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ABSTRACT 
 
We describe a “green” and versatile approach to 

fabricate flexible, micropatterned biosensors using photo-
active silk proteins and conductive polymers. An 
electroactive ink comprising poly (3,4-ethylene 
dioxythiophene: poly (styrene sulfonate) (PEDOT: PSS), 
and a biorecognition enzyme using the silk protein sericin 
as a carrier enables the formation of electrochemical 
biosensors. High resolution micropatterning of the ink via 
photolithography using only water as a solvent, permits the 
“green” formation of biosensors on rigid as well as flexible 
substrates. The ink can be used as an ion transducer coating 
on conventional microelectrodes, or as flexible electrodes 
without a conductive support. The fabricated sensors show 
high sensitivity and selectivity, coupled with 
biocompatibility and controllable biodegradation under 
enzymatic action. 
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1 INTRODUCTION 
 
Recent advances in bioanalyte detection involve the 

integration of electrochemical elements on flexible formats. 
The ability to establish stable interfaces with soft and 
flexible physiological entities enables expanding the areas 
as well as quality of sensing [1]. Such systems may be used 
as epidermal sensors, as implantable devices to monitor 
wound healing or organ function, or as sensors in the food 
industry [2]. In particular, systems that have the ability to 
lose function over time in a controlled fashion, assist 
“implant-and-forget” applications. Existing approaches to 

realize such devices involve complex fabrication using 
conductive materials such as metals, metal oxides, and 
carbon-based materials on synthetic polymers [1]. 
Developing novel fabrication techniques is key to realizing 
diverse, flexible, functional biodevices [3]. 
 

One approach involves the use of conjugated 
conductive polymers (CPs) such as poly (3,4-ethylene 
dioxythiophene) – poly (styrene sulfonate) (PEDOT: PSS), 
due to a unique ensemble of properties such as electron and 
ion transport, tunable surface characteristics, structural 
similarity with biopolymers, solution processability, 
biocompatibility and conformability [4]. CPs can enhance 
the biosensing properties of conventional electrodes when 
used as active coatings [5]. Incorporation with natural 
biopolymers provide a novel route to form a new class of 
biocompatible and biodegradable systems. In this regard, 
proteins derived from silk worms provide versatile starting 
materials owing to their exceptional mechanical properties, 
flexibility, transparency, biocompatibility and 
biodegradability [6]. 
 

We show a facile approach to incorporate the 
conducting polymer PEDOT:PSS with earlier developed 
photoreactive silk proteins to form water based 
electrochemical inks. These enable electroactive coatings 
for electrodes and the formation of flexible silk-based 
circuits. The devices are mechanically and 
electrochemically stable over many days both in air and in 
buffer. Since the entire device is protein based, complete 
bioresorption is possible under enzymatic action. We 
demonstrate both specific (glucose) and non-specific 
sensing (dopamine, ascorbic acid) can be performed with 
these functional organic devices [7, 8]. 
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2 EXPERIMENTAL DETAILS 
 

2.1 Synthesis and purification of photoactive 
silk proteins 

Fibroin was extracted and purified from silk cocoons (B. 
mori) following well established protocols [9]. Sericin was 
obtained in pure form (Wako Chemicals). The organic 
synthesis of photo-polymerizable conjugates of fibroin and 
sericin (fibroin protein photoresist (FPP) and sericin protein 
photoresist (SPP)) have been previously described [10, 11]. 

 
2.2 Formation of conductive patterns via 
photolithography 

Dry re-dispersible pellets of PEDOT:PSS (OrgaconTM, 
Sigma-Aldrich) were dispersed in water, ultrasonicated, and 
filtered. SPP-PEDOT:PSS composite ink contained SPP at 
0.4% (wt./wt.). Polyethylene glycol (PEG) (Alfa Aesar) 
(0.3 mg per mg of SPP), and dimethylsulfoxide (DMSO) 
(5% v/v in PEDOT:PSS stock solution) were added. 
Crosslinked silk films were prepared by dissolving FPP in 
1,1,1,3,3,3-hexafluoro-2- propanol (Sigma-Aldrich). 
Photoinitiator (Irgacure 2959, BASF) 0.6% (w/v) was 
added to the silk photoresist solution, cast on a poly 
dimethyl siloxane substrate, and exposed to UV light 
(Lumen Dynamics OmniCure 1000) for 1 s at 20 mW cm−2 
at 365 nm. Fibroin films were water annealed overnight. 
SPP-PEDOT ink was mixed with photoinitiator (0.1 μl/1 
mg) (Darocur 1173, BASF) and cast on the substrate. The 
sample was exposed to UV through a photomask. Patterns 
were developed in water to remove any un-crosslinked 
material and form sensors (Figure 1).  
 
2.3 Electrochemical characterization and 
sensing experiments 

Various compositions of SPP-PEDOT:PSS were 
initially optimized via cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS). 
Chronoamperometry (I-t) and Differential pulse 
voltammetry (DPV) were performed for electrochemical 
sensing of glucose, ascorbic acid (AA) and dopamine (DA). 
10 ml of stirred solution (0.1M PBS buffer pH 7.4) was 
used with a polarization potential of 0.3 V for I-t response. 
For glucose sensing, the ink was loaded with 200 U of 
glucose oxidase (from A. Niger). 0.1 mM ferrocenyl methyl 
trimethyl ammonium iodide (Strem Chemicals) was added 
as an electron shuttle. 0.1M solutions of fructose, sucrose 
and galactose were used as a negative control for the 
glucose sensor. After stabilization of the background 
current, analytes were added to the stirred solution at 
regular intervals to obtain I vs. t response curves. Limit of 
detection (LOD), limit of quantitation (LOQ) and 
sensitivity can be calculated for each analyte.   

 

2.4 In vitro proteolytic degradation 

Enzymatic biodegradation of the SPP-PEDOT:PSS/FPP 
films was followed over time. Devices (4 mg of protein) 
were incubated in 10 mL of protease (1 U/mg of protein) at 
37°C (Protease XIV from S. Griseus, ≥ 3.5U/mg, Sigma-
Aldrich). As negative controls, films were incubated in PBS 
containing no enzyme. At different time intervals, samples 
were removed from solution, washed with deionized water, 
and dried for further study. The films were imaged using 
atomic force microscopy (AFM) to observe changes in the 
surface morphology. 

 
3 RESULTS AND DISCUSSION 

 
Silk fibers from silk worms contain the mechanically 

robust fibroin (70%) and water soluble glue-like sericin 
(30%) proteins. Each possesses unique properties and have 
found many applications in drug-delivery, tissue 
engineering scaffolds and bioelectronic applications [6]. 
Earlier reports from our group showed a chemical 
modification strategy to incorporate photoreactive groups in 
silk proteins [10,11], enabling usage as negative 
photoresist-like materials. Here we show a PEDOT:PSS 
and water soluble silk-sericin protein resist (SPP) based 
conductive ink to form photolithographically patterned  
biosensors on silk substrates. These sensors are 
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mechanically robust, flexible and can be formed at high 
resolution and complexity, while providing excellent 
electrochemical response. 

 
3.1 Micropatterning of conducting inks 

PEDOT:PSS is a commercially available polymer as a 
stable dispersion in water. We take advantage of water-
soluble SPP to form an aqueous protein-based conductive 
ink by dissolving SPP in PEDOT:PSS dispersions. The 
PEDOT:PSS component gives rise to electrical and ionic 
conductivity, while SPP imparts structure and photo-
patternability. The conductive ink also include PEG and 
DMSO as plasticizer and secondary dopant respectively. 
The photolithography schematic is illustrated in Figure 1. 
As seen from the figure, high fidelity structures can be 
formed on large areas on flexible fibroin films. These 
patterns are flexible and can be patterned with microscale 
features over macroscale areas without delamination or 
damage to the structure over multiple cycles of bending. 
Since the lithography involves only water as a solvent, and 
can be easily performed on a bench-top at room 
temperature, it is a ‘green’ and low cost process in 
comparison to existing microfabrication techniques. 

 
3.2 Electrochemical characterization 

Electrochemical characterization was performed using 
CV and EIS to explore the electroactivity and 
electrochemical stability of the conductive ink. The 
material exhibits a wide potential window from -1.0V to 
1.6V without water electrolysis, due to the absence of metal 
or metal oxides as active material. Overall, the ionic 
contribution becomes significant with a higher 
concentration of PEDOT:PSS in the composite [7, 8]. The 
capacitive nature of the composite provides an exceptional 
charge storage capacity (CSC) of ~73 mC/cm2 and ~55 
mC/cm2 for the patterns containing 19% (wt.%) 
PEDOT:PSS with and without DMSO respectively. These 
values are competitive with reported values where 
PEDOT:PSS is in non-conductive hydrogel matrix without 
metal electrodes. Most interestingly, both the resistivity and 
CSC values are very stable over several cycles of bending, 

indicating the utility of these sensors in flexible formats 
(Figure 2). 

 
3.3 Electrochemical characterization 

The conductive ink biosensors can be used for both 
specific and non-specific sensing. Specific sensing is 
enabled by biorecognition elements such as enzymes 
encapsulated in the conductive ink. Non-specific sensing, 
typically without an element, involves monitoring precise 
potentials. To exhibit functional utility as an active flexible 
electrode, sensing of dopamine (DA) and ascorbic acid 
(AA) was performed. Both DA and AA are analytes of 
physiological importance. For instance, AA plays an 
important role in the development of bones, muscles and 
blood vessels. DA is an important neurotransmitter 
responsible for controlling reward and pleasure centers of 
the brain [12]. Specified amounts of DA and AA were 
added to a 10 ml PBS buffer (0.1 M, pH 7.4) solution after 
stabilization of background current. Conductive ink 
micropatterns on flexible films were used as the working 
electrode, while Ag/AgCl and platinum were the reference 
and counter electrode respectively. Each experiment was 
replicated using at least 3 different sensors. The lowest 
detectable concentration was 15.21 µM and 15.47 µM of 
DA and AA respectively, whereas the limit of quantitation 
was 46.1 µM and 46.87µM of DA and AA respectively. 
The amperometric response curves of the dopamine and 
ascorbic acid revealed a linear range from 10 µM to 200 
µM and 700 µM respectively, with a sensitivity of 45.9 
nA/(µM.cm2) and 256.5 nA/(µM.cm2). The response time 
(time taken to reach 95% of steady state current) is ~30 
seconds (Figure 3).  

 
3.4 Proteolytic degradation 

The conductive SPP-PEDOT:PSS patterns on FPP films 
are mechanically stable in air over several weeks. An 
important characteristic of these silk sensors is controlled 
biodegradability and enzymatic degradation. These 
structures (ink on FPP) were incubated in PBS and protease 
enzyme containing PBS buffers at 37°C over several weeks. 
AFM imaging of the films over time showed that the 
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negative controls did not degrade even after 3 weeks. On 
the other hand, films under proteolytic action degraded 
significantly over this period (Figure 4). It is useful to note 
that the PEDOT:PSS itself is biocompatible but not 
biodegradable. Therefore, this configuration allows loss of 
PEDOT:PSS over time as the protein matrix degrades. This 
study suggests that PEDOT:PSS stays stable in protein 
matrix when soaked in PBS solution but breaks down under 
enzymatic action with silk proteins, which is a significant 
advantage in comparison to other metallic and synthetic 
systems. 

4 CONCLUSIONS 
 
We demonstrate a facile approach to converge natural 

biopolymers and synthetic conductive polymers to realize 
electroactive, solution processed, and photopatternable 
composites for next generation biocompatible devices. The 
micropatterned biosensors have been successfully shown as 
in vitro biosensors of specific and non-specific kinds with 
high sensitivity. The composites are stable at physiological 
pH for many weeks and can be enzymatically degraded 
over few weeks in a controlled manner. We envision 
applications in the development of diverse electrochemical, 
bioelectronic, and optoelectronic devices for implantable or 
epidermal applications. 
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