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ABSTRACT

Commercially available continuous glucose sensors require the operation stability for more than two weeks. Typically, the
sensor comprises a sensing layer and an over-coating layer for the stable operation inside the body. In the sensing layer,
enzymes and mediators are cross-linked together for the effective sensing of the glucose. The over-coating layer limits the
flux of glucose and works as a biocompatible layer to the body fluids. Here, we report the simple preparation of the flux-
limiting layer by the condensation of polyethyleneimine (PEI), tri-epoxide linker, and trimethylolpropane triglycidyl ether
(PTGE). The sensor is constructed by a layer-by-layer drop-coating of the sensing layer containing glucose dehydrogenase
and the PEI-derived blocking layer. It is stable for more than 14 days, which is enough for the sensor in the continuous

monitor glucose monitoring (CGM) system.
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1. Introduction

Continuous glucose monitoring (CGM) system has
been developed to efficiently monitor glucose level
change in the body fluid of the people with diabetes
[1,2,3]. In case of the disposable single-use strip sen-
sor, it is difficult to monitor the change of blood glu-
cose level because, in each measurement, it requires
the sampling of capillary blood from the fingertip.
On the other hand, CGM is inserted into the subcuta-
neous region, and it measures the glucose level in the
interstitial fluid (ISF) continuously. The glucose level
in the ISF is in good correlation with the blood glu-
cose level [4,5]. Currently, the CGM replaces the dis-
posable sensor rapidly in the diabetes market, and
Dexcom, Abbott Diabetes, and Medtronic are the
major players. The CGM sensor usually operates
more than a week, and the stability of the glucose
sensitivity is the most crucial requirement. For the
purpose, an over-coat membrane exists to increase
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the bio-compatibility and limit the glucose flux [6].

For the over-coating layer, the polymer-based
membrane is generally in use, such as cellulose ace-
tate [7,8], conducting polymers [9,10], xerogels
[11,12], sulfonated polymers like Nafion® [13,14,15],
hydrophilic polyurethane [16,17,18,19], chitosan
[20,21,22], etc. For example, in the Freestyle Naviga-
tor CGM sensor from Abbott, a cross-linked polyvin-
ylpyridine (PVP) derivative is employed for the over-
coating layer [6]. It is assumed that the currently
commercially available CGM sensors, which claims
the stability of one to two weeks, are using polyure-
thane based polymers for Dexcom sensors and poly-
vinylpyridine or polyvinylimidazole based polymers
for Abbot sensors. But the actual structure and com-
position are hidden.

The normal glucose level in blood and interstitial
fluid is about 5 mM concentration and, if it is mea-
sured directly by the amperometric enzyme sensor,
the current is in the range of at least uA level. How-
ever, for the long-term operation in the body, nA
level current is essential for the system to be operated
more than a week with a small coin-type battery. The
low-current operation also helps the system stable by
minimizing the generation of the products and bi-
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products. In glucose sensing, the decrease in the flux
reduces the amounts of catalytic reaction products
such as gluconic acid and hydrogen peroxide. The
factors that affect the flux of glucose can be a charge,
porosity, and the thickness of the membrane.

In this work, we introduced a new overcoating
layer comprising, commercially available, a
branched-polyethyleneimine (PEI) cross-linked with
tri-epoxide linker, trimethylolpropane triglycidyl
ether (PTGE). The glucose sensitivity was stable for
more than two weeks for the sensor having the over-
coated layer. The preparation of the PEI-based layer
is much more simple and inexpensive compared to
the other previously reported coating-layers.

2. Experimental

2.1 Reagents and chemicals

Sodium chloride, potassium chloride, disodium
phosphate, and monopotassium phosphate were pur-
chased from Alfa Aesar. D-glucose, glucose dehydroge-
nase (GDH), ethanol (EtOH), polyethyleneimine (PEI,
Mw 600), trimethylolpropane triglycidyl ether
(PTGE), and poly(ethylene glycol) diglycidyl ether
(PEGDGE, Mw 500) were purchased from Sigma-
Aldrich. Deionized water was from Purelab option Q.
Polyvinylimidazole-Os(bipyridine),chlroride [PVI-
Os(bpy),Cl] was synthesized based on the literature
[23].

2.2 Fabrication of glucose sensor

2.2.1 GDH/Os polymer/PEGDGE sensing layer

Glucose dhydrogenase(GDH), PVI-Os(bpy),Cl,
and PEGDGE were prepared in 40, 5, and 10 mg/mL
in water, respectively. A cocktail solution for coating
was prepared by mixing PVI-Os(bpy),Cl: GDH:
PEGDGE to be a mass ratio of 46:42:6. The final
concentration of the cocktail is 4.5 mg/mL. Then,
5 uL of the solution was drop-coated onto an air
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Fig. 1. Molecular structure of PEI (a) and PTGE (b).
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plasma-treated screen carbon printed electrode
(SPCE, 5 mm diameter, area =20 mmz) and dried for
one day at an ambient condition.

2.2.2 PEl-based diffusion limiting layer

PEI and PTGE were prepared at 10 mg/mL in
EtOH separately and mixed at a weight ratio of 1:1.
Then, an appropriate amount of the mixed solution
was drop-coated onto the sensing layer and dried for
one day. The thickness of the over-coated layer made
by drocoating 5 uL of the solution is estimated to be
4 um [24].

2.3 Electrochemical analysis

The CHI 1230A potentiostat was used for the mea-
surements of cyclic voltammetry and amperometry.
The electrochemical measurements were performed
by a three-electrode system, the working for glucose
sensing, Pt counter, and Ag/AgCl reference elec-
trodes in PBS (phosphate buffer saline, pH 7.4).

3. Results and Discussion

Branched polyethyleneimine (PEI) is rich in
amines, and trimethylolpropane triglycidyl ether
(PTGE) contains terminal epoxides, as shown in Fig.
1. Therefore, the crosslinking between amines and
epoxides can make a high-molecular-weight random
copolymer, which can be insoluble in water.

The electrochemical properties of the sensing layer
and the overcoated layer are shown in Fig. 2. For
comparison, three kinds of sensors were prepared.
First, the sensing layer only, A, was made by drop-
coating 5 uL of the cocktail solution of GDH, Os
polymer, and PEGDGE in 42:46:6 ratio. For an over-
coated sensor, B1, the PEI and PTGE mixed solution
was drop-coated twice in 5 uL onto the sensing layer.
For another over-coated sensor, B2, the overcoating
solution was drop-coated four times in 5 uL.
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In case of electrode A, it shows a typical reversible
behavior of the Os(I1)/Os(IIT) redox reactions of the
redox polymer at formal potential, E”=0.25 V vs.
Ag/AgCl. Upon the coating of the PEI/PTGE layer
(the electrode B1), the current decreased by about
20%, and the E° value shifted positively by 60 mV
compared to the electrode A. Further coating of PEI/
PTGE (the electrode B2) showed no significant dif-
ference compared to the electrode B1. The decrease
of the current and the potential shift can be explained
by the retardation of the transport of the chloride
anion by the overcoating layer. It is known that chlo-
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Fig. 2. CVs before and after introducing PEI/PTGE
overcoating layer to the sensing layer in PBS at 10 mV/s.
(a) the electrode A; sensing layer only (black line), (b) the
electrode B1; the sensor with the overcoated layer (red
line), (c) the electrode B2; the sensor with the twice
amount of the overcoated layer than B1 (blue line), as
described in the text.
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ride transport is the limiting factor in the redox reac-
tions of the osmium redox polymers [25]. Note that
the PEI/PTGE layer can be regarded as an anion
exchanger since it has a lot of amine functional
groups.

The glucose sensitivity was measured by the
amperometry for the three electrodes (Fig. 3). The
glucose concentration was changed by the incremen-
tal addition of 1 M glucose solution from 0 to 5 mM.

The current response, which is a glucose response,
dropped significantly upon the coating of PEI/PTGE
layer; 1/10 for the electrode B1, 1/50 for the electrode
B2. It can be explained by the significant retardation
of glucose transport through the PEI/PTGE layer,
although the transport of the chloride is affected by
only 20% (See CVs in Fig. 2). The glucose response
is still linear to the concentration for the coated lay-
ers, although the sensing current decreased signifi-
cantly. For both electrode B1 and B2, the response to
the glucose was linear in the range of 1 to 5 mM.
Therefore, it is evident that the glucose concentration
could be measured, although the sensitivity
decreased by a factor of 1/50 in case of the electrode
B2. It showed the promise to be utilized in the body
fluid, such as ISF.

We tested the long-term stability of the PEI/PTGE
coated sensor in a 5 mM glucose solution, which is
the normal glucose concentration in the blood. The
amperometric response at 0.35 V vs. Ag/AgCl was
monitored continuously for 26 days, and it showed
the current response was stable over 20 days, as
shown in Fig. 4.

For comparison, the response of the electrode hav-
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Fig. 3. Amperometric response at 0.35 V vs. Ag/AgCl, before and after introducing PEI/PTGE layer. The glucose
concentration was changed from 1 mM to 5 mM at an increment of 1 mM. (a) the electrode A; sensing layer only (black
line), (b) the electrode B1; the sensor with the overcoated layer (red line), (c) the electrode B2; the sensor with the twice
amount of the overcoated layer than B1 (blue line), as described in the text.
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Fig. 4. Current density of B2 electrode for 5 mM glucose
in PBS at 0.35 V vs. Ag/AgCl.
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Fig. 5. Scheme of the electrochemical reactions and ion/
mass transport in the glucose sensor having overcoating
layer of PEI/PTGE.

ing no coating layer (the electrode A) was tested, and
it was found that the signal decreased significantly in
1 day (data not shown). It confirms the coating layer
is essential for the long-term use of the sensor in the
body. The current response of the electrode B is
15 nA/mm? for 5 mM glucose concetration (Fig. 4),
and the current range can be calculated to be 0.6 ~
18 nA, when the electrode area is 0.2 mm?>. There-
fore, the coating layer enables to measure the glucose
in the body fluid from 1 mM to 30 mM,

In summary, the structure of the sensor and the
transport of the molecules can be depicted, as shown
in Fig. 5. The PEI/PTGE layer is located outside of
the sensing layer to reduce the diffusion of glucose.
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The electrocatalytic reactions occur in the sensing
layer, which is a redox hydrogel containing the GDH
and redox polymers, and the following transport of
substrate and ions occurring in the sensing layer is
limited by the transport in the overcoating layer.
Then, the rate-limiting factor, which is given by the
current measured, is the transport through the over-
coating layer. The newly developed PEI/PTGE coating
layer shows the promise for applying to the glucose
sensor in CGMS. It is simple in preparation, has appro-
priate current and response ranges, and it operates
long-term stable enough for the CGM sensor.

4. Conclusions

The newly-developed PEI/PTGE layer was intro-
duced to stabilize the glucose for the continuous glu-
cose monitoring system. The simple drop-coating of
the overlayer could reduce the glucose response
down to 1/50, but still, the glucose response was lin-
ear at this condition. The sensor was stable over 20
days for the continuous measurement of the glucose
in the PBS solution. The calculated response is 0.6 ~
18 nA for 1 mM to 30 mM glucose when the sensor
is fabricated to have an area of 0.2 mm?. It shows the
promise to be applied to measure the glucose in the
body fluid continuously.
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