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Abstract

A field-effect capacitive sensor has been applied for the real-time in-sifu monitoring of degradation of
biopolymers for the first time. The sensor is, in principle, capable to detect any changes in bulk,
surface and interface properties of polymers induced by degradation processes. The feasibility of this
approach has been experimentally proven by using the commercially available biomedical polymer
poly(D,L-lactic acid) as a model system. The degradation of the poly(D,L-lactic acid) was accelerated
by changing the degradation medium from neutral (pH 7.2) to alkaline (pH 9) condition, resulting in
drastic changes in the capacitance of a polymer-modified field-effect sensor.
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Introduction

Although biomaterials have already made an
enormous impact in biomedical research and
clinical practice (e.g., in drug-delivery systems,
as scaffolds for tissue engineering, or
orthopedic implants), there is a need for new
biodegradable  synthetic  polymers  and
implantable devices with controlled/predicted
biodegradability [1-5]. For any application, the
in-vitro study of the degradation kinetics of the
biopolymers is essential not only for a
fundamental understanding of the nature of the
degradation process but also for the design and
optimization of implantable biomedical devices.
Common techniques used to quantify
degradation (e.g., determination of mass loss,
shortening of the chain length or shift of the
glass transition temperature towards lower
values) are not suitable for real-time
measurements because of their destructive
manner and thus, limit studies on degradation
kinetics in respect of throughput and precision
[4]. Analyzing techniques capable for a real-
time in-situ monitoring of the degradation
kinetics are therefore highly appreciated. In this
report, we present experimental results on
polymer degradation investigation by means of
capacitive field-effect  electrolyte-insulator-
semiconductor (EIS) sensors, as a novel and
very promising platform for in-vitro testing of
biodegradability of polymers. The commercially
available biodegradable polymer poly(D,L-lactic
acid) (PLA) was used as a model system. The
benchmark biopolymer PLA (RESOMER®
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R 202 H, Evonik R6hm GmbH, Germany) was
chosen, because of its exceptional importance,
biocompatibility and its use in numerous
approved medical devices and pharmaceutical
applications [6]. In previous experiments, field-
effect sensors have been widely utilized for the
detection of various (bio-)chemical quantities,
like pH, ion- and analyte concentration, charged
macromolecules as well as cellular signals (see
e.g., [7-10]).

Sensor principle

Fig. 1 shows a schematic of the layer structure
(a) and a simplified equivalent circuit (b) of the
polymer-modified EIS sensor (further referred to
as PMEIS) consisting of an Al-Si-SiO2-Ta205
structure.
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Fig. 1. Schematic of the layer structure (a) and
simplified equivalent circuit (b) of a field-effect PMEIS
sensor.

For the PMEIS structure, the polymer layer can
be described as a parallel network of the
polymer geometric resistance, R,, and the
capacitance, C,, which is in series with the bare
insulator-semiconductor structure [10, 11]. The
experimentally measured capacitance of the
PMEIS structure, C,eas, Can be expressed as:

c o 1+RC
meas 2 2 2
1+R%(CC, +C? Jw

(1)

where C is the capacitance of the original EIS
structure without polymer layer, C; is the gate-
insulator capacitance, C is the space-charge
capacitance of the Si, w= 2nf and f is the
measuring frequency. Thus, any changes in the
polymer resistance/capacitance induced by the
polymer degradation will alter the global
capacitance/impedance of the PMEIS structure
that can be used as an indicator of the polymer
degradation.

Fabrication of EIS Sensor and Polymer
Deposition

For the degradation experiments, the EIS chips
(with chip size of 10 mm x 10 mm) consisting of
an Al-Si-SiO,-Ta,0Os5 structure (p-Si, p=5-
10 Qcm, 300 nm Al as rear-side contact layer,
30 nm SiO,; 60 nm Ta,Os) were fabricated. The
degradable polymer films with different
thicknesses were deposited on the Ta,Os
surface from the polymer solution by means of
spin-coating method. The polymer solution was
prepared by dissolving the PLA (Mw = 10,000 —
18,000) in acetone. The desired range of layer
thickness has been achieved by varying the
concentration of the polymer solution (see
Fig. 2). The thickness of the polymer layer was
defined from profilometry measurements. The
deposited polymer films were homogeneous
without any visible pores. As an example, Fig. 3
depicts a photo of the PMEIS sensor surface
with a 500 nm thick PLA layer.
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Fig. 2. Thickness of the deposited polymer films as
a function of polymer concentration.

Fig. 3.  Photo of the PMEIS sensor surface with a
PLA layer of 500 nm thickness.

The sensor chip was mounted into a home-
made measuring cell and then the PMEIS
structure was characterized before and during
polymer degradation by means of capacitance-
voltage (C-V) method. For measurements, a
DC polarization voltage is applied between a
conventional liquid-junction Ag/AgCI reference
electrode (Metrohm) and the rear-side Al
contact. A small AC voltage (20 mV) is applied
to the system in order to measure the
capacitance of the PMEIS sensor. The C-V
curves were captured every 1 h at a frequency
of 100 Hz. The degradation experiments were
carried out at a temperature of 37 °C.

Results and Discussion

Fig. 4 represents an example of real-time
monitoring of polymer degradation with a field-
effect structure. In this experiment, the time-
dependent capacitance of the PMEIS sensor
with a 500 nm thick PLA layer was recorded in
the accumulation region of the C-V curve over
the time period of about eight days. It is known,
that PLA has a slow degradability in neutral pH
solutions and shows a higher degradability in
basic solutions [5]. Therefore, during the first 50
h of monitoring, the polymer layer was exposed
to neutral pH buffer solution of pH 7.2, which
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mimics the physiological conditions of biological
fluids. Practically, no changes in capacitance
have been observed. Then, in order to
accelerate the polymer degradation, the PLA
layer was exposed to alkaline buffer solution of
pH9, resulting in drastic changes in the
capacitance of the PMEIS structure over time.
The degradation rate can be evaluated from the
time-dependent C-V curves. These results are
supported by optical microscopy of the sensor
surface after PLA degradation (Fig. 5).
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Fig. 4: Monitoring of PLA degradation with

capacitive  field-effect sensor: time-dependent
capacitance  changes induced by  polymer
degradation.

Fig. 5. Optical microscopy image of the PLA-
covered sensor surface after polymer degradation.

Conclusions

The degradation kinetics of the poly(lactic acid)
biopolymer was studied using a field-effect
capacitive EIS sensor. These preliminary
experiments demonstrate the potential of field-
effect devices as a novel and very promising
tool for the real-time in-situ monitoring of
polymer degradation. Further works will be
directed to optimize the design of the EIS
sensor and measuring conditions.
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