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The development of sustainable and degradable biosensors and bioelectronics has implications for implantable systems, as well in addressing issues of electronic waste. Mechanically flexible and bioresorbable sensors can find applications at soft biological interfaces. While devices typically use metallic and synthetic components and interconnects that are non-degradable or have the potential to cause adverse tissue reactions, the use of nature-derived materials and conducting polymers can provide distinct advantages. In particular, silk fibroin and sericin can provide a unique palette of properties, providing both structural and functional elements. Here, a fully organic, mechanically flexible biosensor in an integrated 3-electrode configuration is demonstrated. Silk sericin conducting ink is micropatterned on a silk fibroin substrate using a facile photolithographic process. Next, using a conducting polymer wire sheathed in silk fibroin, organic interconnects are used to form the electrical connections. This fully organic electrochemical system has competitive performance metrics for sensing in comparison to conventional systems, as verified by detection of a model analyte—ascorbic acid. The stability of the silk biosensor through biodegradation was observed, showing that the sensors can function for several days prior to failure. Such protein-based systems can provide a useful tool for biomonitoring of analytes in the body or environment for controlled periods of time, followed by complete degradation, as transient systems for various applications.
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INTRODUCTION

Devices with properties of biocompatibility, flexibility, and degradability can function as on-body (e.g., wearables) or in vivo (e.g., implantables) monitoring systems for human health, soft robotics, or human-machine interfaces (Wang et al., 2017a,b, 2018; Feiner and Dvir, 2018; Xu et al., 2018). The use of mechanically compliant substrates allows function in contact with delicate biological interfaces and physical deformation. Components that can break down functionally and/or physically at the end of their operational period with programmable lifetime and functionality, can potentially resolve risks associated with chronic implants, or the need for additional extractive surgery (Tan et al., 2016; Lei et al., 2017). Concurrently, there is an increasing desire for “green electronics” with sustainable fabrication and lifecycle, with the objective of reducing e-waste (Irimia-Vladu, 2014). Qualities of sustainability, miniaturization, flexibility, biodegradability, and biocompatibility can therefore provide great utility. This class of devices is being enabled by an evolution in organic electronic materials (Balint et al., 2014; Liao et al., 2015), as well as advanced synthetic or bio-derived/inspired substrates (Zhu et al., 2016; Liu et al., 2017). Natural, intrinsically flexible and mechanically robust biomaterials have been proposed as structural components for a wide variety of devices (Suginta et al., 2013; Zhu et al., 2016; Liu et al., 2017). In particular, silk proteins (fibroin and sericin) provide a unique ensemble of properties that make them ideal for these applications. In comparison to synthetic polymers, they can provide controllable biodegradability, and mild immune and inflammatory responses (Enomoto et al., 2010; Thurber et al., 2015). We posit the ability of silk proteins to provide not just the structural components of biodegradable devices, but also the functional constituents therein (Kim et al., 2010; Hwang et al., 2013).

In this work, we show the use of silk proteins to fabricate electrochemical biosensors as well as their interconnects, demonstrating how fibroin and sericin can provide viable and competitive alternatives. Specifically the goal is to outline the substitution of inorganic/metallic materials at sensor-biological interfaces (Rivnay et al., 2014). In conventional electrochemical systems, a 3-electrode configuration with metal electrodes (e.g., Pt, Ag/AgCl) is used. Conducting or semiconducting fibers/wires are needed to connect various components and external power sources. While metals present high conductivity and low cost, they tend to be oxidized under ambient and especially, physiological conditions, and can possess a mechanical mismatch in terms of weight and modulus at soft tissue interfaces (Geddes and Roeder, 2003). Often, they have low biocompatibility, cytotoxicity, and foreign body reaction (Voskerician et al., 2005; Gong et al., 2016). With a few exceptions, they are not biodegradable (Yun et al., 2009). In some cases, electrodes have to be coated with soft materials to minimize inflammatory responses or blocking due to protein adsorption (Hanssen et al., 2016). However, there have been relatively few studies in the development of fully organic, flexible functional devices, typically owing to lower performance metrics, leading to the need to incorporate metallic elements. Here we show how silk proteins in conjunction with conducting polymers can be used for the fabrication of functional fully organic, flexible, degradable biosensors.

In this system, conductive electrodes are micropatterned on a silk fibroin support substrate to form biosensing elements. The electrodes are formed using an ink comprising the conducting polymer poly (3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) dispersed within a silk sericin protein matrix. We utilize photocrosslinkable variants of both silk fibroin and sericin, that permits the use of a facile photolithographic technique to fabricate a flexible device (Kurland et al., 2013, 2014). Using these biomaterials, our group has earlier shown the fabrication of flexible biosensors for electroactive targets (e.g., ascorbic acid, dopamine, glucose), biomacromolecules such as vascular endothelial growth factor (VEGF), and microsupercapacitors for energy storage (Pal et al., 2016b, 2018; Xu and Yadavalli, 2019). Here, for the first time, we show a 3-electrode electrochemical cell using only the silk conductive ink + flexible silk substrate, without metal components. This implies that the working (WE), reference (RE), and counter electrodes (CE) are formed using the organic ink. We further show the use of core-sheath PEDOT:PSS-silk fibroin conductive wires to connect the devices. Conductive polymers constituting “organic wiring,” offer advantages in terms of biocompatibility, low cytotoxicity, and ease of biochemical modification (Liao et al., 2015; Aydemir et al., 2016; Pappa et al., 2018). Polymer sheathing can protect their connections with external power sources or readouts. Protective sheaths around the wires can improve flexibility and operational life by providing shielding from the external environment, as well as protecting the surrounding tissue from damage (Green et al., 2008). In this work, ascorbic acid is used as a model small molecule analyte to demonstrate the function of the sensor. Fully organic silk biosensors with organic wiring can potentially permit real-time, continuous monitoring of health parameters in a minimally- or non-invasive manner, while providing mechanical conformability to the intrinsically curvy body or tissue interface. The system is stable in a liquid environment, but can be proteolytically degraded. These studies lay the groundwork for the use of silk biomaterials toward mechanically flexible, functionally transient devices that can provide highly biocompatible, and degradable systems for healthcare or environmental applications.



MATERIALS AND METHODS


Materials

All analytical grade reagents were used unless stated otherwise. Silk fibroin was extracted and purified from Bombyx mori silkworms following a well-established protocol (Rockwood et al., 2011). Silk sericin was used as received from Wako Chemicals (Richmond, VA). PEDOT:PSS (dry re-dispersible pellets) was purchased from Sigma-Aldrich (St. Louis, MO) and made into 1% solution in DI-water. The PEDOT:PSS solution was homogenized by ultrasonication (20 kHz, Cole-Parmer, Vernon Hills, IL) for 30 min, and filtered through a 0.45 μm-pore-size filter. A conductive ink composite consisting of PEDOT:PSS suspension in photosericin was stored at room temperature for later use. For the chemical modification of silk proteins, 2-isocyanatoethyl methacrylate (IEM, 98% with ≤0.1% BHT as inhibitor) and anhydrous lithium chloride (LiCl) (Sigma-Aldrich) were used. Anhydrous dimethyl sulfoxide (DMSO) and formic acid (FA) were from Thermo Fisher Scientific (Waltham, MA). L-ascorbic acid powder was purchased from Duda Energy LLC (Decatur, AL).



Synthesis of Photoreactive Silk Proteins

Photoreactive fibroin and sericin were synthesized according previously reported protocols (Kurland et al., 2013; Pal et al., 2016a). Briefly, the silk protein (fibroin or sericin) was dissolved in 1 M LiCl in DMSO to form 1% (w/v) solution. The proteins were conjugated with photoreactive methacrylate moieties by reaction with IEM at 60°C for 5 h with continuous N2 purge. The modified proteins were precipitated in excess cold ethanol overnight. The precipitate was washed with cold ethanol/acetone (1:1) solution and centrifuged (4,000 rpm, 20 min, 4°C), and this process was repeated 3 times. Finally, the product was lyophilized to obtain photocrosslinkable fibroin and sericin powder (referred to herewith as photofibroin and photosericin).



PEDOT:PSS Spinning Solution and Conductive Fiber Fabrication

PEDOT:PSS pellets were dispersed in water followed by ultrasonication to form a homogeneous stock solution of 10% (w/w). Fiber spinning was carried out using a wet-spinning method (Zhang et al., 2019). PEDOT:PSS solution was extruded via a syringe pump (Harvard Apparatus PHD 2000) into a 98% H2SO4 coagulation bath. Extrusion was performed from the bottom of the bath. Optimizing for the processing conditions, the fiber diameter (strength), and conductivity, fibers with 10 wt.% PEDOT:PSS were used, which were extruded using a blunt 27G needle at 0.25 μl/min. This composition resulted in highly stable fibers ~50 μm diameter that can be easily handled, with a conductivity of ~140 S/cm. The spun fibers were directly washed using an ethanol/water mixture (3:1 v/v) to remove any residual H2SO4. PEDOT:PSS fibers were collected on a reel then dried at room temperature.



Fabrication of Sheathed Single or Multiple PEDOT:PSS Fibers

Silk-sheathed PEDOT:PSS wires were formed by coating the conductive fibers in photofibroin via photocrosslinking at an ambient environment. Formic acid was used as the solvent with 13.2% (w/v) of photofibroin and 4.4% of Irgacure 2959 photoinitiator (BASF, Germany). The photoreactive, optically transparent coating solution was applied on a glass microchannel support to form a bottom layer. PEDOT:PSS fibers were then straightened and anchored on the bottom. A top layer was then formed by drop-casting. Following evaporation of the excess solvent, the sheathed fiber was crosslinked using UV light for 5 s (OmniCure S1000 UV Spot Curing lamp (Lumen Dynamics, Ontario, Canada) at 365 nm (2 mW cm−2). Free-standing, sheathed, conducting wires were obtained by separating from the glass support using water immersion.



Fabrication of the Flexible Biosensor

Flexible silk fibroin substrates and conductive microelectrodes were formed using contact photolithography with designed features (Figure 1) (Xu et al., 2019). The substrate was formed from a solution composed of 7.5% (w/v) of photofibroin and 1.5% of Irgacure 2959 photoinitiator in formic acid (FA). The solution was drop-cast on a clean glass substrate. To avoid adhesion between the photoresist and the photomask, the excess solvent was allowed to completely evaporate in a fume hood. The cast fibroin thin films were polymerized by UV exposure using an OmniCure S1000 UV Spot Curing lamp (Lumen Dynamics, Ontario, Canada). The entire film was exposed at 365 nm UV (2 mW cm−2) for 2 s to form the flexible substrates. The conductive ink is a water-based biocomposite with a formulation of 2.5% (w/v) of photosericin, 1% (w/v) PEDOT:PSS, and 0.5% (v/v) of Darocur 1173 photoinitiator. The ink was drop-cast on the fibroin substrates. After the conductive ink was completely dried under dark in the fume hood, microelectrodes were patterned under UV light for 1.5 s through a chrome photomask. The microelectrodes were developed in DI-water under sonication, followed by rinsing with excess water to remove any residual ink.


[image: Figure 1]
FIGURE 1. (A) Fabrication of the fully-organic, flexible 3-electrode silk biosensor using photolithography. (B) Fabrication of the fibroin sheathed conducting wires. The images in the center show the biosensor and the connected device.


Silk fibroin sheathed PEDOT: PSS wires were then connected to the electrodes using a conductive ink composite of 6.25% (w/w) PEDOT:PSS in photosericin. The conductive ink was cast at the junction between the wires and the electrodes and dried slowly under ambient conditions. This was followed by photocrosslinking of the junction using UV. A 7.25% (w/v) solution of photofibroin in HFIP was used to further seal the junction. The solution was cast on the junction, dried and crosslinked under UV light. The presence of residual acrylate groups on the surface of the electrodes in the conductive ink and in the photofibroin solution allows the covalent attachment of the entire system on the substrate. Therefore, the connection of the wire with the electrode do not easily get damaged under mechanical deformation. Finally, the system was connected to a potentiostat for electrochemical measurements.



Electrochemical Characterization and Measurement

Electrochemical measurements were conducted using a Gamry Interface 1010E Potentiostat (Gamry Instruments, Warminster, PA). The electrical conductivity of uncoated PEDOT:PSS fibers and sheathed fibers were characterized by cyclic voltammetry (CV) using a two-electrode configuration. In order to test if the coating was successful, Cu tape was attached to the exposed portion of the fiber and different positions on the sheath. The ability of the silk fibroin to form an electrically insulating sheath on the conductive fibers was also tested. The experimental set up and the conductivity of the bare and sheathed wires are shown in Figure S1. In order to compare the performance of the designed all-organic electrodes, a standard three-electrode cell configuration was used (organic electrode as the working electrode, Ag/AgCl as the standard reference electrode and Pt as the counter electrode). Cyclic voltammetry (CV) and the chronoamperometry were carried out to characterize the biosensor and to conduct the electrochemical detection. The scanning range was −1 to 1 V at the rate of 50 mV s−1. In amperometric measurements, the potential was set to 0.5 V.



Performance of Biosensor Under Proteolytic Degradation

To determine the response of the biosensor as they degrade, the organic microelectrodes were immersed in 3 ml of PBS solution containing 1 mg ml−1 protease (Protease XIV from Streptomyces griseus, ≥3.5 U mg−1, Sigma Aldrich) and stored at 37°C. As a control, PBS buffer without protease was used. Samples were extracted at regular intervals and investigated under an optical microscope for degradation. In addition, the function of the biosensors was studied over this period. The sensors were taken out at Day 1, 4, and 7, cleaned with DI-water, and dried using N2. The sensors were then used for sensing of ascorbic acid. The degradation evaluation was tested by cyclic voltammetry (CV) using a standard three-electrode cell configuration as noted above.




RESULTS AND DISCUSSION

In comparison to their rigid counterparts, mechanically flexible sensors are designed to function at non-planar, soft, and even non-stationary bio-interfaces. They can be useful for the accurate detection and quantification of specific biomarkers in clinical diagnosis toward evaluating biological and pathological activities, or response to therapeutic interventions (Xu et al., 2018). Biosensors and bioelectronics characterized by the ability to fully or partially dissolve, disintegrate, or physically or chemically decompose in a controlled fashion in a working environment, can further enhance the applications of flexible devices. These biodegradable or bioresorbable systems would provide a “transient” function useful in a number of spheres of operation e.g., implantable devices, devices that minimize waste, and platforms for data security (Kang et al., 2018; Li et al., 2018; Chatterjee et al., 2019). Our objective in this work is to show that silk proteins can enable such flexible (bio)sensors without the need for either metallic electrodes or interconnects. We discuss the fabrication and characterization of a fully-organic biosensor that is also mechanically flexible and compliant, and can be completely degraded under the action of proteolytic enzymes. Further we show that connections to external devices can be facilitated by long, highly conductive PEDOT:PSS fibers. The fibers are coated with optically transparent silk fibroin to form sheathed, insulated, fully organic conducting wires. Dopamine, a neurotransmitter, ascorbic acid (vitamin C), and glucose are three model analytes monitored using the developed organic bioelectrodes to demonstrate direct electrochemical biosensing. While the results for ascorbate is shown in the manuscript, the data for dopamine and glucose are shown in the Supplementary Information in the interest of brevity.


Fabrication of Flexible, Organic Electrodes

The proposed system is based on photocrosslinkable silk proteins which are compatible with, and can be functionalized by the commercially available conducting polymer PEDOT:PSS to form an integrated functional and structural device. The underlying substrate is formed from silk fibroin that can provide strong support to the functional sensing patterns as well as be mechanically compliant to a curvy biological surface. The electrochemical cell is fabricated using a sericin/PEDOT:PSS biocomposite. As a photocrosslinkable conducting ink, this can be micropatterned to form a 3-electrode design on the flexible support (Figure 1A). The sensor design is shown in detail in Figure 2a. The sensors are around 1 cm2 in area with electrode patterns 1,000 μm wide. In contrast to earlier reported silk-based biosensors in which only the working electrode was fabricated from the organic ink (necessitating Pt, Ag/AgCl counter and reference electrodes), here the working, reference, and counter electrodes are all fabricated from the same material (silk biocomposite). Photolithography remains a desirable technique to fabricate structures of high complexity over large areas in a fast and reproducible fashion. As a high-resolution technique, it is possible to fabricate multiplexed microsensors with patterns on the order of 10 s of micrometers.


[image: Figure 2]
FIGURE 2. (a) Sensor design showing the position of the working, reference, and counter electrodes. The biosensors with the core-sheath PEDOT:PSS wires/fibroin sheaths are conformable, flexible and can be subjected to mechanical deformation. (b) SEM images of the cross section of the organic electrodes, showing the underlying fibroin substrate (1) and sericin-PEDOT:PSS conductive microelectrodes (2). (c) SEM images of the sheathed wire showing the cross-section and the PEDOT:PSS wire (red circle), a closeup of which can be seen in the bottom right panel.


In order to connect the devices, core-sheath PEDOT:PSS-silk fibroin conductive wires are used to form a fully organic design (Figure 1B). Conductive polymers represent “organic wiring” with biocompatibility and low cytotoxicity (Liao et al., 2015; Aydemir et al., 2016; Pappa et al., 2018). Sheathed multifunctional fibers have been previously reported in tissue engineering (e.g., PCL/PPy and PLA/PPy core-sheath nanofibers) to improve flexibility and operational life (Wei et al., 2005; Xie et al., 2009). Silk-PEDOT-PSS composites have also been previously reported (Müller et al., 2011; Tsukada et al., 2012). However, PEDOT:PSS/fibroin core-sheath configurations and/or connection to a biosensor have not been shown. In this work, fibers optimized for diameter and conductivity were used. The use of silk fibroin to form a protective sheath around the fiber not only improves the operation of the wires, but also protect the connections from the external environment, while minimizing any auxiliary damage to surrounding tissue (Green et al., 2008). These integrated organic sensors are mechanically flexible and can be wrapped, twisted, or otherwise conform to soft tissue interfaces (Figure 2a). As a thin sheet (~20–40 μm thick), they can easily conform to an underlying curvy and soft surface (including soft tissue—Figure S2). The protein micro-matrix can entrap the conductive polymers and prevent them leaching out, while allowing small metabolites such as glucose or ascorbic acid to diffuse into the film and trigger the electrochemical reaction. SEM imaging of the electrode surface on the flexible substrate shows the porous electrode surface (Figure 2b, Figure S3).



Electrochemical Characterization of the Electrodes

Electrochemical characterization was conducted using cyclic voltammetry to clarify the difference in performance between the developed fully-organic biosensor and a conventional organic electrochemical system. Conventional electrochemical biosensors for the monitoring of metabolites usually utilize Ag/AgCl as the standard reference electrode (RE) and Pt as the counter electrode (CE). These are well-investigated systems known to provide steady current flow and stable signal output. In earlier reports, we demonstrated the use of this organic electrode for the detection of various analytes including glucose, ascorbic acid, and vascular endothelial growth factor (Pal et al., 2016b; Xu and Yadavalli, 2019). Ag/AgCl and Pt were employed as independent reference and counter electrodes, respectively. In considering bioresorbable biosensors or electronics, the goal is to provide diagnostic or monitoring function while avoiding extended device load on the body, or requiring secondary surgical procedures for removal. Therefore, using separate standard and counter electrodes is not optimal. However, in comparison to their metallic counterparts, organic electrodes face problems of current stability due to the fact that the continuous electrochemical reaction of PEDOT:PSS affects performance [i.e., oxidized state (conductive) vs. neutral state (non-conductive)].

The electrochemical behavior of organic electrodes used as RE and CE (free of metallic components) was studied to clarify feasibility for sensing. We will refer to the system with all organic electrodes (WE, CE, and RE) as O3E. In comparison, the system with only one organic electrode but with any conventional RE and CE will be referred as OE. For this work, the same material (sericin/PEDOT:PSS conducting ink) was used to fabricate the working electrodes (WE). For the OE, a standard Ag/AgCl reference electrode (RE), and the Pt counter electrode (CE) was used. Cyclic voltammetry (CV) was conducted on both systems. Over a scan range of −1 to 1 V, the O3E system yielded −83.8 and 122 μA at −1 and 1 V, respectively, whereas the OE system exhibited −22.8 and 83.2 μA at the same potentials. CVs are shown in the Figure S4. Interestingly, the O3E sensor had a higher current response than the OE sensor, presumably due to the electrochemical redox reaction occurring in the O3E that can be summarized as the oxidation/reduction of PEDOT:PSS at WE, RE, and CE (Marzocchi et al., 2015).

[image: image]

where C+ and e− represent cations and electrons, respectively. On the other hand, the electrochemical redox reaction in the OE is the Equation (1) at the WE, the reaction:

[image: image]

Occurs at the reference electrode (RE). When the PEDOT:PSS is polarized anodically/cathodically from the neutral state by the applied potential, it is more conductive at both the WE and RE. Therefore, with all three electrodes formed using the PEDOT:PSS ink (O3E), the developed biosensor would be more sensitive to the changes of electrochemical potential than the OE system that only uses PEDOT:PSS as WE. In order to present a miniaturized biosensor, we used the design shown in Figure 2 which allows connections of all electrodes to an external potentiostat.



Detection of Ascorbic Acid Using Different Electrochemical Sensor Configurations

Following electrochemical analysis, the O3E system was tested as a biosensor. The electroactive species ascorbic acid (AA) was used as a model metabolite in order to demonstrate electrochemical performance and compare to OE configurations. AA, widely known as vitamin C, plays an important role in the formation of collagen in the development of bones, muscles and blood vessels (Rawat et al., 2015). The performance metrics of the O3E are competitive as seen in Figure 3. In all figures, the sensor response is presented as a normalized current (normalized to the baseline signal in pure PBS –Inor = IAA/IPBS × 100%). This allows comparison across different sensors (at least three sensors were tested in each case). The inset shows a rapid response time of the sensor on the order of a few seconds. It can be seen that a higher sensitivity to the addition of AA was observed with a correspondingly higher slope in the calibration curve in comparison to the OE configuration. This is because the redox reactions of AA occur not only at the WE, but also at the RE and CE, implying that the O3E biosensor displays an amplified current response toward the addition of the analyte. The detection limits (LODs) of the developed O3E biosensor and the OE are 49.2 and 50.2 μM, respectively. The close LODs for the two configurations are expected given the identical compositions of the working electrodes for both systems. The OE value is consistent with our earlier report (Pal et al., 2016b). While these values are higher than previously reported LODs for ascorbate biosensors which have been reported to be ~5–10 μM (Pakapongpan et al., 2012; Csiffáry et al., 2016), the ability to be within the same order of magnitude despite the lack of metals is very promising for use as organic, degradable, and flexible biosensors.


[image: Figure 3]
FIGURE 3. The detection of ascorbic acid using different electrode combinations. The blue represents the electrochemical biosensor using sericin/PEDOT:PSS organic electrodes as Working Electrode (WE), Reference Electrode (RE), and Counter Electrode (CE) (O3E). The gray represents the electrochemical cell setup using sericin/PEDOT:PSS organic electrode as WE, Ag/AgCl electrode as RE, Pt as CE (OE). The inset figure is the calibration curve (normalized current vs. concentration of ascorbic acid) for the detection of ascorbic acid using the two electrical setups. The control sample was PBS (Inor = 1). The addition of AA occurred at 100 s intervals. In all experiments, at least three different sensors were studied.


Despite the higher current response, the OE configuration (organic electrodes as WE, the standard Ag/AgCl reference electrode and the Pt counter electrode) yields a higher sensor signal. Therefore, the conductivity of the O3E configuration is not as good as metallic electrodes or even OE. This is likely because the direct electron transfer from the analyte through the PEDOT:PSS is much slower and limited in comparison to Ag or Pt electrodes. This further indicates that these kinds of fully organic (O3E) biosensors would have a narrower detection range in comparison. Since the microfabrication process is conducted at room temperature using only water as the solvent, it is possible to immobilize enzymes and antibodies in the conducting ink, thereby forming biosensors for a wide variety of target metabolites. Detection of glucose (via the enzyme glucose oxidase) and the neurotransmitter, dopamine was demonstrated (Figures S6, S7). In both cases, detection of these targets was achievable over physiologically relevant concentrations, showing the versatility of this approach. The overall area of the electrodes also plays a role in determining the dynamic range with smaller surface areas having similar sensitivities and limits of detection but lower range. Thus, the design of the sensors would have to be optimized depending on the application.



Electrochemical Performance of the Biosensors During Degradation

The primary advantage of using a fully-organic biosensor without metallic components is the potential to be controllably degradable (e.g., in vivo or in nature). In vitro, this process may be replicated by the use of proteolytic enzymes. Silk-based materials have demonstrated their utility in this regard and have been extensively studied for their controllable biodegradation (Lu et al., 2011), an important property in their applications in tissue engineering. While resorbable and degradable sensors have been proposed, their performance over time in their working environment has not been fully characterized. Here, the organic devices were examined for sensing of AA under proteolytic biodegradation.

The O3E biosensors were immersed in a solution containing 1 unit ml−1 protease at 37°C over a 1 week period to provide an in vitro simulation of an in vivo environment. The electrochemical sensing for performance is shown in Figure 4. The sensors maintain a linear response Inor to ascorbic acid during the entire process (1 week). Over a period of 24 h, there is no change in the sensor function. Interestingly, from Day 1 to Day 4, the slopes of the calibration curves increased slightly, indicating the sensitivity of the developed biosensor to the addition of AA was improved. While this appears counterintuitive, this is likely due to the biodegradation of the silk matrix causing an exposure of the entrapped PEDOT:PSS, which in turn improves the direct electron transfer from the electrolyte to the conductive polymers. From Day 4 to Day 7, the slope of the calibration curve remains the same. Following around 10 days, the sensor connections degrade, making it impossible to get an accurate reading. Therefore, we can specify a working life-time for the devices as studied in this work to be ~1 week. Given that the linear response of the sensors is unaffected by the degradation, it is therefore possible to envision a simple mathematical relationship to provide the accurate concentrations on a given day from the calibration curves shown.


[image: Figure 4]
FIGURE 4. The electrochemical performance of the O3E flexible biosensor when stored in 1 unit ml−1 of protease solution at 37°C. The sensors were monitored over a period of 1 week. The control sample was PBS (Inor = 1). It may be noted that after 10 days, the sensors begin to lose mechanical integrity at the macroscale and are not easily connected for reliable measurements. The relatively high error bars can be explained by sensor-to-sensor variability obtained during averaging of the signals from three separate sensors.


At the macroscale, the biosensors lose structural integrity over ~1 month (Images showing the electrode surface degradation are shown in Figure S5). It may be noted that the PEDOT:PSS itself is not biodegradable. However, due to the degradation of the matrix, causes the entire sensor to break down. This was earlier shown by our group (Pal et al., 2016a,b). In these experiments, the sensors tested are formed on fibroin films ~20 μm thick with the electrodes themselves being ~20 μm thick. By carefully controlling the material thickness and crosslinking, it is possible to form devices that can function for longer periods of time (e.g., months), which provides interesting possibilities. However, as designed, these sensors can be used for “transient” devices to monitor wound healing for instance, wherein a short timeframe of operation is required.



Performance of the Flexible Biosensor Against Biofouling

One of the possible applications of using such flexible, fully organic biosensors is in vivo monitoring of metabolites. However, sensor fouling continues to be one of the major challenges facing biosensors. Non-specific absorption of proteins or cells results in sensor occlusion and therefore a loss in performance (Wang et al., 2015). It has been suggested that a layer of membrane from naturally derived materials (e.g., silk fibroin, cellulose, chitosan) could help reduce biofouling and prolong the lifetime of implanted biosensors (Wisniewski and Reichert, 2000). We observed that interestingly, the developed silk biosensor possesses a natural resistance to biofouling owing to its protein-based structural composition. Given the reference range for albumin concentrations in serum is ~35–50 mg/ml, the O3E biosensor was testing by immersing in a 0.1 M PBS buffer containing 40 mg/ml BSA. The control group was immersed in 0.1 M PBS buffer. Both groups were examined for their performance in detecting ascorbic acid following 2 days of immersion (Figure 5). The linear response of the biosensors is maintained in both PBS even in the presence of the strong challenge of BSA blocking. An O3E biosensor was also tested against glucose in similar conditions with PBS control and 40 mg/ml BSA. A slight reduction in sensitivity was observed, but the sensor again maintained a linear response (Figure S7). It is therefore hypothesized that the BSA can absorb to the electrode surface, but is isolated by the silk protein matrix from insulating the conductive materials (PEDOT:PSS) in the matrix and therefore does not affect the diffusion to the electrodes. However, it could potentially affect the encapsulated enzymes, thereby reducing performance. It may be noted that typically much lower concentrations of BSA are studied (2–5 mg/ml) for such sensors, which reflects that these sensors display good promise for the next series of experiments (i.e., translation to animal models and longer-term investigations). Even though the tested solution containing BSA is a simplified system and does not fully represent a complex biofluid system, the performance of the developed organic flexible biosensor was able to exhibit good stability against protein absorption. Future studies are focused on studying the function of biosensors in a working environment of such complex fluids that can present biodegradation and biofouling challenges along with the presence of other chemical interferents.
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FIGURE 5. The O3E biosensor was evaluated in the presence of a blocking agent (BSA). The biosensors were immersed in 40 mg/ml BSA solution (in 0.1 M PBS, pH 7.4) (blue line), or PBS buffer (as control) (gray line) over 2 days. A linear response is maintained over 2 days, with very small change in comparison to the starting biosensors (Day 0–orange).





CONCLUSIONS

In summary, here we demonstrate the feasibility of using silk proteins to construct a fully-organic, flexible biosensor for the monitoring of metabolites. The entire fabrication process is based on contact photolithography which is simple, rapid, and can be performed under ambient conditions. Using a combined 3-electrode configuration, the working, reference, and counter electrodes are fabricated from an organic conducting ink. The developed biosensors display excellent performance in terms of sensitivity and detection range for the sensing of analytes. Thus, these biosensors can be considered for in vivo implantation whereby they can function in challenging biological environments. Most interestingly, these biosensors display a transient function whereby they can function for a period of 1 week after which they begin to degrade. They display a stable linear performance even during proteolytic biodegradation. The target repertoire of the biosensors can be expanded by adding different enzymes in the basic formulation of sericin/PEDOT:PSS conductive ink. This concept of fully-organic devices can therefore provide a pathway for the development of next-generation, ease-to-use, and degradable flexible biosensors for health monitoring.
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