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Abstract

Objective:

Development of electrochemical sensors for continuous glucose monitoring is currently hindered by a variety
of problems associated with low selectivity, low sensitivity, narrow linearities, delayed response times, hysteresis,
biofouling, and tissue inflammation. We present an optimized sensor architecture based on layer stratification,
which provides solutions that help address the aforementioned issues.

Method:

The working electrode of the electrochemical glucose sensors is sequentially coated with five layers containing:
(1) electropolymerized polyphenol (PPh), (2) glutaraldehyde-immobilized glucose oxidase (GO,) enzyme,
(3) dip-coated polyurethane (PU), @) glutaraldehyde-immobilized catalase enzyme, and (5) a physically cross linked
polyvinyl alcohol (PVA) hydrogel membrane. The response of these sensors to glucose and electroactive interference
agents (i.e., acetaminophen) was investigated following application of the various layers. Sensor hysteresis
(i.e., the difference in current for a particular glucose concentration during ascending and descending cycles
after 200 s) was also investigated.

Results:

The inner PPh membrane improved sensor selectivity via elimination of electrochemical interferences, while the
third PU layer afforded high linearity by decreasing the glucose-to-O, ratio. The fourth catalase layer improved
sensor response time and eliminated hysteresis through active withdrawal of GO,-generated H,0, from the
inner sensory compartments. The outer PVA hydrogel provided mechanical support and a continuous pathway
for diffusion of various participating species while acting as a host matrix for drug-eluting microspheres.

Conclusions:

Optimal sensor performance has been achieved through a five-layer stratification, where each coating layer
works complementarily with the others. The versatility of the sensor design together with the ease of fabrication
renders it a powerful tool for continuous glucose monitoring.
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Development of reliable glucose sensors for continuous
glucose monitoring is a critical step toward development of
an artificial pancreas.'® In view of this, glucose detection
based on electrochemical, near-infrared, Raman, fluorescence,
and piezoelectric technology as well as various other
transduction mechanisms are actively being investigated,
with the common goal of achieving stable and reliable
performance.>* High specificity of the glucose oxidase
(GO,) enzyme toward D-glucose along with their ease of
miniaturization has propelled Clark-type electrochemical
sensors to the forefront of continuous glucose monitoring
devices.>” These sensors typically involve amperometric
detection of various electroactive species [i.e., H,O, O,
and redox mediators coupled with the flavin adenine
dinucleotide (FAD) co-factor of GO,] according to
reactions (1) and (2):8

Glucose + GO,(FAD) — Glucorolactone + GO,(FADH,) (1)
GO, (FADH,) + O, — GO, (FAD) + H,0, 2

Despite the straightforwardness of reactions (1) and (2),
a number of problems arise when the complexity of body
physiology is intertwined with the actual sensor element.
Some of these problems include

(@) the presence of various endogenous (ascorbic acid,
uric acid) and exogenous [acetaminophen (AP)]
species that are redox active at the sensor operating
potential;>’

(b) signal saturation due to lower oxygen-to-glucose
concentrations (by one to two orders of magnitude
in normal to hyperglycemic conditions, respectively),
as per reactions (1) and (2);>°

(c) implantation-driven body responses to the sensor,
which lead to biofouling, inflammation, and eventual
fibrosis'®1? (these typically impede mass transfer of
glucose and O, to the inner sensor compartments
housing the GO, and eventually result in degradation
of sensor sensitivity);'! and

(d) mass transfer-based limitations inherent to the
sensor design that lead to delayed sensor response
time and large hysteresis.>?1

These problems have led researchers to investigate
different strategies (such as the use of various membranes,”®
drug-delivering coatings,'>!*-'® nanomaterials,’** and

mediators*~?%) in order to improve sensor performance.
These strategies, while solving one or more problems,
typically exacerbate mass transfer problems of the various
participating species (e.g., glucose, O,, H,0,). Moreover,
in the case of mediators and nanomaterials, issues of
possible toxicity may arise should they leach out.’?2
Accordingly, our group is evaluating mediator-free, first-
generation Clark-type sensors that rely solely on careful
mass transfer balance of various species involved in
operating these devices.

In this article, we present an optimized sensor architecture
that addresses most of the aforementioned issues.
Optimal performance can be achieved through careful
layer stratification of five layers, four of which alleviate
limitations at the site where they occur, ie., (1) an electro-
to improve sensor selectivity via elimination of electro-
chemical interferences, (2) a semipermeable membrane on
top of the GO,-containing layer to limit glucose flux and
afford high sensor linearity, (3) a subsequent catalase-
loaded layer to actively withdraw H,O, from the inner
GO, layer and improve sensor response time while
eliminating hysteresis, and (4) a thick outer hydrogel layer
to provide mechanical support and act as a host for eventual
incorporation of drug-delivery microspheres that have
been shown to reduce inflammation and fibrosis.4151829

Experimental Details

Materials

Glucose oxidase enzyme (E.C. 1.1.34, 157 U/mg, Aspergillus
Niger), catalase (E.C. 1.11.1.6, 5000 U/mg), glutaraldehyde
(25% weight/volume solution in water), phenol, bovine
serum albumin (BSA), glutaraldehyde (50% weight/volume),
and D-glucose (reagent grade) were purchased from
Sigma. Polyvinyl alcohol (PVA; 99% hydrolyzed, molecular
weight 133 kDa) was obtained from Polysciences, Inc.
(Warrington, PA). Platinum and silver wires were purchased
from World Precision Instruments.

Experimental Methods

Preparation of Polyvinyl Alcohol Solutions

Five percent weight/volume aqueous solution of 99%
hydrolyzed PVA was preheated to approximately 80 °C
to facilitate complete polymer dissolution.

Coil-Type Glucose Sensors
The working electrode was made by coiling a 125 um
Pt wire. The reference electrode was made by coiling
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a 125 um silver wire in close proximity to the working
electrode. The surface of the silver wire was subsequently
converted to AgCl via galvanometry (at 0.4 V versus
standard calomel electrode for 5 min) in a stirred 0.1 M
HCI solution to render the Ag/AgCl reference electrode.

The total surface area of the Pt working electrode is
approximately 2 mm? This was first electrochemically
cleaned in a 0.5 M H,S0, solution via potential cycling
between -0.21 and 1.25 V until a stable background
was reached.®® Next, a film of polyphenol (PPh) was
electropolymerized on the working electrode from an
aqueous phenol solution.®' Subsequently, the GO, enzyme
was immobilized by dip coating the Pt/PPh electrode
from a solution of 140 mg/ml GO,, 56 mg/ml BSA, and
25% weight/volume glutaraldehyde, the latter of which
enables enzyme cross linking, followed by a 2 h soak in
phosphate-buffered saline (PBS) to remove the uncross-
linked proteins.®

The next step involved dip coating the sensor with a
polyurethane (PU) layer from a 3% (weight/weight) PU
solution in 98% tetrahydrofuran/2% dimethylformamide
(weight/weight).3®* Subsequently, a thin layer of catalase
enzyme was added by coating it with a solution of catalase,
BSA, and glutaraldehyde, followed by another 2 h soak
in PBS to remove the uncross-linked proteins. Finally, the
sensor was encased within a thick (250 um) PVA hydrogel
and subjected to three freeze-thaw cycles to induce
physical cross linking of PVA.34

In Vitro Amperometric Experiments

In vitro amperometric experiments were performed in
a stirred PBS solution (pH 7.4) maintained at 37 °C and
under an applied potential of 0.7 V versus an Ag/AgCl
reference electrode using a CH Instruments (Model
CHI1010A) electrochemical analyzer.

Sensor response current versus various glucose concen-
trations were performed by raising the glucose levels
in the test cell by 2 mM every 100 s for up to 30 mM,
following an initial background stabilization period of
~8 min. Similarly, the sensor response current to 01 mM
of AP was noted to assess its selectivity as a model
interference agent.

Temperature Dependence of Sensor Sensitivity

Temperature dependence of sensor sensitivity was obtained
by measuring the sensor responses to sequential glucose
increments from 5.6 to 13.1 mM in a stirred PBS solution
maintained at the desired temperature.

Sensor Response Time and Hysteresis

Sensor response time and hysteresis were obtained
by assessing the sensor response at 200 s (in the case
of hysteresis) following sequential glucose increments
and decrements (from 2 to 25 mM and back to 2 mM).
To estimate response time, the time taken for the sensor
to reach 90% of its saturation response current was
noted for the aforementioned glucose cycles.

Statistical Analysis
At least three sensors of each kind were fabricated, and
results are presented as mean + standard deviation.

Results and Discussion

Glucose Sensor Design

Figure 1 schematically illustrates the cross section of the
electrochemical glucose sensor under study. The Pt working
electrode was coated with a thin (approximately 10 nm)
electropolymerized PPh layer to prevent oxidation of the
large molecular weight electrochemical active species
(i.e, AP ascorbic acid, uric acid). These species are
likely to oxidize at the operating potential (0.7 V
versus Ag/AgCl) of the sensor” The electrode was then
decorated with GO, enzyme that was immobilized via
cross linking with glutaraldehyde. Subsequently, the
device was dip coated with PU to yield a conformal
3 um film on top of the GO, layer. This PU film was
used to offset the large glucose-to-O, ratio within the
subcutaneous tissue (typically 30 to 300 in normal
versus hyperglycemic conditions) and render the sensor
linear within the physiological glucose concentration
(2 to 22 mM).33

Our prior research has indicated that precise control over
the rate of outward diffusion of GO,-generated H,O, is
important for maintaining adequate sensor sensitivity,
fast response times, and minimal hysteresis.!”**® This is
because inward diffusion of glucose and O, are driven
by the presence of the GO, enzyme, while outward
diffusion of H,O, is solely influenced by the permeability
of the PU membrane. Consequently, as the PU membrane
provides a diffusion barrier to large molecules such as
glucose, it also slows down the outward diffusion rate of
H,0O,. In this article, we introduce an additional driving
force for outward diffusion of H,O, by applying a thin
layer of catalase on top of the PU membrane, which
converts H,O, to O, according to reaction (3):

H,0, —Latdlsse - 0, + 2H* + 2¢- ©)

J Diabetes Sci Technol Vol 5, Issue 5, September 2011

1046

www.journalofdst.org



Design and Fabrication of a High-Performance Electrochemical Glucose Sensor Vaddiraju
Glutaraldehyde-
Reference immobilized
Glutaraldehyde- Glucose Catalase Enzyme
12972'08;’ Electropolymerized illlnnfobilizz,d Flux limiting ¥ Outer hydro%el
giAg PPh laye‘r GO, Enzyme PU Membrane membrane (PVA)
] Pt
Elect- H,0, Glucose
rode GO (Ox)
o,
H,0,
GO (Red)
mcomnic
0, Acid
Ascorbic acid, Uric acid,
B (0-7 V) Acetaminophen
Layer 1 Layer 2 Layer3 Layer4 LayerS5

Figure 1. Schematic cross section of the sensor under investigation (layer thicknesses are not to scale).

Because the turnover rate of catalase is 40 times greater
than GO,,* this can provide an effective means for
removing H,O, from the interior of the sensor. In addition,
this can also prevent possible tissue irritation by H,O,
leaking out from the sensor to surrounding tissue.”

Following the catalase layer, the device was encased within
a thick (250 um) PVA hydrogel matrix that was cross
linked in place through application of three repetitive
freezing and thawing cycles.* This is achieved through
freeze-induced water microcrystallization that causes
partial PVA dehydration and subsequent formation
of ordered domains that act as physical cross links.3*
This PVA hydrogel, aside from providing an outer
mechanical stability to the inner layers, also acts as a
host for a variety of tissue response modifiers that are
typically released from the degradation of poly(lactic-
co-glycolic acid) microspheres.!*15183 It has previously
been established that such PVA hydrogels form a
continuous pathway for glucose diffusion toward the
inner layers of the working electrode as well as for
outward diffusion of various enzymatic byproducts and
tissue response modifiers.3438

Sensor Selectivity

Unlike ascorbic acid and uric acid, which are charged
moieties and can be easily be blocked by similar polarity

layers (i.e, anionic NAFION®), AP being a noncharged
molecule presents the biggest challenge.” Therefore,
we chose acetaminophen as a model compound to
investigate sensor selectivity. Figure 2 illustrates the
amperometric response of the glucose sensor shown in
Figure 1 (without the third, fourth, and fifth layers) on
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2
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Figure 2. Amperometric response of Pt/PPh/GO, sensors (without the
third, fourth, and fifth layers) to sequential additions of 2 mM glucose
and 0.1 mM AP, when operated at 0.7 V versus Ag/AgCl reference
electrode. Glu, glucose; AP, acetaminophen.
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sequential additions of 2 mM of glucose and 0.1 mM
of acetaminophen (operated at 0.7 V versus Ag/AgCl
reference electrode). As observed in Figure 2, the sensor
shows a distinct increase upon addition of glucose and
negligible to no response upon addition of acetaminophen
(i.e., less than 2% of its amperometric response on bare
Pt electrode; data not shown). This indicates that the pores
of electropolymerized PPh layer are sufficiently large to
allow small-sized H,0, to pass through but small enough
to prevent diffusion of larger-sized acetaminophen.
This renders the sensor highly selective. Here it should
be noted that the nonlinear glucose response exhibited
by the sensor in Figure 2 is caused by the absence of
outer flux limiting membranes (discussed later).

Sensor Linearity and Sensitivity:

Figure 3 shows amperometric response versus glucose
for the sensor geometry of Figure 1 terminated at various
coating layers. Glucose sensors with layers 1 and 2 show
the highest glucose sensitivity, yet poor linearity (these
sensors begin to saturate at approximately 2 mM of
glucose). This is also apparent from the glucose response
of Figure 2, where evidence of signal saturation begins
as low as 2 mM of glucose. This is due to insufficient
amount of dissolved oxygen in the PBS medium as
compared with the glucose concentration, which, in
turn, limits cosubstrate supply to the GO, according to
reactions (1) and (2).° Upon application of 3 um of PU
(layer 3), the device gains superb linearity for glucose
concentrations as high as 30 mM. This comes at the
expense of 65% lowered sensitivity (evident by the
different abscissa used in Figure 3). Addition of catalase
(layer 4) and PVA (layer 5) show no changes in linearity,
which is still maintained beyond 30 mM of glucose.
However, addition of catalase and PVA layers resulted
in a 30% and 40% decrease in amperometric current
versus that of the PU-terminated device. This indicates
that, unlike PU, both catalase and PVA layers impose
a minimal mass transfer barrier to both glucose and
O,. This is particularly true for PVA hydrogel, whose
thickness is 80 times larger than that of the PU layer.

Sensor Response Time and Hysteresis

Sensor response time is defined as the time taken to
reach 90% of the saturation amperometric response for
a particular glucose concentration. This parameter
is related to mass transfer barriers that the layers
impose on diffusion of substrate (glucose), cosubstrate
(oxygen), and various enzymatic byproducts (e.g, H,O,,
glucuronolactone, gluconic acid) to attain equilibrium
upon a change in glucose levels. In the case of
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—e— Layers 1+2+3+4+5 | 5

| -8 Layer 1+2

Response current (WA/mm?)
n n 1 "

N
Response current (WA/mm?)

2 T % T . T * T % T ¥ T % 0
0 5 10 15 20 25 30 35
Glucose concentration (mM)

Figure 3. Saturation amperometric current versus glucose concentration
for the device of Figure 1 terminated at the various coating layers.

subcutaneous implantable glucose sensors, additional lag
between interstitial and blood glucose events imposed
by subcutaneous mass transfer considerations further
exacerbate the apparent sensor response time. Typically,
in vitro response time of Clark-type sensors is 2-5 min*
while the lag between blood and interstitial fluid increases
equilibration time to 5-12 min* Moreover, sensor
response further worsens as a result of biofouling and
fibrosis!! Based on this, lowering mass transfer barriers
within the sensor is directly reflected on improving the
response time.

Figure 4(A) shows the response of the five-layer sensor
(Figure 1) when subjected to sequential increments and
decrements in glucose. Following each glucose addition
step, sensor response time is approximately 60 s. Based on
previous reports, this value appears to be 15% lower
than similar sensors without the fourth catalase layer.*’
To further quantify the role of catalase, the hysteresis of
this sensor geometry was investigated with and without
the catalase layer. Figure 4(b) shows the 200 s response
current for ascending and descending glucose cycles.
Here, hysteresis is defined as the difference between the
amperometric currents from the forward and backward
cycles 200 s following the glucose injection.’® In the case
of sensors with no catalase [Figure 4(B)(i)], a 15-20%
hysteresis is observed. On the other hand, upon insertion
of the fourth catalase layer, the hysteresis falls below
5-8% [Figure 4(B)(ii)].

The profound effect of the catalase layer on sensor
hysteresis provides a qualitative insight into the mass
transfer of various participating species within the
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sensor geometry. Based on careful control of layer 3
permeability (tuned via sequential layer-by-layer assembly),
our prior investigations have indicated that sensor
hysteresis is closely related to the outward diffusion rate
of H,0,13% This, together with the high turnover rate
of catalase for H,O, conversion to O,, suggests that the
observed hysteresis improvement are directly related to
(1) efficient withdrawal of H,O, from the inner sensor
compartments and (2) facile equilibration of glucose and
O, across both sides of the PU membrane. This can easily
be comprehended as facilitating the work of GO,, by
providing a catalase-induced means to remove one of its
byproducts (H,0,), while hydrolysis of glucuronolactone
to gluconic acid removes the other byproduct. Consequently,
the GO,-driven inward diffusion of glucose and O, is
balanced by the catalase-facilitated outward diffusion of
H,0,. This directly translates to both speeding up the
sensor response and decreasing hysteresis, as shown in
Figure 4.

Temperature Dependence

An ideal glucose sensor should not be responsive to
temperature changes as a result of physiological conditions
such as hypothermia and hyperthermia.** The response
of sensors (shown in Figure 1) could be affected by
temperature increases due to (1) enhanced enzymatic
activity, (2) increased membrane permeability of various
participating species, and (3) decrease in dissolved O,
concentration.*> Figure 5 shows sensor sensitivity in the
presence and absence of the outer three layers, which
constitute semipermeable barriers that control the mass
balance of key participating species (glucose, O, and
H,0,). Sensors with no semipermeable outer membranes
show a super-linear increase in sensitivity at the rate
of 5% to 7% per degree change in ambient temperature.
On the other hand, sensors that employ the outer
PU/catalase/PVA layers showed negligible temperature
dependence in sensitivity. This is due to their reduced
sensitivity (67% to 74%), which mostly results from a
substantial reduction in inward diffusion of glucose.
This renders the GO, substrate well below its Michaelis—
Menten constant, thereby allowing it to operate within
its linear range where minimal temperature dependence
is anticipated.

Conclusions

A stratified layer design has been presented in order
to address a variety of problems associated with first-
generation Clark-based electrochemical glucose sensors.
This involves sequential deposition of five layers, namely,
(1) PPh, (2) GO, enzyme, (3) PU, (4) catalase enzyme, and
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Figure 4. (A) Amperometric current of the five-layer sensor of
Figure 1 for sequential increase and decrease in glucose concentration.
(B) Hysteresis analysis of saturation amperometric current versus
glucose concentration for sensors (i) without and (ii) with the fourth
catalase layer.
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Figure 5. Sensitivity as a function of temperature for devices
terminated at the various coating layers.
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