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SUMMARY

Flexible sensors are essential for advancing implantable and wearable bio-
electronics toward monitoring chemical signals within and on the body. Devel-
oping biosensors for monitoring multiple neurotransmitters in real time repre-
sents a key in vivo application that will increase understanding of information
encoded in brain neurochemical fluxes. Here, arrays of devices having multiple
In2O3 nanoribbon field-effect transistors (FETs) were fabricated on 1.4-mm-thick
polyethylene terephthalate (PET) substrates using shadowmask patterning tech-
niques. Thin PET-FET devices withstood crumpling and bending such that stable
transistor performance with high mobility was maintained over >100 bending cy-
cles. Real-time detection of the small-molecule neurotransmitters serotonin and
dopamine was achieved by immobilizing recently identified high-affinity nu-
cleic-acid aptamers on individual In2O3 nanoribbon devices. Limits of detection
were 10 fM for serotonin and dopamine with detection ranges spanning eight or-
ders of magnitude. Simultaneous sensing of temperature, pH, serotonin, and
dopamine enabled integration of physiological and neurochemical data from indi-
vidual bioelectronic devices.

INTRODUCTION

Electronic devices that extend or create new capabilities for elucidating complex functions in brains (Alivi-

satos et al., 2013a, 2013b; Weiss, 2013), skin (Gao et al., 2016; Liu et al., 2018b; Kim et al., 2019; Rogers et al.,

2019), and other biological systems (Biteen et al., 2016) are of substantial interest. Advances have been

made in the areas of soft (Kim et al., 2010; Minev et al., 2015; Wang et al., 2018) and minimally invasive bio-

electronics (Rim et al., 2015; Luan et al., 2017; Zhou et al., 2017). Wearable electronics enable sensor sys-

tems for monitoring vital signs from skin and biomarkers in sweat, such as ions, glucose, lactase, and

cortisol (Kim et al., 2016; Heo et al., 2018; Nyein et al., 2018; Chung et al., 2019; He et al., 2019, 2020;

Liu et al., 2020; Torrente-Rodriguez et al., 2020; Yang et al., 2020; Zhao et al., 2020). Efforts have been

made toward bioelectronics for implantable devices, including liquid-metal- and hydrogel-based systems

(Yu et al., 2016; Fang et al., 2017; Liu et al., 2019; Wen et al., 2019). Soft materials yield readily to pressure

and, thus, more closely comply with the pliable and, in some cases, stretchable nature of biological tissues.

Fabrication of electronic devices on substrates having low Young’s moduli, i.e., greater elasticity,

compared with rigid substrates reduces immunological responses after brain implantation (Gunasekera

et al., 2015; Kozai et al., 2015). Soft bioelectronics with capabilities to detect multiple neurotransmitters

simultaneously and in real time are needed to investigate chemical information processing in brains (An-

drews, 2013), particularly in the context of chronic neural recordings (Du et al., 2017).

We have developed aptamer-field-effect transistor (FET) biosensors that detect small molecules, including

serotonin, dopamine, glucose, and phenylalanine under high-ionic strength conditions (Nakatsuka et al.,

2018b; Cheung et al., 2019). Aptamers are rare, single-stranded nucleic acid sequences isolated from oligo-

nucleotide combinatorial libraries that recognize specific targets (Hamaguchi et al., 2001; Willner et al.,

2007; Nakatsuka et al., 2018a). Aptamers can be functionalized to semiconducting materials used in

FETs, e.g., organic (Hammock et al., 2013), carbon-based (So et al., 2008; Sorgenfrei et al., 2011), and metal

oxides (Kim et al., 2015). Target-induced rearrangement of negatively charged DNA aptamer backbones
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results in changes in surface potentials near semiconductor channels to gate FET transconductance (Nakat-

suka et al., 2018b). This sensing mechanism is label-free and highly sensitive in physiological environments,

e.g., brain tissue, dilute serum.

Metal oxides, such as In2O3, have several advantages over other channel materials for FET-based sensors.

Similar to Si devices, which can be fabricated with high scalability and uniformity, metal-oxide thin-film tran-

sistors have been widely used in industry, e.g., touch screens, displays, solar cells, owing to their electronic

performance and large-area uniformity. The main advantages of metal oxides over silicon in wearable

sensor applications are the ease of fabrication and compatibility with flexible substrates (Kim, et al.,

2015; Rim, et al., 2015; Liu et al., 2018a; Nakatsuka et al., 2018b; Zhao et al., 2018; Cheung, et al., 2019).

Recently, a number of types of flexible electronics, including displays (Lewis et al., 2004; Park et al., 2009),

photovoltaics (Fan et al., 2009), and wearable biosensors (Rim, et al., 2015; Liu et al., 2018a), have been

fabricated using metal oxides in their structures. The In2O3 FETs are well suited to wearable or implantable

sensing applications versus a variety of other metal oxides, such as indium-gallium-zinc oxide (IGZO) and

ZnO, as the latter are unstable under physiological conditions (Aroonyadet et al., 2015; Jin et al., 2015). For

example, ZnO nanoribbon FETs dissolve completely after 14 h of exposure to phosphate buffer saline

(PBS). Top-down-fabricated In2O3 nanoribbon biosensors, in addition to being stable in physiological so-

lutions, have fast response times, wide detection ranges, low limits of detection, high uniformity, and the

capability to be integrated with microfluidics and microprocessors (Aroonyadet, et al., 2015; Liu et al.,

2016).

Given the needs for implantable and wearable bioelectronics and the advantageous sensing capabilities of

aptamer-FET biosensors under biologically relevant conditions, we aim to advance aptamer-functionalized

In2O3 FETs in soft, flexible formats. Previously, we fabricated sol-gel processed thin-film In2O3 FETs on flex-

ible polyimide for pH and glucose sensing (Rim, et al., 2015). The fabrication process involved spin-coating

and high-temperature annealing (>350�C). We have also fabricated In2O3 nanoribbon FETs via sputtering

at room temperature on thick (�5 mm) polyethylene terephthalate (PET) for wearable applications in enzy-

matic glucose sensing (Liu et al., 2018a). Here, we advance flexible substrates by fabricating arrays of In2O3

nanoribbon FETs on thin (1.4 mm) PET. These new devices exhibited uniform transistor performance, small

batch-to-batch variation, and stable performance in high-ionic-strength solutions, i.e., undiluted physio-

logical buffered saline (PBS) and artificial cerebrospinal fluid (aCSF), in a format with robust mechanical flex-

ibility. Thin-film PET-FETs were used to detect serotonin and dopamine over wide concentration ranges,

including those occurring in the brain extracellular space (Mathews et al., 2004; Yang et al., 2013, 2015),

in real time, and in a multiplexed format that included temperature and pH sensing.

RESULTS

The fabrication process for device arrays on flexible thin-film PET substrates is illustrated in Figure 1A and

described in detail in Transparent Methods. Briefly, each 3-inch Si/SiO2 substrate was spin coated with a 20-

mmpolydimethylsiloxane (PDMS) adhesion layer. Next, 1.4-mmPET films were adhered to PDMS via van der

Waals interactions. Polyethylene terephthalate is a common thermoplastic polymer resin used to make sin-

gle-use food and liquid containers and polyester clothing fiber. Here, PET films were used as received at

room temperature. The current approach has potential for highly scalable and uniform roll-to-roll

fabrication.

A shadow mask was used to pattern 16-nm-thick In2O3 nanoribbons on PET layers using radio frequency

(RF) sputtering. A different shadow mask was then aligned to pattern source, drain, and gate electrodes

and temperature sensors each composed of underlying 1-nm Ti layers and overlaying 50-nm Au

films. The use of two aligned shadow mask steps eliminated the need for photolithography. The

entire fabrication process was completed without the need for a cleanroom. Moreover, this fabrication

strategy eliminated photoresist contamination and chemical exposure (Aroonyadet, et al., 2015; Liu,

et al., 2016; Liu et al., 2018a). We have used thin metal films on PET for flexible electronics; these films

showed high stability and reproducibility (Cao et al., 2016; Liu et al., 2018a). Each patterned PET biosensor

film was delaminated from its sacrificial PDMS layer and the FET arrays were used for measurements.

Multiple transistor devices in arrays were fabricated on each 5 cm 3 5 cm PET film. Each array consisted of

14 devices (Figure 1B). The total thickness of each array was �1.5 mm and the total weight was �2.5 mg.
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Figure 1C shows an individual device containing a Au common gate electrode, four In2O3 nanoribbon

FETs, and a temperature sensor. Each In2O3 nanoribbon was 16 nm thick, 25 mm wide, and 500 mm long

(Figure S1). Device arrays were conformally applied to human skin (Figure 1D), illustrating the potential

for wearable electronics for healthcare and personal monitoring applications. Devices could be bent

and wrinkled when worn on skin (Figure 1E)When used as implantable devices, biosensors may be wrinkled

or bent during the insertion process.

The flexible In2O3 nanoribbon FET devices exhibited uniform and stable electronic properties under high-

ionic-strength conditions. Figure 2A shows the transfer characteristics of a representative In2O3 nanorib-

bon transistor controlled using a common Au gate electrode. Black and blue curves represent drain cur-

rent-gate voltage (IDS-VGS) characteristics in logarithmic and linear scales, respectively, and indicate

gate modulation of drain current in phosphate buffered saline (PBS) with a current on/off ratio of �103.

The corresponding output characteristics demonstrated that the devices exhibited FET behavior typically

associated with drain voltage modulation (Figure 2B). The gate leakage current was negligible compared

with the drain-source current. As an example, the gate leakage current was less than 2 nA at VDS = 0.2 V

(Figure S2). All transistors in a representative array were characterized. Nearly 100% were functional (55/

56) with only one transistor showing significantly lower mobility compared with the other transistors.

Figure 1. Fabrication of Flexible In2O3 Nanoribbon Biosensors

(A) Schematic of the fabrication process. Each Si/SiO2 substrate was coated with a polydimethylsiloxane (PDMS) adhesion

layer. Next, a 1.4-mm polyethylene terephthalate (PET) film was laminated over the PDMS. The In2O3 nanoribbons were

patterned by sputtering on the PET layer through a shadow mask. A 1-nm Ti adhesion layer followed by a 50-nm Au layer

were deposited through a different shadow mask to pattern source, drain, gate, and temperature sensor electrodes. The

biosensor film was then delaminated from the rigid carrier wafer.

(B) Photograph of as-fabricated device array. Scale bar is 1 cm. Each array has 14 devices with four field-effect transistors

(FETs) per device.

(C) Optical microscope image of a single device showing the Au common-gate electrode, four In2O3 nanoribbon FETs

(dotted blue box), and a Au resistive temperature sensor (from top to bottom). The low contrast of the In2O3 nanoribbons

is due to their transparency. Scale bar is 500 mm.

(D) Flexibility of a sensor array is illustrated by conformal attachment to human skin. Scale bar is 2 cm.

(E) Biosensor film wrinkled during human body movement. Scale bar is 1 cm.

See also Figure S1.
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The charge-carrier mobilities of 56 transistors in a single array were measured and calculated (details in

Transparent Methods) and showed �10% variability (Figure 2C), with an average mobility of 17.8 G

1.8 cm2 V�1 s�1. Figure 2D shows a histogram of the on-state currents and threshold voltages of the 56 de-

vices. Both showed narrow distributions. Notably, In2O3 nanoribbon transistors exhibited uniform and sta-

ble electronic performance in a physiological environment (all data in Figure 2 were collected in undiluted

PBS) at relatively low voltages (<1 V). These characteristics are favorable for implantable neural recording

devices and on-skin electronics.

Mechanical flexibility of In2O3 nanoribbon FETs was evaluated in experiments that involved bending and

crumpling. Figure 3A shows a photograph of a PET sheet patterned with In2O3 FETs tightly wrapped

around a copper wire having a radius of 100 mm. Under these conditions, a tensile strain of �0.75% (calcu-

lations in Transparent Methods) was applied to the In2O3 nanoribbons with the direction of strain parallel to

the current flow. In another test, a 5 cm3 5 cm PET sheet of In2O3 FET devices was tightly crumpled for�5 s

(Figure 3B), then flattened for electronic measurements.

The electronic performance of In2O3 FETs while bent and after crumpling was measured in PBS. Typical

transfer curves of representative devices in the relaxed state, bent with a radius curvature of �0.1 mm,

and after 100 crumpling cycles are shown in Figure 3C. Figures 3D and 3E show mobilities and threshold

voltages averaged over 15 devices after 5, 10, 50, and 100 bending or crumpling cycles, respectively. After

100 bending cycles, the change in average mobility was 5.6% (from 18.4 to 17.3 cm2 V�1 s�1); the threshold

voltage showed only a small variation from 0.23 to 0.27 V. Similar results were observed in repeated crum-

pling tests. The change in mobility was 6.1% after 100 crumpling cycles, and the threshold voltage

remained around 0.26 V. Together, these findings illustrate that the In2O3 nanoribbon FET devices

fabricated on thin-film PET are suitable for flexible electronics with reliable performance even under

Figure 2. Electronic Performance of Flexible In2O3 Nanoribbon Field-Effect Transistors

(A) Representative transfer characteristics of an In2O3 nanoribbon transistor with L = 500 mm,W = 25 mm, and H = 16 mm in

phosphate buffered saline. The ID (drain current) is shown in a logarithmic scale (left, black trace) and a linear scale (right,

blue trace); VGS is the gate-source voltage. The applied drain-source voltage VDS was 0.2 V.

(B) Output curves in the linear and saturation regimes. In this plot, IDS is a function of VDS with VGS from 0 to 1 V in 0.2-V

steps.

(C) Plot of the charge-carrier mobilities of 56 transistors in an array.

(D) Histograms showing on-currents and threshold voltages from the same 56 transistors. The average mobility was

17.8 G 1.8 cm2 V�1 s�1. The average on-current was 0.86 G 0.1 mA. The average threshold voltage was 0.27 G 0.02 V.

See also Figure S2.
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extreme bending and crumpling cycles. Bending events are common for both wearable bioelectronics and

implantable devices. For example, bending occurs in and on soft tissue where devices need to adapt to

movement.

Figure 3F shows transfer curves for FET devices before and after immersion in PBS for 1, 2, 3, 4, 5, or 7 day(s).

Based on data in logarithmic and linear scales, there were no significant changes in FET performance.

These findings substantiate the long-term stability of In2O3 transistors in high-ionic-strength solutions

and indicate that these sensors are robust for at least 1 week when exposed to physiological fluids.

A portion of the negatively charged backbone of the serotonin aptamer used herein is hypothesized to

move away from In2O3 channel surfaces upon target capture (Figure 4A) (Nakatsuka et al., 2018b). Thus,

the electrostatic repulsion between the electrons in an n-type semiconductor channel and negatively

charged aptamers decreases and channel conductance increases in response to aptamer-target associa-

tion. Results for serotonin detection using In2O3 nanoribbon FETs functionalized with serotonin

aptamers are shown in Figure 4B. Details of the surface functionalization and aptamer sequences are in

Transparent Methods.

To evaluate sensor reliability in a high-ionic-strength buffer that approximates the brain extracellular

fluid, serotonin was dissolved in artificial cerebrospinal fluid (aCSF). Devices were operated at a 0.25-V

gate bias applied using the Au common gate electrode. Entire devices, including the channels, were

submerged in aCSF to obtain baseline currents. After changing the solution to 10 fM serotonin in aCSF,

the sensing signal increased by �1% after stabilization (�150 s). As the solutions over the FETs were

changed to include higher serotonin concentrations ranging from 0.1 pM to 1 mM sequentially, stepwise

IDS increases were observed (Figure 4B).

To test reproducibility of detection, we conducted sensing with nine different devices. The relationship be-

tween serotonin concentration and saturated current response is shown in Figure 4C. We performed the

Figure 3. Stability of Flexible In2O3 Nanoribbon Sensors

(A) Photograph of flexible thin-film (1.4-mm) PET In2O3 sensor arrays wrapped around a copper wire with a radius of 100 mm. Scale bar is 5 mm.

(B) Photograph of a crumpled In2O3 biosensor film (original size: 5 cm 3 5 cm). Scale bar is 0.5 cm.

(C–E) (C) Transfer characteristics of a representative In2O3 transistor in a relaxed state, bent around a copper wire with a radius of ~0.1 mm, and after

crumpling, respectively. Mobilities (left) and threshold voltages (right) obtained in a relaxed state (D) after different numbers of bending cycles and (E) after

various numbers of crumpling cycles.

(F) Transfer characteristics of an In2O3 transistor measured immediately after fabrication (Day 0) and after immersion in undiluted PBS for 1, 2, 3, 4, 5, and

7 day(s). Error bars in (D) and (E) are standard deviations of N = 15 devices.
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same sensing procedure on control devices, i.e., those with surface functionalization sans aptamers (Fig-

ure S3). The latter results are plotted in Figure 4C for comparison and showed minimal signal compared

with that of FETs functionalized with aptamers. A device functionalized with a scrambled serotonin aptamer

sequence also showed minimal response to serotonin indicating target selectivity (Figure S4).

In contrast to the serotonin aptamer, a portion of the negatively charged backbone of the dopamine

aptamer used here is hypothesized to move closer to n-type semiconductor channels upon dopamine

binding, thus increasing electrostatic repulsion and decreasing the In2O3 transconductance (Figure 4D)

(Nakatsuka et al., 2018b). The results of real-time dopamine sensing are shown in Figure 4E, and a summary

of the relationship between dopamine concentrations and the corresponding FET responses from nine

different devices is plotted in Figure 4F. The limit of detection for dopamine sensing was also on the order

of 10 fM. Data were collected every 2 s and indicated that aptamer-FETs have �5-s response times (Fig-

ure S5). Our determination of response time was limited by the semiconductor analyzer and software,

thus measured response times are an upper limit.

We fabricated flexible sensing devices with the capability to monitor temperature, pH, serotonin, and

dopamine simultaneously in real time. We performed sensing while devices were conformally applied to

Figure 4. Characterization of Serotonin- and Dopamine-Aptamer-Functionalized Sensors

(A) Some aptamers, such as the aptamer used here to recognize serotonin, reorient a portion of their backbones away from semiconductor channels upon

target binding, thereby increasing transconductance for n-type semiconductors.

(B) Normalized (I/I0; unitless) real-time sensing results from three In2O3 nanoribbon biosensors functionalized with the serotonin aptamer. Devices showed

responses to serotonin (in undiluted artificial cerebrospinal fluid) at concentrations ranging from 10 fM to 1 mM.

(C) Relationship between serotonin concentration and current responses from nine different devices. Results from unfunctionalized devices lacking

aptamers are plotted for comparison.

(D) Other aptamers, such as the dopamine aptamer used here, reorient a portion of their negatively charged oligonucleotide backbones closer to field-effect

transistors upon target recognition to deplete channels electrostatically.

(E) Normalized (I/I0; unitless) real-time sensing results from three In2O3 nanoribbon biosensors functionalized with the dopamine aptamer. Devices showed

responses to dopamine (in undiluted artificial cerebrospinal fluid) at concentrations ranging from 10 fM to 1 mM.

(F) Relationship between dopamine concentration and current responses from nine different devices. Results from devices lacking the dopamine aptamer

are also plotted. All devices were operated with VDS = 0.2 V and VGS = 0.25 V. Errors bars in (C) and (F) are standard deviations for N = 9 devices (from three

separate substrates where each substrate had three devices) and are too small to be visualized in some cases.

See also Figures S3–S5.
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the surface of an ‘‘artificial brain,’’ a brain replica made from PDMS, as a demonstration of working on/in

irregular tissue surfaces (Figure 5A). The sensors developed here could be used as implanted or surface

brain sensors or as wearable biosensors on the skin.

Local temperature change monitoring provides useful intraparenchymal and superficial information. For

example, internal brain temperature is an indicator of neural functional activity (Wang et al., 2014). Brain

temperature is regionally specific and fluctuates by as much at 4 �C under normal activation states. Clinical

studies indicate a relationship between brain temperature changes and cerebral injury (Nielsen et al.,

2013). Moreover, therapeutics, e.g., anesthesia, drugs of abuse, cause large and sometimes devastating

changes in brain temperature, in the case of the latter (Kiyatkin, 2018). Skin temperature is also considered

clinically informative, where it has been linked to a variety of diseases and skin injuries (Sprigle et al., 2001;

Webb et al., 2013). Therefore, sensing devices with integrated temperature sensors provide information to

supplement target molecule monitoring.

Thermistors fabricated fromAuwires have been used as temperature indicators in wearable sensor systems

(Gao, et al., 2016). Here, we adapted a similar design and integrated fabrication within the shadow mask

designs. Figure 5B shows the resistance of a representative Au thermistor in PBS ranging from 20�C to

50�C with 5�C increments. The measured resistances were highly correlated with changes in temperature

at a sensitivity of �4 U/�C.

Field-effect transistor sensors are sensitive to pH changes, i.e., [H+], because sensing mechanisms involve

detecting changes in charge close to semiconductor surfaces (Aroonyadet, et al., 2015; Rim, et al., 2015;

Liu, et al., 2016). Fluctuations in brain pH occur as a result of changes in CO2 levels, i.e., carbonic acid,

which increase in conjunction with neural activity, neurotransmitter release, and oxygen consumption

(Meunier et al., 2018). Sensing pH is useful in wearable bioelectronics as sweat pH values also vary owing

to changes in carbonic acid levels (Gao, et al., 2016). Monitoring pH in sweat can be indicative of vari-

ations in electrolyte concentrations, which are biomarkers of disease and metabolic activity (Patterson

Figure 5. Multiplexed Biosensing

(A) Photograph of three sensor devices attached conformally to a polydimethylsiloxane brain mimic. Scale bar is 1 cm.

(B) Changes in resistance with respect to temperature in artificial cerebrospinal fluid (aCSF). Error bars are standard deviations for N = 5 devices. For linear

regression (y = ax + b), resistance = (3.93temperature) + 700, where temperature is in degrees Celsius; R2 = 0.99.

(C) Real-time pH sensing at unfunctionalized In2O3 nanoribbons in three different devices exposed to buffer solutions with pH values from 10 to 4.

(D) Simultaneous sensing of temperature, pH, serotonin, and dopamine in aCSF (pH = 7.4). Two adjacent devices were simultaneously exposed to solutions

of 1 pM serotonin, 1 pM dopamine, 1 nM serotonin, and 1 nM dopamine, sequentially. Only transistors functionalized with the respective target-specific

aptamers responded to the corresponding targets. All sensors responded to a pH change in aCSF (7.4–7.3). The devices were operated at VDS = 0.2 V and

VGS = 0.25 V.
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et al., 2000; Burry et al., 2001; Sonner et al., 2015; Lee et al., 2017). Here, unfunctionalized In2O3 nano-

ribbons responded to pH in buffer solutions ranging from pH 10 to pH 4 (Figure 5C). Devices showed

increases in conductance when the pH of solutions decreased, corresponding to a positive gating effect

at n-type In2O3 transistors (Aroonyadet, et al., 2015; Rim, et al., 2015; Liu, et al., 2016). We note that, in

addition to unfunctionalized FETs, devices functionalized with aptamers can be pH sensitive (Idili et al.,

2014; Porchetta et al., 2015; Gordon et al., 2018). As pH decreases, negatively charged oligonucleotide

backbones become associated with larger numbers of protons changing local charge near semicon-

ductor surfaces.

Including pH sensors in our devices enabled discriminating target-specific changes in transconductance

at aptamer-functionalized sensors from those associated with local pH changes. Three devices from

adjacent groups on the same substrate array were used for multiplexed sensing. One device was function-

alized with the serotonin aptamer to work as a serotonin sensor. Another device next to the serotonin

sensor was protected by a PDMS mask during the aptamer functionalization. After that, the PDMS

mask was removed, and this device consisting of unfunctionalized FETs was used as a pH sensor. A third

device from an adjacent group of devices was functionalized with the dopamine aptamer and was used

as a dopamine sensor. Lastly, a patterned gold wire thermistor on the same substrate was used as a tem-

perature sensor.

After obtaining a stable baseline current in aCSF (pH 7.4), solutions above FETs were sequentially

replaced with aCSF containing 1 pM serotonin, 1 pM dopamine, 1 nM serotonin, or 1 nM dopamine.

The two aptamer-functionalized devices detected and differentiated physiologically relevant concentra-

tions of serotonin and dopamine, simultaneously (Figure 5D). No current changes occurred at the pH-

sensing FETs in response to the addition of serotonin or dopamine. In contrast, when aCSF (pH 7.3) sans

neurotransmitters was introduced at t = 1,100 s, all three devices showed responses to a 0.1 pH unit change.

For physiological sensing applications where pH and neurotransmitter concentrations change simulta-

neously, neurotransmitter-specific FET responses can be distinguished by subtracting responses occurring

at pH sensors.

The directions of change for the IDS-t curves (Figures 4B, 4E, and 5D) are consistent with our hypotheses

regarding the different types of conformational changes for these particular serotonin and dopamine ap-

tamers and provide complementary and straightforward evidence of aptamer sensing mechanisms (Nakat-

suka et al., 2018b). These serotonin and dopamine aptamers have been previously characterized for selec-

tivity in fluorescence and FET sensing formats ( Nakatsuka et al., 2018b). Both aptamers showed high

selectivity for their targets versus structurally similar precursors and metabolites found at high concentra-

tions in the brain extracellular space. We also previously investigated serotonin-aptamer FET sensor stabil-

ity in brain tissue (Nakatsuka et al., 2018b). Although baseline sensor responses changed after tissue expo-

sure, calibrated responses, which correct for baseline drift, were stable and sensitive over a large range of

serotonin concentrations even after 12 h of brain tissue exposure. Moreover, we have used glucose- and

phenylalanine-aptamer FETs to sense their respective targets at physiological concentrations in serum

diluted with Ringer’s buffer, which mimics the ionic composition of plasma (Nakatsuka et al., 2018b;

Cheung, et al., 2019).

DISCUSSION

We have demonstrated flexible conformal sensor devices for multiplexed and selective detection of

neurotransmitters and other key physiological parameters. Devices displayed excellent flexibility when

mechanically deformed and long-term stability in high-ionic-strength solutions. Real-time sensing of neu-

rotransmitters at low, physiologically relevant concentrations was demonstrated. These sensors can be

combined with integrated circuits for device operation and signal processing for wearable or implantable

applications. To overcome spatial limitations for functionalization with different aptamers, an electrochem-

ical approach to addressing different FETs in the same device can be applied for future studies (Curreli

et al., 2005). In sum, the current findings illustrate multiplexed, temporally resolved FET sensing of targets

over large physiologically relevant concentration ranges, under high-ionic-strength conditions, and in a

robust, flexible format. In conjunction with previous demonstrations of selectivity and sensing in biological

tissues, small-molecule physiological sensors are expected to advance our understanding of the brain and

other biological systems.
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Limitations of the Study

Experiments to investigate interference by ascorbic acid and uric acid were not included in this work and

require further investigation.
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Figure S1. Scanning electron microscope image of two In2O3 nanoribbon field-effect transistors 

on a polyethylene terephthalate substrate. Each nanoribbon has a length of 500 µm and a width of 

25 µm. Related to Figure 1. 

  



 

 

Figure S2. Gate leakage current vs. gate voltage from a representative In2O3 FET using a Au 

common gate. The gate leakage was negligible, and as shown, was smaller than 2 nA at VDS=0.2 V. 

Related to Figure 2. 

  



             

 

Figure S3. Control experiments for serotonin and dopamine sensing. The same sensing procedure 

was used at that in Figure 4 in the main text except sensors lacked (A) serotonin aptamers and (B) 

dopamine aptamers. Related to Figure 4. 

  



 

Figure S4. Control experiment with scrambled serotonin aptamer sequence for serotonin sensing. 

Related to Figure 4. 

  



 

Figure S5. Temporal responses of In2O3 nanoribbon FETs to addition of 100 fM serotonin. Data 

are the same as those shown in Figure 4b in main text but are graphed to focus on temporal 

resolution for target sensing. Related to Figure 4. 

  



Transparent Methods 

Mobility calculation 

The charge-carrier mobility of the In2O3 nanoribbon FETs is estimated using the following 

equation: 

g! =	
𝑑𝐼"
𝑑𝑉#$

	= 	
W
L · C%& · 𝜇'( · 𝑉%$ 

where W is the channel width, L is the channel length, and CDL is the electrical double layer 

capacitance per unit area in 0.1 M ionic strength aqueous solution (phosphate-buffered saline), 

reported previously as 25.5 μF cm−2 (Park et al., 2015). The maximum transconductance of 

4.77 μS was obtained at a drain voltage of 0.2 V and a gate voltage of 0.43 V. The corresponding 

mobility is 18.7 cm2 V−1 s−1. 

 

Tensile strain calculation 

To calculate tensile strain when In2O3 nanoribbon FETs were wrapped tightly around a copper 

wire with a radius ~ 0.1 mm, we used the following formula: 

 

𝜀 =
1
𝑅 	×	

𝑑) + 𝑑*
2 	×	

𝜒 · 𝛾+ 	+ 2	 · 𝜒 · 𝛾 + 1
𝜒 · 𝛾+ + 	𝜒 · 𝛾 + 	𝛾 + 1 

 

Here, 𝑅 is the bending radius, 𝑑) is the thickness of the substrate, 𝑑* is the thickness of the In2O3 

nanoribbon, 𝛾 = 𝑑*/	𝑑) and 𝜒 = 𝑌*/𝑌), where 𝑌* and 𝑌) are the Young’s moduli of the In2O3 

FET and substrate, respectively. If we assume 𝑌* =	𝑌), the above equation can be simplified to:  



𝜀 =
1
𝑅 	×	

𝑑) + 𝑑*
2  

The thickness of the polyethylene terephthalate (PET) substrate is 1.4 μm and the total thickness 

of the FET is less than 100 nm. With a bending radius of 0.1 mm, the tensile strain is calculated 

to be ~ 0.75 %.  

 

Materials  

All chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO), unless otherwise noted 

below. The SYLGARD 184 for fabricating polydimethylsiloxane (PDMS) wells and brain mimics 

was from Dow Corning Corporation (Midland, MI). Brain mimics were produced using silicone 

brain molds (Amazon #B003AQB2XK). The PDMS wells were made by cutting holes (~5 mm) 

in 3-mm PDMS sheets. The 1.4-μm-thick polyethylene terephthalate (PET) substrates were 

purchased from DuPont Teijin Films (Chester, VA) and used as received. Film thicknesses were 

measured and determined by the vendor using dielectric strength. 

Physiological phosphate-buffered saline contained 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4. Artificial cerebrospinal fluid contained 147 mM NaCl, 3.5 mM KCl, 

1 mM NaH2PO4, 2.5 mM NaHCO3, 1 mM CaCl2, and 1.2 mM MgCl2. Oligonucleotides were 

obtained from Integrated DNA Technologies (Coralville, IA). Serotonin aptamer: 5’-/5ThioMC6-

D/CGACTGGTAGGCAGATAGGGGAA GCTGATTCGATGCGTGGGTCG-3’. Serotonin 

scrambled aptamer: 5’-/5ThioMC6-D/CCCGG 

GAATTCCGGAATTGGGGCAATTGATGAGGGGGTCATGGG-3’. Dopamine aptamer: 

5’-/5ThioMC6-D/CGACGCCAGTTTGAAGGTTCGTTCGCAGGTGTGGAGTGACGTCG-3’. 



 

Device fabrication 

Each 1.4-μm-thick PET film was attached to a rigid carrier wafer via a PDMS adhesion layer. The 

lamination was performed by attaching a corner of each PET film to a sacrificial PDMS layer, then 

aligning the edges. A soft scraper was used to smooth the attached film and to remove any bubbles. 

After immersing in consecutive acetone and isopropanol rinses for 15 min each, the first shadow 

mask was attached to each substrate to define the In2O3 nanoribbons. The In2O3 was deposited by 

RF sputtering (Denton Discovery 550 sputtering system). The nanoribbon thickness was controlled 

by the sputtering time. An In2O3 thickness of 16 nm was selected for all devices because this was 

the thinnest In2O3 layer that could be sputtered to give consistent device performance and high 

sensitivities to ion concentrations, e.g., pH (Aroonyadet et al., 2015). Nanoribbon FETs with the 

same width and different thicknesses have been compared, where thinner nanoribbon FETs with 

higher surface-to-volume ratios showed the highest sensitivity to pH (Aroonyadet, et al., 2015).  

The source, drain, and common gate electrodes, and temperature sensors were patterned 

using a second shadow mask. The bottom 1-nm Ti and top 50-nm Au layers were deposited via 

electron-beam (e-beam) evaporation. Device arrays were then peeled from their carrier wafers. 

Metal films deposited by e-beam evaporation were patterned using shadow masks, which is a cost-

effective, cleanroom-free, and high-throughput process (Aroonyadet, et al., 2015; Liu et al., 2018). 

Moreover, this process does not result in In2O3 photoresist contamination or chemical exposure 

(Aroonyadet, et al., 2015). The thickness of the electrode metal layers impacts their performance. 

Previous studies indicated that the use of Au at 10-50 nm with a Ti adhesion layer of <5 nm 

provides robust flexibility with minimal cracking (Adrega et al., 2010; Seghir et al., 2015; Baetens 

et al., 2018). Graphene is another electrode candidate for flexible electronics. Graphene has been 



deposited as a liquid-based mat and patterned by ink-jet printing or photolithography, the latter of 

which requires cleanroom processing and chemical exposure associated with the use of photoresist 

(Liu et al., 2014; Yang et al., 2016; Han et al., 2017; Song et al., 2017). Other conductive metal 

oxides that have been used for electrodes, such as indium-tin-oxide or fluorine-doped tin-oxide 

(Spechler et al., 2015; Yang, et al., 2016), have similar chemical properties as the channel material 

used here, i.e., In2O3, which makes it challenging to functionalize channel regions separately from 

electrodes. 

 

Surface functionalization 

(3-Aminopropyl)trimethoxysilane and trimethoxy(propyl)silane 1:9 (v/v) were thermally 

evaporated using vapor-phase deposition onto In2O3 surfaces at 40 °C for 1 h followed by 

incubation in 1 mM ethanolic 1-dodecanethiol for 1 h to passivate Au electrodes. Substrates were 

rinsed in ethanol and immersed in 1 mM solutions of 3-maleimidobenzoic acid 

N-hydroxysuccinimide ester (MBS) dissolved in a 1:9 (v/v) mixture of dimethyl sulfoxide and 

PBS for 30 min. The MBS crosslinks amine-terminated silanes with thiolated DNA aptamers 

(Nakatsuka et al., 2018). 

Aptamers (1 mM in nuclease-free water) were stored at -20 °C and diluted to 1 µM in 

nuclease-free water. Aptamers were heated for 5 min at 95 °C and cooled in an ice bath to room 

temperature. Substrates were rinsed with deionized water and immersed in 1 µM solutions of 

thiolated DNA aptamers overnight (~18 h), rinsed again with deionized water, and blown dry with 

N2 gas before measurements. For multiplexed measurements, serotonin and dopamine aptamers 

(50 µL each) were added using a pipette onto two different adjacent devices. One FET on the 



serotonin device was covered by a PDMS mask before adding the aptamer solution. The mask was 

then removed to expose an unfunctionalized FET, which served as a pH sensor. 

 

Measurements 

Each FET was connected with indium wires for electronic measurements. For the crumpling test, 

device arrays were crumpled tightly and held crumpled using tweezers for each crumpling cycle 

as shown in Fig. 3b. After ~5 s of crumpling, each array was then flattened. The crumpling and 

flattening cycles were repeated 100 times. Data were collected after 5, 10, 50, and 100 crumpling 

cycles. The concentrations of serotonin and dopamine tested were selected based on estimates of 

in vivo extracellular concentrations from our previous in vivo microdialysis measurements 

(Mathews et al., 2004; Yang et al., 2013; Yang et al., 2015). For multiplexed sensing, after using 

indium wires to connect the bonding pads of each FET, pH, serotonin, dopamine, and temperature 

sensors were covered with aCSF or different neurotransmitter solutions. Electrical characteristics 

under ambient conditions for the In2O3 FET devices were measured using an Agilent 4156B 

precision semiconductor parameter analyzer. Electrical characteristics in buffer and sensing results 

were measured with an Agilent B1500 semiconductor analyzer with capability to measure eight 

FETs at the same time (Ishikawa et al., 2009; Chang et al., 2011). Testing solutions of 300 µL 

were added to the PDMS wells. After each measurement, solutions were quickly removed using 

one pipette and the next testing solution was added immediately using a second pipette. 
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