regardless of non-recalibration and after recalibration. These
results suggested that the zwitterionic brush coating signifi-
cantly improves the performance and accuracy of CGMs,
especially at the stage of acute inflammation when initially
implanted.
This work was financially supported by the Ministry of Science
and Technology of the Republic of China, Taiwan, under
Contract No. MOST 111-2222-E-A49-006 -MY2. The authors
thank HMD Biomedical Incorporation for providing standard
blood glucose meter kits (GlucoLeader GV01) and the Taiwan
Animal Care and Use Committee and National Yang-Ming
Chiao Tung University for animal use and care approval.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.4c01921
ACS Sens. 2024, 9, 6520−6530

6528

https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01921/suppl_file/se4c01921_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01921/suppl_file/se4c01921_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01921/suppl_file/se4c01921_si_001.pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.4c01921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.4c01921.

In vivo animal setup; XPS full spectrum; chronoamper-
ometry responses among different pH environments;
glucose responses in agarose; correlation between CGM
to BG signals at different delayed compensations;
deviation in difference at different delayed compensa-
tions; and tissue images of H&E staining and Masson’s
trichrome staining (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Ta-Chung Liu − Department of Biomedical Engineering,
National Yang Ming Chiao Tung University, Taipei, Taiwan
11221, ROC; orcid.org/0009-0001-9639-909X;
Phone: +886-2-2826-7000 67019; Email: tcliu@
nycu.edu.tw

Authors
Syuan-Jia Shin − Department of Biomedical Engineering,
National Yang Ming Chiao Tung University, Taipei, Taiwan
11221, ROC

Pei-Chen Lo − Department of Biomedical Engineering,
National Yang Ming Chiao Tung University, Taipei, Taiwan
11221, ROC

Yen-Ting Wu − Department of Biomedical Engineering,
National Yang Ming Chiao Tung University, Taipei, Taiwan
11221, ROC

Huai-Hsaun Shao − Department of Biomedical Engineering,
National Yang Ming Chiao Tung University, Taipei, Taiwan
11221, ROC

Dai-Jin Li − Department of Biomedical Engineering, National
Yang Ming Chiao Tung University, Taipei, Taiwan 11221,
ROC

Yung-Cheng Weng − Department of Biomedical Engineering,
National Yang Ming Chiao Tung University, Taipei, Taiwan
11221, ROC

You-Yin Chen − Department of Biomedical Engineering,
National Yang Ming Chiao Tung University, Taipei, Taiwan
11221, ROC

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssensors.4c01921

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Rodrigo, M. L.; Premranjan, P. S.; Richard, W. N. Diabetes and

Hypertension. Nat. Rev. Endocrinol. 2007, 3, 667.
(2) Andrew, J. P.; William, J. V.; Roland, C.; Nazanin, M.; Sylvie, G.;

Bruno, B.; Roger, A. R. A Health Economic Analysis of Screening and
Optimal Treatment of Nephropathy in Patients with Type 2 Diabetes
and Hypertension in the USA. Nephrol., Dial., Transplant. 2008, 23,
1216−1223.

(3) Monesi, L.; Baviera, M.; Marzona, I.; Avanzini, F.; Monesi, G.;
Nobili, A.; Tettamanti, M.; Cortesi, L.; Riva, E.; Fortino, I.; Bortolotti,
A.; Fontana, G.; Merlino, L.; Roncaglioni, M. C. Prevalence,
Incidence and Mortality of Diagnosed Diabetes: Evidence from an
Italian Population-Based Study. Diabet Med. 2012, 29, 385−392.

(4) Justina, C. J. T.; Liang, Z. W.; Adrian, R. Self-Monitoring of
Blood Glucose for Patients with Type 2 Diabetes in Primary Care: A

Single-Center, 10-Year Retrospective Analysis. Cureus 2021, 13,
No. e15597.

(5) Ruth, S. W.; Grazia, A.; Timothy, S. B.; Richard, M. B.; William,
A. F.; Deborah, A. G.; Laura, A. Y. The Role of Blood Glucose
Monitoring in Diabetes Management. Diabetes 2020, 3, 1−32.

(6) Guido, F.; Stefan, P.; Mike, G.; Steven, S.; Brian, L. Measures of
Accuracy for Continuous Glucose Monitoring and Blood Glucose
Monitoring Devices. J. Diabetes Sci. Technol. 2019, 13, 575−583.

(7) Leszek, C.; László, B.; Svetlana, B.; Agata, B.; Jan, B.; Katarzyna,
C.; Marek, H.; Andrej, J.; Mladen, K.; Nebojsa, L.; Emil, M.; Dario,
R.; Gabriela, R.; Tsvetalina, T.; Tamás, V.; Bogumił, W.; Nadia, Z.
Self-Monitoring of Blood Glucose in Diabetes: From Evidence to
Clinical Reality in Central and Eastern Europe�Recommendations
from the International Central-Eastern European Expert Group.
Diabetes Technol. Ther. 2014, 16, 460−475.

(8) Yoshiki, K.; Tomoyuki, K.; Rie, N.; Kahori, W.; Takafumi, A.;
Fumihiro, O.; Masaru, T.; Kazuki, M.; Masayuki, M.; Jun, I. M.;
Mitsuyoshi, N. Evaluation of Blood Glucose Fluctuation in Japanese
Patients with Type 1 Diabetes Mellitus by Self-Monitoring of Blood
Glucose and Continuous Glucose Monitoring. Diabetes Res. Clin.
Pract. 2015, 108, 342−349.

(9) Ashish, G.; Soham, M.; Sanjay, K. B.; Sant, R.; Ramesh, P.;
Naresh, S.; Pinaki, D. Impact of Short-Term Application of
Continuous Glucose Monitoring System (CGMS) on the Long-
Term Glycemic Profile in Adolescents and Adults with Type 1
Diabetes Mellitus: An Open-Label Randomized Control Cross over
Study. Diabetes Res. Clin. Pract. 2024, 210, No. 111610.

(10) Rosilla, E.; Ronny, P. A Comparison of Continuous Glucose
Monitors (CGMs) in Diabetes Management: A Systematic Literature
Review. Prim. Care Diabetes 2023, 17, 529−534.

(11) David, O.; Ronny, P. A History of Continuous Glucose
Monitors (CGMs) in Self-Monitoring of Diabetes Mellitus. Diabetes
Metab. Syndr. 2018, 12, 181−187.

(12) Mark, F.; Ian, A. P. T.; Gerald, K.; Ronen, P.; David, C.;
Hyongsok, T. S.; Jason, H. Opportunities and Challenges in the
Diagnostic Utility of Dermal Interstitial Fluid. Nat. Biomed. Eng. 2023,
7, 1541−1555.

(13) Sachiko, O.; Gyohei, E.; Kenji, K. Regulation of Blood Vascular
Permeability in the Skin. Inflamm. Regen. 2017, 37, 11.

(14) James, M. A. Biological Responses to Materials. Annu. Rev.
Mater. Res. 2001, 31, 81−100.

(15) Biagini, G.; Stefoni, S.; Solmi, R.; Castaldini, C.; Buttazzi, R.;
Rossetti, A.; Belmonte, M. M.; Costa, A. N.; Iannelli, S.; Borgnino, L.
C. Fibroblast Proliferation over Dialysis Membrane: An Experimental
Model for “Tissue” Biocompatibility Evaluation. Int. J. Artif. Organs.
1994, 17, 620−628.

(16) Yinxiu, Z.; Lanjie, L.; Ke, H.; Taiming, Z.; Qing, H.; Chao, Z.;
Hong, L. Blending Polymer Outer Membrane for Continuous
Glucose Monitoring with an Extended Lifetime. Sens. Actuators, B
2024, 417, No. 136142.

(17) Malaisse, W. J.; Giroix, M. H.; Dufrane, S. P.; Malaisse, L. F.;
Sener, A. Environmental Modulation of the Anomeric Specificity of
Glucose Metabolism in Normal and Tumoral Cells. Biochim. Biophys.
Acta 1985, 847, 48−52.

(18) Benjamin, J. V. E.; Elizabeth, V. H. Challenges and Perspectives
in Continuous Glucose Monitoring. Chem. Commun. 2018, 54, 5032−
5045.

(19) Largeaud, F.; Kokoh, K. B.; Beden, B.; Lamy, C. On the
Electrochemical Reactivity of Anomers: Electrocatalytic Oxidation of
α- And β-d-Glucose on Platinum Electrodes in Acid and Basic Media.
Chem. 1995, 397, 261−269.

(20) Michael, K. W.; Harold, J. B. The Glucose Oxidase Mechanism
Interpretation of the pH Dependence. J. Biol. Chem. 1971, 246,
2734−2744.

(21) Yann, S.; Luca, C.; Thomas, E.; Sylvain, B.; Didier, L.; Adrian,
I.; Ali, S. pH Quantification in Human Dermal Interstitial Fluid using
Ultra-Thin Soi Silicon Nanowire Islets and a High-Sensitivity
Constant-Current Approach. Biosensors 2023, 13, 908.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.4c01921
ACS Sens. 2024, 9, 6520−6530

6529

https://pubs.acs.org/doi/10.1021/acssensors.4c01921?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssensors.4c01921/suppl_file/se4c01921_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ta-Chung+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0001-9639-909X
mailto:tcliu@nycu.edu.tw
mailto:tcliu@nycu.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Syuan-Jia+Shin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pei-Chen+Lo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yen-Ting+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huai-Hsaun+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dai-Jin+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yung-Cheng+Weng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="You-Yin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c01921?ref=pdf
https://doi.org/10.1038/ncpendmet0638
https://doi.org/10.1038/ncpendmet0638
https://doi.org/10.1093/ndt/gfn082
https://doi.org/10.1093/ndt/gfn082
https://doi.org/10.1093/ndt/gfn082
https://doi.org/10.1111/j.1464-5491.2011.03446.x
https://doi.org/10.1111/j.1464-5491.2011.03446.x
https://doi.org/10.1111/j.1464-5491.2011.03446.x
https://doi.org/10.7759/cureus.15597
https://doi.org/10.7759/cureus.15597
https://doi.org/10.7759/cureus.15597
https://doi.org/10.2337/db2020-31
https://doi.org/10.2337/db2020-31
https://doi.org/10.1177/1932296818812062
https://doi.org/10.1177/1932296818812062
https://doi.org/10.1177/1932296818812062
https://doi.org/10.1089/dia.2013.0302
https://doi.org/10.1089/dia.2013.0302
https://doi.org/10.1089/dia.2013.0302
https://doi.org/10.1016/j.diabres.2015.01.040
https://doi.org/10.1016/j.diabres.2015.01.040
https://doi.org/10.1016/j.diabres.2015.01.040
https://doi.org/10.1016/j.diabres.2024.111610
https://doi.org/10.1016/j.diabres.2024.111610
https://doi.org/10.1016/j.diabres.2024.111610
https://doi.org/10.1016/j.diabres.2024.111610
https://doi.org/10.1016/j.diabres.2024.111610
https://doi.org/10.1016/j.pcd.2023.10.009
https://doi.org/10.1016/j.pcd.2023.10.009
https://doi.org/10.1016/j.pcd.2023.10.009
https://doi.org/10.1016/j.dsx.2017.09.005
https://doi.org/10.1016/j.dsx.2017.09.005
https://doi.org/10.1038/s41551-022-00998-9
https://doi.org/10.1038/s41551-022-00998-9
https://doi.org/10.1186/s41232-017-0042-9
https://doi.org/10.1186/s41232-017-0042-9
https://doi.org/10.1146/annurev.matsci.31.1.81
https://doi.org/10.1177/039139889401701202
https://doi.org/10.1177/039139889401701202
https://doi.org/10.1016/j.snb.2024.136142
https://doi.org/10.1016/j.snb.2024.136142
https://doi.org/10.1016/0167-4889(85)90151-X
https://doi.org/10.1016/0167-4889(85)90151-X
https://doi.org/10.1039/C8CC01678J
https://doi.org/10.1039/C8CC01678J
https://doi.org/10.1016/0022-0728(95)04139-8
https://doi.org/10.1016/0022-0728(95)04139-8
https://doi.org/10.1016/0022-0728(95)04139-8
https://doi.org/10.1016/S0021-9258(18)62246-X
https://doi.org/10.1016/S0021-9258(18)62246-X
https://doi.org/10.3390/bios13100908
https://doi.org/10.3390/bios13100908
https://doi.org/10.3390/bios13100908
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.4c01921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Yoshinori, M. Roles of Interstitial Fluid pH in Diabetes
Mellitus: Glycolysis and Mitochondrial Function. World J. Diabetes
2015, 6, 125−135.

(23) Muamer, D.; Esma, D.; Lars, E.; Christopher, D. E.; Victor, J.
C.; Nicolas, H. V. Wearable Microneedle Array-Based Sensor for
Transdermal Monitoring of pH Levels in Interstitial Fluid. Biosens.
Bioelectron. 2023, 222, No. 114955.

(24) Zhu, W.; Yu, H.; Pu, Z.; Zijing, G.; Zheng, H.; Li, C.; Zhang,
X.; Li, J.; Li, D. Effect of Interstitial Fluid pH on Transdermal Glucose
Extraction by Reverse Iontophoresis. Biosens. Bioelectron. 2023, 235,
No. 115406.

(25) Tang, Z.; Du, X.; Louie, R. F.; Kost, G. J. Effects of pH on
Glucose Measurements with Handheld Glucose Meters and a
Portable Glucose Analyzer for Point-of-Care Testing. Arch. Pathol.
Lab. Med. 2000, 124, 577−582.

(26) Tu, T.; Zhang, Y.; Yan, Y.; Li, L.; Liu, X.; Hakulinen, N.;
Zhang, W.; Mu, Y.; Luo, H.; Yao, B.; Li, W.; Huang, H. Revealing the
Intricate Mechanism Governing the pH-Dependent Activity of a
Quintessential Representative of Flavoproteins, Glucose Oxidase.
Fundam. Res. 2024, 17, 34.

(27) Liu, L.; Sheardown, H. Glucose Permeable Poly (Dimethyl
Siloxane) Poly (N-Isopropyl Acrylamide) Interpenetrating Networks
as Ophthalmic Biomaterials. Biomaterials 2005, 26, 233−244.

(28) Vaddiraju, S.; Wang, Y.; Qiang, L.; Burgess, D. J.;
Papadimitrakopoulos, F. Microsphere Erosion in Outer Hydrogel
Membranes Creating Macroscopic Porosity to Counter Biofouling-
Induced Sensor Degradation. Anal. Chem. 2012, 84, 8837−8845.

(29) Chen, J. S.; Ting, Y. S.; Tsou, H. M.; Liu, T. Y. Highly
Hydrophilic and Anti-Biofouling Surface of Zwitterionic Polymer
Immobilized on Polydimethylsiloxane by Initiator-Free Atmospheric
Plasma-Induced Polymerization. Surf. Coat. Technol. 2018, 344, 621−
625.

(30) Massey, S.; Duboin, A.; Mantovani, D.; Tabeling, P.; Tatoulian,
M. Stable Modification of PDMS Surface Properties by Plasma
Polymerization: Innovative Process of Allylamine PECVD Deposition
and Microfluidic Devices Sealing. Surf. Coat. Technol. 2012, 19,
4303−4309.

(31) Dhananjay, B.; Chantal, K. M. Formation of More Stable
Hydrophilic Surfaces of PDMS by Plasma and Chemical Treatments.
Microelectron. Eng. 2006, 83, 1277−1279.

(32) Chen, S.; Li, L.; Zhao, C.; Zheng, J. Surface Hydration:
Principles and Applications Toward Low-Fouling/Non-Fouling
Biomaterials. Polym. J. 2010, 51, 5283−5293.

(33) Buddy, D. R.; Stephanie, J. B. Biomaterials: Where We Have
Been and Where We Are Going. Annu. Rev. Biomed. Eng. 2004, 6, 41−
75.

(34) Zheng, J.; Li, L.; Tsao, H. K.; Sheng, Y. J.; Chen, S.; Jiang, S.
Strong Repulsive Forces Between Protein and Oligo (Ethylene
Glycol) Self-Assembled Monolayers: A Molecular Simulation Study.
Biophys. J. 2005, 89, 158−166.

(35) Shayesteh, B. B.; Sachindra, D. K.; Uthpala, N. W.; Cedric, T.;
Jeffrey, N. A.; Tzeng, T. R. J. Ph Variation in Medical Implant
Biofilms: Causes, Measurements, and Its Implications for Antibiotic
Resistance. Front. Microbiol. 2022, 13, No. 1028560.

(36) Xie, X.; Doloff, J. C.; Yesilyurt, V.; Sadraei, A.; McGarrigle, J. J.;
Omami, M.; Veiseh, O.; Farah, S.; Isa, D.; Ghani, S.; Joshi, I.; Vegas,
A.; Li, J.; Wang, W.; Bader, A.; Tam, H. H.; Tao, J.; Chen, H. J.; Yang,
B.; Williamson, K. A.; Oberholzer, J.; Langer, R.; Anderson, D. G.
Reduction of Measurement Noise in a Continuous Glucose Monitor
by Coating the Sensor with a Zwitterionic Polymer. Nat. Biomed. Eng.
2018, 2, 894−906.

(37) Bindra, D. S.; Zhang, Y.; Wilson, G. S.; Sternberg, R.;
Thévenot, D. R.; Moatti, D.; Reach, G. Design and In Vitro Studies of
a Needle-Type Glucose Sensor for Subcutaneous Monitoring. Anal.
Chem. 1991, 63, 1692−1696.

(38) Moatti, S. D.; Capron, F.; Poitout, V.; Reach, G.; Bindra, D. S.;
Zhang, Y.; Wilson, G. S.; Thévenot, D. R. Towards Continuous
Glucose Monitoring: In Vivo Evaluation of A Miniaturized Glucose

Sensor Implanted for Several Days in Rat Subcutaneous Tissue.
Diabetologia 1992, 35, 224−230.

(39) Wang, L.; Lee, C. Y.; Schmuki, P. Solar Water Splitting:
Preserving the Beneficial Smaller Feature Size in Porous α-Fe2O3
Photoelectrodes During Annealing. J. Mater. Chem. A 2013, 1, 212−
215.

(40) Kavita, J.; Anna, L.; Daniel, A. D. L.; Ruth, E. L.; Garry, P. D.;
Wolfgang, S.; Dónal, L. T. Tethering Zwitterionic Polymer Coatings
to Mediated Glucose Biosensor Enzyme Electrodes Can Decrease
Sensor Foreign Body Response Yet Retain Sensor Sensitivity to
Glucose. Biosens. Bioelectron. 2023, 219, No. 114815.

(41) Benjawan, S.; Nadtinan, P.; Nadnudda, R.; Voravee, P. H.
Zwitterionic Hydrogel for Preserving Stability and Activity of Oxidase
Enzyme for Electrochemical Biosensor. Talanta 2024, 270,
No. 125510.

(42) Rajamäki, K.; Nordström, T.; Nurmi, K.; Åkerman, K. E. O.;
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